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Abstract

Abstract

This Thesis evaluates the use of a range of block copolymer nanoparticles prepared by
polymerisation-induced self-assembly (PISA) as putative Pickering emulsifiers. Firstly,
reversible addition-fragmentation chain transfer (RAFT) solution polymerisation was used to
prepare well-defined poly(glycerol monomethacrylate) (PGMA) chains bearing either
carboxylic acid, tertiary amine or neutral end-groups. Each of these PGMA precursors was
then chain-extended in turn via RAFT aqueous emulsion polymerisation of 2,2,2-
trifluoroethyl methacrylate (TFEMA) to form spherical nanoparticles. High-shear
homogenisation of n-dodecane in the presence of such sterically-stabilised nanoparticles led
to the formation of oil-in-water Pickering macroemulsions. High-pressure microfluidisation
was then used to prepare the three corresponding Pickering nanoemulsions. The nanoparticle
adsorption efficiency at the oil/water interface was assessed for each type of nanoparticle at
both pH 3 and pH 7 by gel permeation chromatography (GPC) using a UV detector.
Nanoparticles with charged end-groups exhibited relatively low adsorption efficiency,
whereas up to 90% of the neutral nanoparticles were adsorbed onto the oil droplets. This was
confirmed using small-angle X-ray scattering (SAXS) experiments, which indicated that the
packing efficiency of neutral nanoparticles around oil droplets was higher than that of
nanoparticles bearing charged end-groups. Moreover, Pickering nanoemulsions stabilised
with nanoparticles bearing charged end-groups proved to be significantly less stable than those
prepared using neutral end-groups.

Sterically-stabilised diblock copolymer nanoparticles were prepared in n-dodecane
using RAFT dispersion polymerisation. In the absence of any salt dissolved in the aqueous
phase, high-pressure microfluidisation of precursor water-in-oil macroemulsions led to the
formation of relatively large aqueous droplets, with dynamic light scattering (DLS)
measurements indicating a mean diameter of more 600 nm. However, systemically increasing
the salt concentration prior to microfluidisation produced finer aqueous droplets, until a
limiting diameter of around 250 nm was obtained at 0.11 M NaCl. SAXS studies conducted
on a nanoemulsion confirmed that the water droplets are coated with a loosely-packed
monolayer of adsorbed nanoparticles. The effect of varying the amount of NaCl dissolved in
the agqueous droplets on their initial rate of Ostwald ripening was investigated using DLS.
Finally, the long-term stability of these water-in-oil Pickering nanoemulsions was examined
using analytical centrifugation. The rate of droplet ripening can be substantially reduced by
using 0.11 M NacCl instead of pure water. However, increasing the salt concentration up to
0.43 M provided no discernible improvement in long-term stability.

RAFT aqueous emulsion polymerisation of hydroxybutyl methacrylate (HBMA) has
been conducted using a relatively short PGMAu: precursor as a steric stabiliser block. *H NMR
studies indicated that conversions of more than 99% were achieved within 2 h at 50 °C using
a low-temperature VA-044 initiator. GPC analysis confirmed that high blocking efficiencies
and relatively low dispersities (Mw/M, < 1.37) could be achieved. A pseudo-phase diagram
was constructed by systematically increasing the PHBMA target degree of polymerisation
from 10 to 120 while varying the copolymer concentration between 5 and 20% w/w. The
evolution in copolymer morphology when targeting PGMA4:-PHBMA:2 Vvesicles was
monitored using TEM. This technique revealed intermediate morphologies that are similar to
those reported during the preparation of PGMA&-PHPMAq Vvesicles via RAFT aqueous
dispersion polymerisation. Linear PGMA4-PHBMA1 Vesicles survive high-shear
homogenisation to act as genuine Pickering emulsifiers for n-dodecane droplets.

Finally, the first example of thermoresponsive diblock copolymer nano-objects
prepared via RAFT aqueous emulsion polymerisation of HBA is reported. More specifically,
a poly(ethylene glycol) (PEG) precursor is chain extended with HBMA.. The resulting PEGas-
PHBMAy diblock copolymer exhibited three thermoreversible transitions in aqueous
solution, as confirmed by DLS, SAXS, and rheology studies. Variable temperature *H NMR
studies suggest that these transitions are initially driven by dehydration of the PEGas stabiliser
block and subsequently facilitated by uniform hydration of the hydrophobic PHBMA block at
higher temperatures.
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Chapter 1: Introduction

1.1 General Concepts in Polymer Science

Polymers are long-chain molecules composed of smaller molecules. Such building blocks
are known as monomers and are combined during a polymerisation reaction. A homopolymer is
synthesised by the polymerisation of a single monomer. In contrast, copolymers consist of two or
more chemically different monomer units. Examples of linear architectures include statistical,
alternating and block copolymers. For example, the latter comprise blocks of different types of
homopolymer that are joined together by one or more covalent bonds. A copolymer consisting of
two chemically different blocks comprising monomers A and B is known as an AB diblock

copolymer.

Staudinger was among the first to recognise the polydispersity associated with the
molecular weight of a synthetic polymer, which does not exhibit a unique molecular weight.
Instead, such polymers comprise a range of chain lengths, resulting in a molecular weight
distribution. The two most important mathematical moments of this distribution are the number-
average molecular weight M, and the weight-average molecular weight Mw. The M, is defined

according to Equation 1.1:

xni M;
M, = 1.1
" X

where n;is the number of chains containing i repeat units, and M; is the molecular weight of such
chains. M, represents the statistical average molecular weight of all the chains in a sample.
Experimental methods for determining M, measure the colligative properties of solutions, such as

cryoscopy and ebulliometry.2 The My is defined according to Equation 1.2:

_IwiMy Yy M?

= = 1.2
v DR xn M;

where wi; is the weight fraction of chains with i repeat units. My, accounts for the molecular weight
of each chain when determining their contribution to the average molecular weight.? M,, can be
obtained from light scattering measurements on polymer solutions, hence it is biased towards

polymers with higher molecular weights. If the average number of monomer units for each

2
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polymer chain (known as the mean degree of polymerisation or DP) was identical, then Mw/M; is
equal to unity. Certain biopolymers, for example proteins, can be considered to be perfectly
monodisperse. The molecular weight distribution of a polymer is relatively narrow if the Mw/M,

is less than 1.20, and relatively broad if it is greater than 1.5 - 2.0.2

Flory was the first to recognise that synthetic polymers can be classified as either step or
chain polymers, depending on their polymerisation mechanism.* Step polymerisations proceed by
stepwise reactions between the functional groups of the respective comonomers. Therefore, the
polymer chains grow slowly from monomer to oligomers, with high molecular weight polymers
only being formed towards the end of the reaction. In contrast, chain polymerisations involve
propagation of multiple monomer units via a reactive centre (e.g. a radical, an ion or a polymer-
catalyst bond). In this case, high molecular weight polymers can be formed almost immediately
after initiation. The most common form of chain polymerisation is free radical polymerisation

(FRP).

1.2 Free Radical Polymerisation

FRP provides a convenient method for the efficient polymerisation of many functional
vinyl monomers using a wide range of physical conditions such as solution, suspension, emulsion
or dispersion polymerisation (see later). FRP is an example of chain polymerisation in which the
reactive centre is a radical. The growth of the polymer chain involves a kinetic chain of reactions:
decomposition, initiation, propagation and termination, as shown overleaf in Figure 1.1.% °
Molecularly dissolved oxygen must be removed from the reaction mixture prior to initiation
because oxygen can react with the growing polymer radical to form a relatively unreactive
peroxy-capped polymer chain. Therefore, FRP is typically carried out in inert atmosphere to

prevent retardation.
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kg
I—I > 2r° Initiator decomposition
Initiation K
- i - L4 g . -
'+ M > |-M" = Py Initiation of monomer
ko
Propagation P, +M > Phs1 Propagation
[ kirec Phem Recombination
Termination4 Pn *Pp
k...
tdis P,+ P-H Disproportionation
[ . ktrM . .
P, +M = P, +P;  Transfer to monomer
. ktrS . .
P, +S = P, +S  Transfer to solvent
Transfer < P. +P ke -~ P. +P°
n TPy > n Py Transfer to polymer
. kyeta .
P, +TA » P.-A +T Transfer to transfer agent
. ktrT . e .
R+T > Py Reinitiation

-

Figure 1.1. Reaction mechanism and associated rate constants for free radical polymerisation
comprising decomposition, initiation, propagation, and termination.?

Initiation consists of two steps. The first step involves the homolytic dissociation of an
initiator, typically by thermal degradation. This produces two primary radicals I* with first order
Kinetics and a rate constant for initiator decomposition, kq. The half-life ty is related to kg by
Equation 1.3:

In?2 13
d =

Ly,

The rate of initiator decomposition is usually the rate-determining step for the polymerisation,
with rate constant kq typically being of the order of 10-° s*.2 The second step involves virtually
instantaneous addition of initiator radicals to monomer, producing a monomer-radical adduct. The
rate constant for initiation, ki, is of the order of 10* M 5.2 Since the rate of reaction of the primary
radicals with monomer is much faster than the rate of initiator decomposition, the overall rate of

initiation R; can be expressed by Equation 1.4:
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d[P]

Ri=—a

= 2kqf 1] 14

where f is the initiator efficiency, which is the fractional probability that the generated radicals
react with monomer, as opposed to undergoing recombination or side reactions. Following
initiation, monomer-radical adducts undergo successive monomer addition during propagation to
produce polymer radicals P," (with propagation rate constant k, ~ 102 — 10* M*s?). Assuming
that the rate of propagation R; is independent of the chain length,® successive addition of multiple

monomer units occurs at essentially the same rate, as indicated by Equation 1.5:
Rp = T = kp [Pn] [M] 15

At some point during the polymerisation, the propagating polymer chains Py"and Py terminate
by either recombination or disproportionation. Recombination occurs when two polymer radicals
combine to form an inactive polymer chain with a DP equal to the sum of the two initial reactive
species. Alternatively, disproportionation occurs when a polymer radical abstracts a hydrogen
atom from another radical. This results in one polymer chain with an unsaturated terminus and a
second polymer chain with a saturated terminus. This latter mechanism is favoured by methacrylic

monomers. The rate of termination R; can be expressed by Equation 1.6:
Rt = Zkt[P‘]z 1.6

The rate of termination is significantly faster than the rate of propagation (R: >> R,) with the rate
constant for termination (k; ~ 108 M-* s) approaching the diffusion-controlled limit.2 Thus when
growing long polymer chains via FRP it is essential that R is relatively slow compared to R,. This
can be achieved by using relatively low radical concentrations because R; is second-order with
respect to the radical concentration (see Equation 1.6) whereas R, is first-order (see Equation 1.5).
Since the instantaneous concentration of free radicals is very low, it can be assumed to be constant
within very short time scales. Therefore, the steady-state approximation (or Ri = Ry) can be

applied, which yields Equation 1.7.




Chapter 1: Introduction

2kaf[1] = 2k [P]? 1.7

Rearranging Equation 1.7 for the polymer radical concentration [Py°], gives Equation 1.8.

Flall s

Pl = [

The overall rate of polymerisation Ryoiym iS given by Equation 1.9:

d[M]

poly

Since Ry, is significantly faster than R, the number of monomers consumed during initiation is
negligible compared to the number of monomers consumed during propagation, hence R; + Ry =

Rp. Substituting Equation 1.8 into Equation 1.5 gives Equation 1.10:

fkall] 110

Rpoly = kp[M] k.

When the initiator efficiency f is high (close to unity), Equation 1.10 indicates that Rpoiym iS
proportional to [M] and [I]¥2. As previously discussed, relatively low initiator concentrations are
required to produce high molecular weight polymers. Thus it is difficult to produce high molecular
weight polymers by FRP under homogeneous conditions. In FRP, polymer radicals are
susceptible to chain transfer reactions with monomer, solvent, dormant polymer chains or added
transfer agents (see Figure 1.1). Since such side reactions are fast and radicals are conserved, they
should have no effect on the overall polymerisation kinetics. However, this can affect the

polydispersity and molecular weight of the resulting polymers owing to branching.

Despite its widespread use on an industrial scale, there are several shortcomings to
conventional FRP. Upon initiation, high molecular weight polymers are rapidly generated, and
therefore little control can be obtained over the molecular weight distribution (see Figure 1.2).
Furthermore, the very short lifetime of such propagating polymer radicals prevents the synthesis
of block copolymers by sequential monomer addition.” Moreover, since initiation occurs

throughout the polymerisation, relatively low molecular weight polymer chains are formed under
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monomer-starved conditions towards the end of the polymerisation. The combination of intrinsic
termination and chain transfer side reactions, plus the slow rate of initiation relative to that of
propagation, ensures that the dispersity of the resulting polymers prepared by FRP is relatively
high (Mw/M, > 1.50, typically 2 - 5). In principle, suppressing termination, faster initiation and
extending the mean lifetime of the polymer radicals should provide much better control over the

polymerisation.

1.3 Living Anionic Polymerisation

A truly living polymerisation technique involves no intrinsic termination step.? The first
example of a living anionic polymerisation (LAP) was the synthesis of polystyrene in dry THF,
as reported by Szwarc and co-workers in the 1950s.8 LAP is an example of a chain polymerisation
where the reactive centre is an anion.® The living character of anionic polymerisations arises
because, unlike radicals, the propagating carbanions cannot react together. Therefore, intrinsic
termination is eliminated in LAP. Suitable vinyl monomers (H,C=CHX) must contain electron-
withdrawing groups (X = phenyl, ester or cyano functionality), in order to stabilise the active

carbanion chain-end.

Free-radical polymerisation (FRP)

Molecular weight

Conversion

Figure 1.2. Evolution of molecular weight with monomer conversion for living anionic
polymerisation (LAP) and free radical polymerisation (FRP).
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In LAP, the rate of initiation is significantly faster than the rate of propagation (Ri >> Ry).
This is because the initiation is complete before any propagation, allowing uniform growth of
polymer chains. Thus the polymer molecular weight increases linearly with conversion (see
Figure 1.2). Since the number of propagating species remains constant throughout the
polymerisation, the resulting polymers typically possess narrow molecular weight distributions
(Mw/M, < 1.20). Moreover, LAP can be used to prepare polymers with very narrow molecular
weight distributions (Mw/Mn ~ 1.06).2° The polymer chains stop growing once all the monomer
has reacted, but the carbanion chain-ends remain active. This enables the preparation of well-
defined block copolymers via sequential monomer addition.!* Szwarc et al. demonstrated that
polyisoprene-polystyrene-polyisoprene (PI-PS-PI) triblock copolymers could be formed by the
addition of isoprene to living PS chains that had been initiated with a sodium-naphthalene

complex (see Figure 1.3).°

—b_ . .
olyisoprene-polystyrene-polyisoprene
sodium-napthalene O O ——» Polyisop polysty polyisop

complex
styrene polystyrene

Figure 1.3. Schematic representation of the synthesis of polyisoprene-polystyrene-polyisoprene
triblock copolymer using living anionic polymerisation. Polystyrene is initially prepared using a
sodium-naphthalene complex, which is then chain-extended by the addition of isoprene monomer.
Alternatively, AB diblock copolymers can also be prepared by LAP when using n-butyllithium
as a monofunctional initiator.'? If each initiator gives rise to one propagating polymer chain, the

DP of the polymer can be conveniently adjusted by varying the initial monomer/initiator molar

feed ratio, as shown in Equation 1.11:

[M], 1.11

where [M]o and [I]o are the respective initial concentrations of the monomer and initiator, and the
monomer conversion is assumed to be 100%. In addition, the molecular weight of the final
polymer can also be calculated by multiplying the DP of the polymer by the molecular weight of

the monomer repeat unit. Despite the synthetic advantages offered by LAP, its intolerance towards
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protic impurities and restricted monomer palette have somewhat restricted its industrial

applications.’

1.4 Reversible Deactivation Radical Polymerisation

Reversible deactivation radical polymerisation (RDRP), also known as controlled radical
polymerisation, is a class of chain polymerisations that is characterised by a low rate of
termination relative to propagation. RDRPs are pseudo-living polymerisations because
termination is only suppressed, rather than eliminated. Nevertheless, RDRP enables the routine
synthesis of polymers with predictable molecular weights and narrow molecular weight
distributions (Mw/M, < 1.20). Importantly, RDRP requires much less synthetically demanding
conditions than anionic polymerisation. Like conventional FRP, these techniques are compatible
with a wide range of functional vinyl monomers and various solvents (including protic solvents).
Similar to LAP, sequential monomer addition provides access to well-defined block copolymer
architectures.® Thus RDRP techniques combine the advantages of conventional FRP and LAP,
without their respective shortcomings. The pseudo-living character is achieved by extending the
lifetime of the propagating polymer radicals. This is accomplished by establishing a rapid
dynamic equilibrium between a relatively low concentration of polymer radicals and a relatively
high concentration of dormant polymer chains.* This minimises the probability of premature

termination, because the rate of termination is suppressed relative to the rate of propagation.

The most commonly used forms of RDRP are nitroxide-mediated polymerisation (NMP),*>
17 atom transfer radical polymerisation (ATRP),*82* and reversible addition-fragmentation chain
transfer (RAFT) polymerisation.” 222> RAFT polymerisation has been used for the synthetic

polymer chemistry conducted in this Thesis and hence shall be discussed in detail.
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1.5 Reversible Addition-Fragmentation Chain Transfer

Polymerisation

RAFT polymerisation was first reported by Rizzardo and co-workers?? in 1998. Various
reviews have highlighted the substantial growth of academic interest in this RDRP technique since
its inception.?*?” As with conventional FRP, the RAFT polymerisation mechanism includes
initiation, propagation and termination steps. However, RAFT polymerisations also involve an
organosulfur chain transfer agent (CTA). This CTA mediates the polymerisation by establishing
a dynamic equilibrium between growing polymer radicals and dormant chains via a degenerative
transfer mechanism. The R and Z groups within a RAFT CTA each play vital roles in controlling

the polymerisation.?®

The general RAFT mechanism is shown overleaf in Figure 1.4.2%?° Like FRP, initiation
involves the thermal decomposition of a free radical initiator to generate radicals I°. Subsequent
reactions with multiple monomer units generate a propagating polymer radical P,". This polymer
radical can either undergo further propagation with monomer M or undergo reversible capping
with the RAFT CTA (1) to form a dormant radical species (2). Fragmentation of this intermediate
generates a dormant CTA-capped polymer (3) and a new radical leaving group R°. The latter
species can reinitiate polymerisation to form a new propagating polymer radical Pn". A rapid
reversible equilibrium between the active and dormant (capped) states of P,"and Pn" is set up with
the formation of an intermediate RAFT adduct (4). Finally, termination of the propagating

polymer chains involves reactions between two radicals, as in FRP.
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Initiation
kd
Initiator —M8M8MM8M™ |° —— P,
M
Reversible chain transfer
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Figure 1.4. RAFT mechanism showing the initiation, reversible chain transfer, reinitiation, chain
equilibration and termination steps, as suggested by Rizzardo and co-workers.?

For an efficient RAFT polymerisation, the propagating polymer radical should rapidly react
with the C=S bond of the initial CTA (high kads). The intermediate species should fragment
quickly and release the R* group (i.e. kg > k.agd). This radical should be capable of monomer
reinitiation (ki > kp). In the main chain equilibrium, it is essential that the rate of transfer is
significantly faster than the rate of propagation to obtain a well-controlled polymerisation. This
rapid transfer of the CTA between polymer radicals provides equal opportunity for their
propagation, producing low polydispersity polymer chains. Furthermore, the high CTA/initiator
molar ratio means that a relatively high proportion of polymer chains exist in their dormant state,

thus suppressing the instantaneous polymer radical concentration and hence reducing the rate of
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termination relative to propagation. For the synthesis of well-defined block copolymers, it is

essential that the CTA end-groups are retained to preserve pseudo-living character.

The generic chemical structures for the dithioester and trithiocarbonate CTAs used in this
Thesis are shown in Figure 1.5.% 30 The key to achieving a well-controlled polymerisation is
careful selection of an appropriate CTA for a given monomer. In particular, it is critical to match
the reactivity of the CTA with that the monomer. The Z group dictates the rate of addition of a
propagating radical to the CTA while the R group must be a better leaving group than the

propagating species for efficient polymerisation.

Dithioester Trithiocarbonate

S S
/U\ R ‘ J'I\ R
Z s~ g7 Ng”

Figure 1.5. Generic chemical structures of (left) dithioester and (right) trithiocarbonate RAFT
CTAs, where C=S is a reactive bond, Z denotes a radical stabilising group and R is a good radical
leaving group.?®

A set of guidelines for selection of the correct CTA for a given monomer class have been
provided by Moad and co-workers.?® There are two classes of monomers: more-activated
monomers (MAMs) and less-activated monomers (LAMs). MAMs are those whose double bond
is conjugated to an adjacent functional group for example, a carbonyl, (such as methacrylates,
acrylates, acrylamides or methacrylamides), a nitrile (such as acrylonitrile), or an aromatic ring
(e.g. styrene).? 3 To achieve narrow molecular weight distributions for MAM-based polymers,
the C=S double bond should be sufficiently reactive towards the polymer radical. Therefore,
polymerisation control can be achieved by using more active RAFT agents, such as dithioesters
(Z = aryl or alkyl) or trithiocarbonates (Z = alkylthio).? 28 In the case of LAMs, the double bond
is adjacent to an unsaturated carbon or a heteroatom lone pair, such as vinyl acetate (VAc), N-
vinylpyrrolidone (NVP) or N-vinylcarbazole (NVC). For LAMs, control is conferred by using

less reactive RAFT agents such as dithiocarbamates or xanthates.?> 2
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RAFT polymerisation offers several advantages for the syntheses conducted in this Thesis.
Conservation of the RAFT agent end-group means that sequential monomer addition can be used
to prepare well-defined functional diblock copolymers.® Moreover, RAFT polymerisation can
provide good control over the final molecular weight of (co)polymers, with narrow molecular
weight distributions (Mw/Mn < 1.30) being routinely attained.®? Furthermore, the functional chain-
ends of the resulting copolymer chains can be selected by designing an appropriate RAFT CTA
for the polymerisation.?? 3 Finally, the desired DP can be targeted simply by adjusting the

monomer/CTA molar ratio, as shown in Equation 1.12:
DP = —— 1.12

However, the organosulfur-based CTA is malodorous and confers intrinsic colour; it must
be removed for many potential applications.3* Many methods have been developed to remove
such CTA end-groups, including thermolysis, reaction with amines and use of oxidants such as
hydrogen peroxide or ozone.* % This Thesis focuses on the preparation of methacrylate-based
diblock copolymers using RAFT polymerisation. Thus dithioester and trithiocarbonate RAFT

agents are employed to obtain well-controlled solution, dispersion and emulsion polymerisations.

1.6 Polymerisation Methods

1.6.1 Solution Polymerisation

Solution polymerisation is the preparation of soluble polymer chains by polymerising a
miscible monomer in a suitable solvent using an appropriate initiator (or catalyst). All components
in the formulation are soluble, leading to a homogeneous reaction solution. Conducting the
polymerisation in a solvent produces lower-viscosity reaction mixtures than bulk polymerisations
performed in the absence of any solvent, enabling more efficient heat dissipation and easier

stirring.
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1.6.2 Emulsion Polymerisation

Conventional emulsion polymerisation provides a convenient route to colloidally stable
latexes by forming a water-insoluble polymer in the presence of a stabiliser. A typical formulation
consists of a water-immiscible monomer (e.g. styrene or methyl methacrylate), a water-soluble
initiator (e.g. K2S;0g), surfactant (e.g. sodium dodecyl sulfate (SDS)) and water.*® Using water
as the reaction medium offers important advantages: it is a cheap, non-flammable and
environmentally-friendly solvent and its high specific heat capacity enables efficient heat
dissipation. Typically, emulsion polymerisation produces particles with mean diameters of the
order of 100 - 500 nm.%" The size of the final latex particles depends on the concentration of
surfactant added to the formulation. In the presence of surfactant, coagulation of nuclei is limited
giving rise to a large number of relatively small particles. In contrast, surfactant-free emulsion
polymerisations produce fewer nuclei and hence yields a significantly larger final particle size.
The molecular weight distribution obtained by conventional emulsion polymerisation is typically
broad because FRP is used. A relatively high molecular weight is usually obtained owing to the

effect of microcompartmentalisation.®®

Conventional emulsion polymerisation proceeds via three stages, known as Interval I, I
and 111.% 3840 Homogenisation of the heterogeneous initial reaction mixture produces micron-
sized surfactant-stabilised monomer droplets and surfactant micelles (see Figure 1.6a). The
monomer has a relatively low agueous solubility, but a small amount is nevertheless present
within the aqueous phase. Oligomer radicals remain water-soluble until a critical DP is attained,
above which there can be either homogeneous or heterogeneous nucleation. The former involves
amphiphilic oligomer radicals aggregating with free surfactant to generate mixed micelles.** This
is the dominant mechanism when the surfactant concentration is below the critical micelle
concentration (CMC). If the surfactant concentration is above the CMC, heterogeneous nucleation
occurs. This mechanism involves the oligomer radicals entering preformed surfactant micelles.
Owing to the high local monomer concentration within the micelles, the rate of polymerisation is

rapid during Interval | (see Figure 1.6b). When all of the surfactant micelles have become
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monomer-swollen nascent latex particles, the rate of polymerisation becomes constant; this
corresponds to Interval Il. At this stage, both surfactant-stabilised monomer droplets and
monomer-swollen growing particles are present and the monomer concentration within the
aqueous solution remains relatively constant. This is because the micron-sized surfactant-
stabilised droplets act as reservoirs to replace the dissolved monomer in the aqueous phase as it
enters the swollen nascent particles and is polymerised. This results in a constant rate of
polymerisation rate. When there are no more surfactant-stabilised droplets yet, the polymerisation
enters Interval I11. This final stage is characterised by a slower rate of polymerisation owing to
the gradual reduction in the monomer concentration within the monomer-swollen growing
particles. The polymerisation is complete when all of the monomer has been consumed and only

colloidally stable latex particles remain.
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Figure 1.6. (a) Schematic representation of the three main Intervals (1, 11, I11) and (b) the rate of

polymerisation vs monomer conversion in a conventional emulsion polymerisation.®: 3¢

The stabilisation mechanism can be either electrostatic or steric in nature.® Electrostatic
stabilisation is achieved by using ionic surfactants*? and/or ionic initiators.*®* In this case, a

repulsive force arises from the unfavourable overlap of electrical double layers surrounding the
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polymer latex particles. In contrast, steric stabilisation is conferred by a layer of either strongly
adsorbed or chemically bound hydrophilic polymer chains.** When two particles approach one
another, interpenetration of the adsorbed stabiliser chains is unfavourable on both enthalpic and

entropic grounds, which leads to a strong steric repulsion force.

1.6.3 Dispersion Polymerisation

Dispersion polymerisation can be conducted in many different solvents, including water.**-
8 The generally accepted mechanism for a dispersion polymerisation is as follows.* Initially, all
components are soluble in the reaction solution. The initiator-derived radicals react with the
monomer to form soluble polymer radicals. At some critical DP, these radicals become insoluble
and form colloidally unstable aggregates. In the absence of a suitable polymeric stabiliser, this
leads to macroscopic precipitation. However, if a polymeric stabiliser is present, it can adsorb
onto these nascent particles and confer steric stabilisation, which ultimately leads to the formation

of colloidally stable latex particles.*® 4°

An aqueous dispersion polymerisation formulation consists of water, a water-miscible
monomer, a water-soluble initiator, and a suitable polymeric stabiliser. For a successful dispersion
polymerisation formulation, the water-miscible monomer must form a insoluble polymer when
polymerised.”® There are relatively few literature reports of vinyl monomers that fulfil this
criterion. One noteworthy example is 2-hydroxypropyl methacrylate (HPMA), as reported by Ali
and co-workers.*® More specifically, 100 — 1000 nm diameter PHPMA latexes were prepared by
free radical aqueous dispersion polymerisation of HPMA in the presence of poly(N-
vinylpyrrolidone) (PNVP) steric stabiliser or SDS surfactant (see Figure 1.7). Varying the initiator

or stabiliser concentration provided control over the final latex diameter.
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Figure 1.7. Schematic representation of the preparation of a 2-hydroxypropyl methacrylate
(PHPMA) latex by aqueous dispersion polymerisation of HPMA in the presence of a poly(N-
vinylpyrrolidone) (PNVP) polymeric stabiliser or surfactant.*®

1.7 Self-Assembly

Amphiphilic molecules such as surfactants consist of hydrophilic and hydrophobic
components. Amphiphiles spontaneously self-assemble in aqueous solution to form various
structures known as micelles.’® The most common morphologies are spherical micelles,
cylindrical micelles and vesicles. From a thermodynamic perspective, self-assembly occurs when
the energy for a small molecule to exist in its free state is greater than the entropic penalty for the
formation of colloidal aggregates.®! In aqueous solution, water molecules can form hydrogen
bonds with polar surfactant head-groups but not hydrophobic species (e.g. surfactant alkyl
chains). This drives spontaneous self-organisation of such amphiphiles to form micelles in
aqueous solution. This self-assembly process is governed by the subtle interplay of weak
interactions (e.g. hydrogen bonding, van der Waal forces, hydrophobic interactions and

electrostatic interactions), which results in soft, dynamic structures.

Israelachvili and co-workers®™ were the first to describe how the surfactant morphology can
be predicted using the dimensionless packing parameter P. This parameter depends on the volume
occupied by the hydrophobic chain V, the surface area occupied by the hydrophilic head-group
ap, and the effective length of the hydrophobic chain I, as illustrated overleaf in Figure 1.8.

Spherical micelles are obtained if P < 0.33, worm-like (or cylindrical) micelles are formed if P

17



Chapter 1: Introduction

lies between 0.33 and 0.50 and 0.50 < P < 1.0 corresponds to vesicles. The packing parameter is

a purely geometric concept: it does not account for kinetic or thermodynamic aspects.

P < ¥ = spherical micelles
¥ £ P £ % = non-spherical micelles
%2 < P < 1 = vesicles or bilayers
P > 1 = inverted structures

Figure 1.8. Schematic representation of the three parameters that influence the packing of a
surfactant molecule within a micelle. The equation for the packing parameter P, and typical ranges
for P for various surfactant morphologies are also given. [V = volume occupied by the
hydrophobic alkyl chains, ap = surface area occupied by the hydrophilic head-group and I; =
effective length of the hydrophobic alkyl chains].>

As previously discussed, anionic polymerisation has enabled the preparation of well-
defined block copolymers. Important examples include amphiphilic diblock copolymers such as
poly(acrylic acid)-polystyrene and poly(ethylene oxide)-polystyrene.>5" Like surfactants, such
amphiphilic diblock copolymers undergo self-assembly either in the solid state or in a solvent that
is selective for one block (e.g. water). Furthermore, block copolymer self-assembly affords
micellar aggregates that are much more stable than surfactant micelles: the former systems exhibit
much lower critical micelle concentrations and the rate of exchange between the micelles and
individual copolymer chains is much slower than that between micelles and small molecule
surfactants. Hence block copolymer micelles have received considerable attention for a wide

range of applications over the past five decades.®
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AB block copolymers undergo microphase separation in the solid state because the A and
B blocks are mutually immiscible yet are connected by a covalent bond.>® Self-assembly is driven

by an unfavourable enthalpy of mixing AHmix, and a relatively small entropy of mixing ASmix:

AGyix = AHpix — TAS iy 1.13

In 1942, Flory®® and Huggins® independently developed a lattice model for determining the Gibbs

energy of mixing AGmix, for polymer blends, see Equation 1.14:

(AGmix) _ (fAlan> 4 (fBlnfB

1.14
ke N, Ng ) + fafBXaB

where fa and fg are the relative volume fractions of the A and B blocks, Na and Ng are their
respective DPs and yas is the so-called Flory-Huggins parameter. The Flory-Huggins parameter

describes the degree of enthalpic incompatibility between the two blocks:

V4

XaB = (kB_T

1
) [SAB - E (SAA + EBB):l 1.15

where z is the number of nearest neighbours per molecule, kgT is the thermal energy and eag, caa
and egg are the respective interaction energies between the A and B repeat units. In order for
microphase separation to occur spontaneously, the Flory-Huggins parameter must be negative, or
more explicitly, the A-B interactions results in a lower overall energy. Furthermore, Equation
1.15 indicates that yag is inversely proportional to temperature. Combining yas with the DP gives
N, which is a measure of the degree of immiscibility between the two blocks.®? If yN exceeds the
strong segregation limit, then microphase separation occurs. Self-consistent mean field theory has
been used to predict the phase behaviour of AB diblock copolymers in the bulk. As shown in
Figure 1.9, the copolymer morphology depends on the relative volume fraction of each block: it
evolves from close-packed spheres to spheres to hexagonally-packed cylinders to bicontinuous
gyroids and finally lamellae as fa is increased from 0.00 to 0.50, at a fixed yN.5® When fa exceeds
0.50, inverse structures are obtained. Such phases have been observed experimentally for

polyisoprene-polystyrene block copolymers (Figure 1.9c).
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Figure 1.9. (a) Schematic representation of various solid-state morphologies adopted by a series
of AB diblock copolymers with an increasing volume fraction of component A (fa). Here S and
S’ are body-centred-cubic spheres, C and C’ are hexagonally-packed cylinders, G and G’ are
gyroid phases and L represents lamellae. (b) Theoretical phase diagram predicted by self-
consistent mean-field theory for the same series of AB diblock copolymers as a function of f and
the segregation product yn. (c) Experimental phase diagram constructed for a series of a
polyisoprene-polystyrene (P1-PS) diblock copolymers where PI is the A block and PL denotes a
perforated lamella phase.? &3

Like surfactant amphiphiles, block copolymers can spontaneously self-assemble in solution
to form various morphologies.® Block copolymer assembly occurs in a solvent that is selective
for only one of the two blocks. Therefore, block copolymer self-assembly in solution has been
traditionally achieved via post-polymerisation processing by initial molecular dissolution of the
copolymer chains in a non-selective solvent, followed by slow solvent exchange (e.g. via dialysis)
using a selective solvent.%> 5% 8 Alternative strategies to achieve self-assembly include direct
addition of a selective solvent,®® 57 a pH®8 © or temperature switch’™ or thin film rehydration.’
However, the final copolymer concentration is invariably low (< 1.0% w/w solids), which
severely limits potential commercial applications. In contrast, the recent development of

polymerisation-induced self-assembly (PISA) enables the direct preparation of many types of

copolymer morphologies in concentrated solution.”™
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1.8 Polymerisation-Induced Self-Assembly

The development of controlled radical polymerisation techniques'® ** 2 such as RAFT
polymerisation?? 2426 has enabled the efficient synthesis of block copolymer nano-objects via
PISA.”*82 As previously discussed, RAFT polymerisation is exceptionally tolerant of monomer
functionality, which enables the rational design of nano-objects bearing hydroxyl, amine or
carboxylic acid groups.2># Moreover, such PISA syntheses can be conducted at relatively high
copolymer concentration (up to 50% w/w).% 87 In a typical protocol, a soluble homopolymer is
chain-extended using a second monomer in a suitable solvent such that the growing second block
gradually becomes insoluble, which drives in situ self-assembly to form diblock copolymer
nanoparticles, as depicted in Figure 1.10. Depending on the solubility of the second monomer in
the continuous phase, the synthesis of the insoluble second block involves either dispersion or
emulsion polymerisation.”® 88-104 Systematic variation of the relative volume fractions of the two

blocks can provide excellent control over the copolymer morphology .8 105106

-

Spheres P<%
Monomer Monomer
—
RAFT PISA
Worms

Solvent-miscible AB diblock
precursor copolymer

Vesicles

Figure 1.10. Schematic representation of the self-assembly of an AB diblock copolymer prepared

via PISA into three different copolymer morphologies (spheres, worms or vesicles) depending on
the packing parameter P.1%

Over the past decade or so, the generic nature of PISA has been demonstrated for a wide

range of vinyl monomers in various solvents including water,8® 102 107112 polar solvents (e.g.

ethanol or methanol),***1% non-polar solvents (e.g. n-alkanes),”® 127132 jonic liquids,'* silicone

0il*31% and supercritical CO,.1%1% Typically, pseudo-phase diagrams are constructed to enable
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the reproducible targeting of morphologies for a given PISA formulation.®® The basic design rules
for the preparation of spheres,®® 127 worms,4%-144 vesicles, 1414 framboidal vesicles,108 149151 and
lamellae®®2%* are now well-established. In many cases, the final copolymer morphology is
dictated primarily by the relative volume fractions of the two blocks, as indicated by the geometric
packing parameter P.%° For example, spheres are produced when using a relatively long soluble
stabiliser block and/or working at relatively low copolymer concentrations,® *2” while vesicles
can be obtained when targeting highly asymmetric diblock compositions (i.e. relatively long
insoluble blocks) at higher copolymer concentrations. %% 114 |t is also well-established that worm-
like particles typically occupy a relatively narrow phase space between that of spheres and
vesicles, 3! 140141 while framboidal vesicles can be produced from ABC triblock copolymers in
which the B and C blocks are both insoluble and enthalpically incompatible*® % and targeting

stiff, inflexible insoluble blocks favours lamellae formation.1%3 154

1.8.1 PISA via RAFT Aqueous Emulsion Polymerisation

RAFT aqueous emulsion polymerisation is an important aspect of this Thesis. One key
difference between such formulations and conventional emulsion polymerisation is the use of a
homopolymer CTA as a reactive water-soluble precursor, rather than a surfactant.’®® This
technique offers a potentially efficient surfactant-free route for the efficient synthesis of block
copolymer nanoparticles. In a typical formulation, a water-soluble homopolymer precursor is
chain-extended with a water-immiscible monomer via RAFT polymerisation. However, initial
studies involved the addition of a RAFT CTA directly to a conventional emulsion polymerisation
formulation.*®® This was briefly reported for the polymerisation of n-butyl acrylate (nBA) in the
first RAFT publication by Rizzardo and co-workers.?? However, this synthesis was conducted in
the presence of a surfactant (SDS). Despite this initial success, subsequent attempts suffered from
poor molecular weight control, colloidal instability and substantially incomplete monomer
conversions.® 15715 gych technical problems were attributed to the relatively high solubility of

the CTA within the micron-sized monomer droplets.**® 1% Alternatively, if the CTA is too water-
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soluble it can diffuse out of the growing polymer particles and remain in the aqueous phase, thus

leading to uncontrolled FRP.52 154

Subsequently, seeded RAFT aqueous emulsion polymerisation was explored.*? 154 In such
polymerisations, a polymer is grown in the presence of a CTA using a preformed polymer latex,
initially prepared by FRP. Monteiro et al. used this method to prepare poly(styrene)-poly(methyl
methacrylate) (PS-PMMA) particles by conducting the RAFT polymerisation of styrene in the
presence of a PMMA seed plus surfactant.®® Unfortunately, such polymerisations were retarded
relative to FRP and broad molecular weight distributions were observed for the final copolymer.
These problems were attributed to the CTA exiting the seed particles after fragmentation. As a
result, polymerisation occurred within the monomer droplets, rather than the seed particles.

Furthermore, the final dispersion contained coagulum, indicating poor colloidal stability.

Prescott and co-workers improved this formulation by using a water-miscible co-solvent to
facilitate the transport of the CTA into PS latex seed particles.'®® More specifically, acetone was
added to the seeded emulsion polymerisation of styrene. This approach provided reasonable
control over the molecular weight distribution (Mw/Mn< 1.40) with little to no coagulum produced
during the polymerisation. The living nature of the polymerisation was confirmed by the linear
evolution of molecular weight with conversion. The acetone co-solvent facilitated the transport
of the RAFT CTA into the seed particles and reduced the extent of polymerisation within the

monomer droplets.

Seeded emulsion polymerisation provided some useful insights into the mechanism of
RAFT emulsion polymerisation. However, many significant issues were not resolved, including
incomplete monomer conversion, contamination of the final product by the seed particles and the
use of surfactant. These disadvantages were overcome by the development of ab initio RAFT
aqueous polymerisation using a water-soluble homopolymer precursor (see Figure 1.11). In this
approach, the precursor block confers steric stabilisation on the growing nanoparticles, so a

surfactant is not required.’®* Self-assembly to form nascent micelles occurs early in the
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polymerisation owing to the hydrophobic character of the growing second block. Such micelles

act as the locus for the polymerisation so no pre-formed seed is required.

Monomer Monomer
Solution Emulsion
polymerisation polymerisation
RAFT RAFT Diblock copolymer
CTA Precursor nanoparticle

Figure 1.11. Schematic representation of the synthesis of sterically-stabilised diblock copolymer
nanoparticles via RAFT aqueous emulsion polymerisation.

The first successful RAFT-mediated emulsion polymerisations using a water-soluble
precursor block were conducted by Ferguson et al.”® % %2 |n the first study, a poly(acrylic acid)
(PAA) precursor was chain-extended with nBA to form PAA-PnBA diblock copolymer
nanoparticles of approximately 60 nm diameter. The RAFT polymerisation was well-controlled
as demonstrated by a linear increase in molecular weight with conversion, although the molecular
weight distribution was not particularly narrow (Mw/M;, < 1.50). Subsequently, the same team
chain-extended such PAA-PnBA diblock copolymer nanoparticles using styrene to form well-
defined PAA-PnBA-PS triblock copolymer nanoparticles.® In both cases, only a kinetically-

trapped spherical morphology was obtained.

More recently, Charleux and co-workers have developed several robust ab initio RAFT
aqueous emulsion polymerisation protocols for the synthesis of block copolymer nanoparticles
employing a range of hydrophilic stabilisers (acrylic,'®? methacrylic'®® and acrylamide®), various
hydrophobic core-forming blocks (MMA*® benzyl methacrylate (BzMA),'%* and styrene)®® and
a number of RAFT agents (both trithiocarbonates®? and dithiobenzoates'®®). The reaction
conditions (pH, salt concentration and stirring rate) of such formulations were optimised to
produce high monomer conversions, narrow molecular weight distributions and well-defined

copolymer morphologies.
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There have been relatively few reports of non-ionic steric stabiliser blocks used in RAFT
aqueous emulsion polymerisation.®” % For example, Charleux and co-workers utilised a water-
soluble trithiocarbonate-capped poly(ethylene glycol) (PEG) precursor for the RAFT agueous
emulsion polymerisation of either styrene or nBA.°” This precursor acted as both a
macromolecular RAFT agent for the emulsion polymerisation and served as an effective steric
stabiliser for the formation of diblock copolymer nanoparticles. Furthermore, systematically

changing the PEG/monomer molar ratio enabled the final particle size to be tuned.

Cunningham et al.®’” developed a similar protocol using poly(glycerol monomethacrylate)
PGMA as a non-ionic steric stabiliser, as summarised in Figure 1.12. More specifically, this
polymeric precursor was chain-extended via RAFT aqueous emulsion polymerisation of BzZMA

to form a series of spherical nanoparticles of increasing particle diameter at up to 50% w/w
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Figure 1.12. Synthesis of PGMAs—PBzMA diblock copolymer spheres via RAFT aqueous
emulsion polymerisation of benzyl methacrylate (BzMA). Systematically increasing the target
DP of the PBzMA core-forming block leads to a monotonic increase in the mean particle
diameter.

Since this initial study, other water-immiscible monomers such as hydroxybutyl methacrylate
(HBMA),* 2,2 2-trifluoroethyl methacrylate (TFEMA),% glycidyl methacrylate (GlyMA),"
168 and isopropylideneglycerol methacrylate (IPGMA) have been used instead of BzMA. 1%
Furthermore, other non-ionic hydrophilic precursors have also been used for RAFT emulsion

polymerisations, such as poly(N,N-dimethylacrylamide) (PDMAC)® ° and poly(2-(N-

acryloyloxy)ethyl pyrrolidone (PNAEP).17
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Many RAFT aqueous emulsion polymerisation formulations are restricted to kinetically-
trapped spheres, even when targeting highly asymmetric diblock copolymers.87: 0. 91, 95, 97-99, 166-171
This unexpected morphological restriction is not well-understood, despite attempts to rationalise
the various studies in the literature.X%® 1% In contrast, there are relatively few reports of access to
worms and vesicles via RAFT aqueous emulsion polymerisation,0. 101 103, 104, 162, 172-180
Empirically, it is well-established that using a statistical copolymer precursor comprising a 1:1
mixture of a non-ionic and an anionic comonomer can provide access to worms and vesicles.!52
For example, Charleux and co-workers reported the first PISA synthesis of block copolymer
worms (a.k.a. nano-fibers) via RAFT aqueous emulsion polymerisation in 2010.1%? In this case, a
water-soluble statistical copolymer precursor comprising poly((ethylene glycol) methyl ether
acrylate) (PEGA) and acrylic acid (AA) was chain-extended with styrene.® 162 Using the
analogous all-methacrylic statistical copolymer as the stabiliser block also produced well-defined
worms. 10 103 The final copolymer morphology was influenced by various synthesis parameters,
such as the concentration of added salt and the solution pH. More specifically, worms were
observed by transmission electron microscopy (TEM) at either low pH or high salt concentrations,

as shown in Figure 1.13.
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Figure 1.13. Representative TEM images of the different morphologies that can be obtained when
performing the RAFT aqueous emulsion polymerisation of styrene with a trithiocarbonate-capped
P(AA-co-PEGA) (AA/PEGA = 50/50) precursor at different (a) pH and (b) salt concentrations.
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Currently, we have only a very limited understanding of why only a small sub-set of such PISA
formulations can produce non-spherical morphologies. The effect of various synthesis parameters
on the final copolymer morphology have been investigated, including the topology of the
stabiliser block,"? the post-polymerisation addition of monomer®! and the nature of the RAFT
end-groups and initiator concentration.’® However, generic design rules have yet to be
established. In this context, Armes and co-workers recently proposed that the aqueous solubility
of the water-immiscible monomer is a key parameter for preparing block copolymer worms or
vesicles via RAFT aqueous emulsion polymerisation.t’3 177. 178, 182,183 More specifically, three
monomers (HBMA, GlyMA and 2-methoxyethyl methacrylate (MOEMA), see Figure 1.14) with
aqueous solubilities of ~ 20 g dm™3 were examined in turn and, in each case, spheres, worms or
vesicles could be obtained by adjusting the synthesis conditions. These aqueous solubilities are

somewhat higher than those for traditional vinyl monomers such as styrene or nBA.84

(@)
HBMA GlyMA MOEMA

Figure 1.14. Chemical structures of hydroxybutyl methacrylate (HBMA\), glycidyl methacrylate
(GlyMA) and 2-methoxyethyl methacrylate (MOEMA). All three of these monomers are water-
immiscible with an aqueous solubility of ~ 20 g dm? at their respective polymerisation
temperatures, and non-spherical block copolymer nanoparticles (e.g. worms or ‘monkey nuts’ or
vesicles) have been reported in each case.!’ 177 178,183

Initially, Cockram et al.}”" investigated the RAFT aqueous emulsion polymerisation of
HBMA. Conducting such syntheses using a partially ionised poly(methacrylic acid) (PMAA)
stabiliser block produced a novel non-spherical ‘monkey nut’ morphology at pH 5.}’

Subsequently, Foster and co-workers obtained a mixed phase of worms and vesicles by chain-

extending a non-ionic PEGy.3 precursor with HBMA.7
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Figure 1.15. Pseudo-phase diagram constructed for a series of PGMA2s-PGlyMA,, diblock
copolymer nano-objects synthesised by chain extending a PGMA2s homopolymer precursor
with GlyMA via RAFT aqueous emulsion polymerisation at of 10 — 30% w/w (s/w = mixed
phase of spheres and worms; w/v = mixed phase of worms and vesicles). Representative TEM
images are shown for selected nano-objects prepared at 20% w/w (where n indicates the mean
PGlyMA DP).18

Similarly, Hatton et al. explored the RAFT aqueous emulsion polymerisation of GlyMA
using a non-ionic PGMA precursor as a steric stabiliser block.1%” 17318 According to Ratcliffe
and co-workers, this monomer has an aqueous solubility of 18 - 20 g dm™ at 50 °C.*8 Well-

defined diblock copolymer worms and vesicles could be obtained if the PGMA stabiliser block

was sufficiently short, which is known to aid access to higher order morphologies.® 173 178. 183
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Figure 1.15 shows the pseudo-phase diagram that was constructed by systematically varying the
PGIyMA DP and the copolymer concentration. This enabled the efficient, facile and reproducible
synthesis of spheres, worms and vesicles Presumably, its relatively high monomer solubility
enables faster diffusion of GlyMA through the aqueous phase into the cores of the nascent
nanoparticles. This leads to greater solvation and hence enhanced mobility for the growing
PGIyMA chains. This in turn facilitates sphere-sphere fusion, which is a prerequisite for the
formation of diblock copolymer worms (see Figure 1.16 below). In contrast, monomers with
lower aqueous solubilities (e.g. BzMA) diffuse more slowly through the aqueous phase, hence
providing less solvation for the growing hydrophobic chains within the nanoparticle cores during
the initial stages of the polymerisation. This explains why only kinetically-trapped spheres can be

obtained via RAFT aqueous emulsion polymerisation of BzZMA when using a PGMA precursor.®”

(a)
BzMA
monomer
Nascent micelle
M Block copolymer spheres
b
(b) GlyMA M
M
- ﬁ
M
M Sphere-sphere fusion Block copolymer worms

Figure 1.16. Schematic cartoon of the RAFT aqueous emulsion polymerisation of (a) BZMA,
resulting in the formation of kinetically-trapped spheres, and (b) GlyMA, which leads to the
formation of non-spherical morphologies (e.g. worms). The latter monomer has an aqueous
solubility of 18-20 g dm™ at 50 °C, enabling efficient monomer mass transport through the
aqueous phase and hence solvation of the nascent micelle cores within the time scale of the
polymerisation. The improved mobility of the PGlyMA chains is believed to promote sphere-

sphere fusion, which is the essential first step for the formation of block copolymer worms.*">
183
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More recently, Brotherton and co-workers reported the RAFT aqueous emulsion
polymerisation of MOEMA.1® This was the third example of a methacrylic monomer with
moderate aqueous solubility (19.6 g dm® at 70 °C) that enabled higher order copolymer
morphologies to be produced via RAFT aqueous emulsion polymerisation.t’”® Small-angle x-ray
scattering (SAXS) was used to monitor the in situ evolution in copolymer morphology from

spheres to worms to vesicles during the RAFT aqueous emulsion polymerisation of MOEMA.1"

1.8.2 PISA via RAFT Aqueous Dispersion Polymerisation

Initially, RAFT aqueous dispersion polymerisation formulations comprise homogeneous
solutions containing the monomer, initiator and water-soluble steric stabiliser. As the monomer
is polymerised, it forms an increasingly hydrophobic block from one end of the precursor. At
some critical DP, this growing block becomes insoluble and the amphiphilic diblock copolymer

undergoes in situ self-assembly to form sterically-stabilised nanoparticles.”

In 2007, Hawker et al. reported the first example of PISA via RAFT aqueous dispersion
polymerisation.’®® In this seminal study, a PDMAC precursor was chain-extended with N-
isopropylacrylamide (NIPAM) to produce spherical nanoparticles at 70 °C. However, such
nanoparticles dissolved upon cooling to ambient temperature owing to the lower critical solution
temperature (LCST) of 32 °C of the PNIPAM cores. Thus these nanoparticles were cross-linked

using bisacrylamide to afford colloidally stable nanogels at room temperature.

In 2009, Rieger et al. chain-extended a hydrophilic PEG block with DMAC to produce a
range of water-soluble PEG-PDMAC precursors of varying chain lengths.'®” Subsequently, these
diblock copolymer precursors were chain-extended with N,N-diethylacrylamide to produce
thermoresponsive spherical nanoparticles. The addition of a bisacrylamide cross-linker was
required to ensure that the nanoparticles remained colloidally stable at room temperature, as the

poly(N,N-diethylacrylamide) core-forming block exhibits an LCST of approximately 32 °C.

In 2010, Li and Armes reported that diblock copolymer spheres could be prepared via

RAFT aqueous dispersion polymerisation of HPMA using a PGMAgs precursor.'® According to
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dynamic light scattering (DLS) studies, the diameter of the spherical nanoparticles increased
systematically when targeting longer PHPMA core-forming blocks and final monomer
conversions exceeded 99%. Furthermore, chain-extending this PGMAgs precursor when targeting
a PHPMA DP of 300 produced relatively large polydisperse vesicles at 20% w/w solids, as judged

by TEM and DLS studies.
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Figure 1.17. (a) Monomer conversion (and the corresponding effective PHPMA DP) as a function
of time for the synthesis of PGMA4-PHPMAy vesicles via RAFT aqueous dispersion
polymerisation of HPMA at 10% w/w solids and 70 °C. The corresponding semi-logarithmic vs
time plot is shown as an inset. Five morphology regimes were observed by TEM studies. (b)
Proposed mechanism for the in situ worm-to-vesicle morphological transition via a jellyfish
intermediate [abbreviations: M = molecularly dissolved copolymer chains, S = spheres, W =
worms, BW = branched worms, J = jellyfish, V = vesicles].1%
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Since this study, the Armes group has conducted many studies involving the prototypical
PGMA-PHPMA PISA formulation.” 8 107, 109, 149, 150, 189-198 Blanazs et al. provided fascinating
mechanistic insights into the self-assembly process that occurs during the RAFT aqueous
dispersion polymerisation of HPMA when using a PGMA,7 precursor to target vesicles.!® H
NMR spectroscopy and TEM studies confirmed that a significant rate enhancement occurs after
micellar nucleation, as shown in Figure 1.17. The formation of monomer-swollen nascent
particles increases the local monomer concentration, thereby enhancing the rate of
polymerisation. TEM analysis of aliquots extracted during the HPMA polymerisation enabled
various intermediate morphologies to be identified. More specifically, the copolymer morphology
evolved from spheres to worms to branched worms to ‘jellyfish’ and finally to vesicles, as the DP
of the structure-directing PHPMA block increased from 92 to 200.1% These observations can be

rationalised in terms of a gradual increase in the packing parameter during the polymerisation.

Aqueous dispersions of PGMAss-PHPMA 14 diblock copolymer worms have been reported
to exhibit thermoresponsive behaviour.!?% 1% More specifically, a reversible worm-to-sphere
transition can be initiated by simply cooling an aqueous worm dispersion to 5-10 °C. According
to Blanazs et al., this morphological transformation involves surface hydration of the weakly
hydrophobic PHPMA chains within the worm cores.’?® QOverall, this results in a smaller core
volume and an associated reduction in the packing parameter, as depicted in Figure 1.18.
Accompanying this morphological transition is macroscopic degelation owing to the loss of
multiple inter-worm contacts, thus resulting in a free-flowing dispersion of non-interacting
isotropic spheres.’® This transformation is fully reversible if the copolymer concentration is not
too low (< 1% w/w solids), otherwise sphere-sphere fusion to form dimers (and ultimately worms)

becomes improbable.

Recently, various research groups have explored the RAFT dispersion polymerisation of
PHPMA using a PEG-based precursor instead of a PGMA stabiliser,108 141, 145,179,200 g ch PEG-
PHPMA, worms exhibit thermoresponsive behaviour similar to that of PGMA-PHPMA worms.

Warren and co-workers showed that if the PEG stabiliser is relatively long (i.e. DP = 113), then
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PEG-PHPMA worms are thermoresponsive but not thermoreversible.®® More specifically,
cooling such worms from 25 °C to 4 °C leads to a worm-to-sphere morphological transition.
However, worms do not reform (at least, not within normal experimental timescales) on returning
to 25 °C. Presumably, the PEG113 block confers sufficient steric stabilisation to inhibit the sphere-
sphere fusion that is essential for worm reconstitution. In a later study, Penfold and co-workers
used a binary mixture of PEG113 and PEGas precursors to identify a PEG-PHPMA formulation
that exhibited thermoreversible behaviour.** This was possible because the presence of the
shorter PEGys chains reduced the steric stabilisation efficiency compared to that conferred by

solely PEGii3 chains.
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Figure 1.18. Schematic representation, digital photographs (see insets), and TEM images of the
reversible worm-to-sphere transition that occurs on cooling a PGMAss-PHPMA 140 diblock
copolymer from 20 °C to 4 °C.1%°

In 2019, Ratcliffe et al. reported the first example of a single thermoresponsive amphiphilic
diblock copolymer that can form spheres, worms or vesicles in aqueous solution simply by
varying the temperature.?®* More specifically, poly(2-hydroxypropyl methacrylamide)-poly(2-
hydroxypropyl methacrylate) (PHPMAC-PHPMA) diblock copolymer formed spheres at 4 °C,
worms at 22 °C and vesicles at 50 °C.2°* More recently, we have reported three distinct examples
of 4-hydroxybutyl acrylate (HBA)-based diblock copolymers that undergo the same sphere/worm

and worm/vesicle morphological transitions.#> 202 203 However, these transitions are much more
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thermoreversible than those observed for the methacrylic PHPMA block.?% This was attributed
to the greater chain mobility of the structure-directing PHBA block, which exhibits a significantly

low glass transition temperature Ty than PHPMA. 142

1.8.3 PISA via RAFT Dispersion Polymerisation in Non-Polar Solvents

Over the past seven years or so, there has been significant interest in conducting PISA in
non-polar media.”® Initially, Houillot et al. explored RAFT dispersion polymerisation in non-polar
media using an all-acrylic formulation.'?® More specifically, poly(2-ethylhexyl acrylate)-
poly(methyl acrylate) (PEHA-PMA) diblock copolymer nanoparticles were prepared in iso-
decane at 80 °C. Using a dithiobenzoate-based CTA for the chain extension of a PEHA precursor
using MA led to significant rate retardation and extremely poor RAFT control (Mw/M, > 6.00) at
> 85% conversion compared to that achieved when using a trithiocarbonate-based precursor. In
the latter case, DLS studies suggested that a spherical morphology was obtained but no TEM

studies were undertaken (presumably owing to the relatively low Tq of the PMA block).

Fielding and co-workers developed the first well-controlled all-methacrylic RAFT
dispersion polymerisation formulation in non-polar media.'?’ More specifically, a cumyl
dithiobenzoate (CDB) was used to prepare a poly(lauryl methacrylate) (PLMA) precursor in
toluene. This precursor was then chain-extended with BzMA to afford PLMA-PBzMA diblock
copolymer nanoparticles in n-heptane. Using a relatively short PLMA7 precursor provides access
to spheres, worms or vesicles. In contrast, using a longer PLMA;7 stabiliser block restricted the
copolymer morphology to kinetically-trapped spheres. As expected, the diameter of such spheres

could be tuned by varying the target DP of the PBzMA core-forming block.

In a later study, this PBzMA formulation was extended from n-heptane to n-dodecane, with
the higher boiling point of the latter solvent allowing high temperature studies to be undertaken.*?®
This proved to be interesting because PLMA-PBzMA diblock copolymer nanoparticles can
undergo morphological transformations on heating.'?® For example, Fielding and co-workers used

rheology to characterise the thermoresponsive behaviour of a PLMA+s-PBzMA3:; worm gel,
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which undergoes degelation above 50 °C as a result of a worm-to-sphere transition.!® Variable
temperature *H NMR studies conducted in dzs-dodecane indicated partial solvation of the core-
forming PBzMA chains. Similar observations were described by Lowe and co-workers for
thermoresponsive worms prepared in ethanol.1** The worm-to-sphere transition was rationalised
in terms of surface plasticisation of the core-forming block. This leads to an increase in the
effective volume fraction of the stabiliser block, which in turn reduces the packing parameter.
More recently, Derry et al. reported that poly(stearyl methacrylate)-poly(benzyl methacrylate)
(PSMA13-PBzMAgs) vesicles prepared in mineral oil undergo a vesicle-to-worm transition on
heating up to 150 °C, which offers a potential new high-temperature thickening mechanism for

automotive engine oils.?%*

Recently, TFEMA has been utilised as a core-forming block for non-aqueous RAFT
dispersion formulations. For example, Cornel et al. reported the synthesis of sterically-stabilised
PSMA-PTEMA spherical nanoparticles in various n-alkanes.?%® Such nanoparticles were almost
perfectly isorefractive with n-tetradecane at 70 °C, enabling the kinetics of the RAFT dispersion
polymerisation of PTFEMA to be monitored in this solvent using visible absorption spectroscopy.
Importantly for this Thesis, the same study confirmed that relatively small spherical nanoparticles
can be prepared using this PISA formulation. More specifically, PSMA1,-PTFEMAGgs spheres with
a mean DLS diameter of 33 nm were prepared via RAFT dispersion polymerisation of TFEMA
in n-tetradecane at 70 °C (see Figure 1.19). Later, Gyorgy and co-workers extended this

formulation to prepare highly transparent PSMA-PTFEMA diblock copolymer vesicles.?%

(o]

NC s s j‘)LO/\CFs NC, SYS
nig . 98 I —
Hooc s TFEMA HooC s on —
0”0 Ph 07 0 0¥ o

>
M [macro-CTA)/[T21s] = 5.0 W k
16 16 CF3

n-tetradecane
70°C,16 h PSMA,-PTFEMAgg diblock copolymer nanoparticles

PSMA,, precursor

Figure 1.19. Chain extension of a PSMA:, homopolymer precursor via RAFT dispersion
polymerisation of TFEMA in n-tetradecane at 70 °C to form spherical diblock copolymer
nanoparticle (see TEM image) with a mean z-average diameter of 33 nm as judged by DLS.?%
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1.9 Emulsions

1.9.1 General Concepts in Emulsion Science

Emulsions are mixtures of two immiscible liquids, such as oil and water, stabilised by an
emulsifier. Emulsions are ubiquitous in everyday life; they are found in food, pharmaceuticals,
cosmetics, printing, and the petroleum industry.?%” There are three different classes of emulsions
depending on the size of the droplets (see Figure 1.20).2°® Macroemulsions are composed of large,
polydisperse droplets of 1 - 100 um diameter. Nanoemulsions possess a mean droplet diameter
below approximately 200 nm, and typically have a relatively low polydispersity. Microemulsions
comprise very small (< 50 nm diameter) near-monodisperse droplets. The latter are formed by
either diblock copolymers or suitable surfactant/co-surfactant mixtures and are
thermodynamically stable; they shall not be discussed further in this Thesis. In contrast,
macroemulsions and nanoemulsions are only kinetically stable and can be prepared using various
emulsifiers, including surfactants, amphiphilic copolymers and colloidal particles with

appropriate wettability.

Macroemulsion Nanoemulsion Microemulsion

1-100 ym 50 — 500 nm <50 nm

Figure 1.20. Schematic cartoon of the three different types of emulsions: macroemulsions,
nanoemulsions and microemulsions.?%

Simple emulsions can be classified as either oil-in-water (o/w) or water-in-oil (w/0). The
type of emulsion that is formed depends on the nature of the emulsifier. In 1913, Bancroft

proposed a useful rule of thumb for predicting emulsion type based on the solubility of the
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emulsifier.?% In essence, the continuous phase of an emulsion tends to be the phase in which the
emulsifier is preferentially soluble. In 1949, Griffin introduced the concept of hydrophilic-
lipophile balance (HLB) as a method for predicting the emulsion type based on the composition
of surfactant emulsifiers.?'° This is a quantitative measure of the balance between the hydrophilic
and hydrophobic components within a given surfactant molecule. Surfactants with lower HLB
numbers (e.g. non-ionic surfactants) are predicted to stabilise w/o emulsions. In contrast,
surfactants with higher HLB numbers (e.g. anionic or cationic surfactants) normally form o/w
emulsions. However, such HLB numbers are calculated for free surfactant molecules, rather than
for surfactant adsorbed at an oil/water interface. Moreover, other conditions such as temperature,
electrolyte concentration, and oil type are not considered. Furthermore, the packing parameter of
the surfactant at an oil/water interface has been shown to dictate the tendency of the monolayer

to curve towards the oil or water.?!!

The thermodynamics of emulsions are dictated by their interfacial properties. For two
immiscible liquids, a flat interface can be defined between the two bulk phases. According to the
Gibbs model,?*? the interfacial region is assumed to be ideally thin and its thermodynamic
properties differ compared to that for the two bulk phases (see Figure 1.21a). These properties
reflect the unfavourable change in interaction energy that occurs on moving a molecule from the
bulk to the surface, which leads to a reduction in the number of nearest neighbours. This gives
rise to an interfacial tension y. The interfacial free energy dG can be expressed by an entropic
term -SdT, an interfacial area term ydA (where y is the surface tension and dA is the change in the
interfacial area), and a composition term Xn;d; (where n;is the number of moles of component i

with chemical potential ;). The Gibbs-Duhem equation is given by:
dG = —SdT + ydA + Z uydn, 1.16

At constant temperature and composition, Equation 1.16 can be expressed as:
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dG = ydA

B (66)
¥=\84)

According to Equation 1.17, interfacial tension can be regarded as the increase in Gibbs free

1.17

energy per unit area. Unlike a flat interface, the interfacial tension at a curved interface must be
balanced by an equal and opposite force. Spherical droplets tend to shrink to reduce their
interfacial area until there is an excess pressure inside the droplet compared to that outside (see
Figure 1.21b). The smaller the droplet, the larger the excess pressure p. This is expressed by the

Young-Laplace equation:
1 1
Ap = (— - —) 1.18
where r; and r; are the principal radii of curvature. For a perfectly spherical droplet, i=r, =r
and Equation 1.18 becomes:

Ap::—— 1.19

Equation 1.19 has important implications for the destabilisation of nanoemulsions via Ostwald

ripening, which is discussed later in this Thesis.
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Figure 1.21. (a) The Gibbs model of an ideally thin interface between two immiscible phases.?'?
(b) Cross-section of a droplet (phase 1) suspended in a different phase (phase 2). The internal
pressure within the droplet (p1) is greater than the external pressure (p2).This difference in
pressure across the interface is related to the curvature of the droplet by its radius r.
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The process of preparing an emulsion, known as emulsification, requires energy to
generate new interfacial area A. Here, AA is the difference in interfacial area between the initial
state comprising two immiscible bulk liquids and the final droplets. The total free energy change

of emulsification (AGemu) IS given by:

AGepy = YAA — TAS 1.20

Given that yAA is large and positive, while TAS is small and positive, AG must also be positive.
Therefore, emulsion formation costs energy. The energy required to generate an emulsion is
dependent on the final droplet diameter, since smaller droplets possess a higher interfacial area.
Therefore, macroemulsions are relatively easy to prepare by well-known methods such as high-
shear homogenisation. On the other hand, nanoemulsions typically require high-energy
emulsification techniques, such as high-pressure microfluidisation or ultrasonication.??
Relatively high surfactant concentrations are often used to lower the interfacial tension between

the two immiscible phases.

Both macroemulsions and nanoemulsions are thermodynamically unstable. In the absence
of any stabilisation mechanism, demulsification occurs via creaming, coalescence, flocculation,
Ostwald ripening, or some combination of such processes. These destabilisation mechanisms are
summarised overleaf in Figure 1.22. However, in the presence of a suitable emulsifier (i.e.
surfactant, polymer or surface-active particles), an energy barrier is created between the droplets,
providing kinetic stability. Nevertheless, given sufficient time, the emulsion will eventually revert
to its two constituent bulk phases. The more stable an emulsion, the longer phase separation takes
to occur. The predominant mechanism of destabilisation depends on the size of the emulsion
droplets. For macroemulsions, creaming is usually a dominant mechanism, whereas
nanoemulsions show negligible gravitational creaming (or sedimentation) due to their relatively
small mean droplet diameter. However, nanoemulsions can undergo Ostwald ripening within

relatively short time scales.
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Figure 1.22. Schematic cartoon of three emulsion destabilisation mechanisms: coalescence,
flocculation, and Ostwald ripening. A fourth mechanism (not shown) is gravitational creaming
or sedimentation, but this normally only applies to macroemulsions.

Ostwald ripening is the growth of larger droplets at the expense of smaller ones over
time.?% 215 It is the consequence of subtle solubility differences between droplets of differing
diameters. Smaller droplets have a higher Laplace pressure, and therefore higher solubility, than
larger droplets. The Kelvin equation describes the relationship between spherical droplets of mean

radius r and their solubility within the continuous phase:

) 1.21
"RT

2y,
Cr) = Cw)exp (o
where C(r) is the solubility of the spherical droplets dispersed within the continuous phase, C(<)
is the bulk phase solubility (i.e. the solubility of an infinitely large droplet), and Vi, is the molar
volume of the dispersed phase. The higher solubility of smaller droplets means that its constituent
molecules dissolve faster in the continuous phase, recondensing onto larger droplets. Over time,

this mass transport leads to an overall increase in droplet size and a corresponding reduction in

the interfacial area. Theoretically, this phenomenon should terminate when all of the smaller
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droplets have recondensed into a single droplet. In reality, the rate of Ostwald ripening decreases

as the mean droplet size increases so this upper limit is seldom attained.

Lifshitz and Slyozov (LS)?*® and Wagner (W)?!" independently developed a quantitative
theory for Ostwald ripening. The LSW theory assumes that the dispersed phase droplets are
spherical and are separated from one another by distances that are significantly larger than the
droplet diameters. Moreover, mass transport is assumed to be limited by molecular diffusion
through the continuous phase. Given these assumptions, the rate of Ostwald ripening, w, is given

by Equation 1.22:

_ 1.22
Y=

R} §[C (oo)yVmD]
9 pRT
where D is the diffusion coefficient of the dissolved species in the continuous phase, p is the
density of the dispersed phase, and R, is the number-average droplet radius. Therefore, if the
predominant mechanism of destabilisation is Ostwald ripening, the R, cubed term should increase
linearly over time. Several strategies have been employed to suppress the rate of Ostwald
ripening, particularly for nanoemulsions. For example, using an oil with a relatively low aqueous
solubility improves the long-term stability of o/w nanoemulsions.?*® Alternatively, a suitable
species can be added to the droplet phase that is highly insoluble in the continuous phase. For
example, adding a long hydrocarbon such as squalane to the oil droplets of an o/w nanoemulsion

enhances its stability towards Ostwald ripening.?'® Similarly, addition of salt to the aqueous phase

of an w/o emulsion is known to inhibit mass transfer between aqueous droplets.??°
1.9.2 Emulsion Characterisation Techniques

There are many techniques that can be used to measure the size of particles and emulsion
droplets. Each sizing technique reports a specific moment of the particle size distribution and
possess various advantages and disadvantages, such as instrument-biased resolution, upper and
low size limits, and cost. In practice, there is no single method that is universally used to size
emulsions. Some characterisation techniques provide information regarding the structure, as well

as the emulsion droplet size distribution.
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Optical microscopy reports the number-average droplet diameter D, of an emulsion,
which is defined by Equation 1.23:

_ X N;D;
X N;

where N;is the number of droplets with diameter D;. Optical microscopy is a widely available

D, 1.23

technique and requires minimal sample preparation. However, since optical microscopy uses
visible light, its resolution is limited to emulsions with mean droplet diameters greater than 1 pum.
Furthermore, optical microscopy is not statistically robust since droplet size distributions are

assessed by counting a relatively small number (typically hundreds) of droplets.

The interaction of light with matter produces four types of scattering: diffraction,
refraction, reflection and absorption. Laser diffraction (or low-angle laser light scattering
(LALLS)) is commonly used to size emulsion droplets ranging from 0.1 to 3000 um.??! A laser
diffraction instrument consists of a laser, detector, and some means of passing the sample through
the laser beam. Typically, a He-Ne gas laser is employed as an intense source of coherent light
with a fixed wavelength (A = 633 nm). The laser passes light through the emulsion, which is
scattered onto a detector. This technique uses the Fraunhofer approximation for light scattering
(or diffraction).??? This assumes that (i) the particle is much larger than the wavelength of light,
(ii) light is scattered only at narrow angles, (iii) the particles are opaque discs and scattering occurs
only from the particle surface, and (iv) particles of all sizes scatter light with the same efficiency.
In many cases, these assumptions are invalid, particularly as both absorption and refraction of
light are ignored. For sufficiently small particles (< 25 um diameter), such interactions become
important, and the more rigorous Mie theory of scattering must be applied.?? Mie theory predicts
the relative intensity of scattered light as a function of particle size, provided that the particle is
spherical, optically homogeneous and has a known refractive index.?** This theory can predict the
effect of refraction, reflection and absorption, as well as diffraction. To determine the volume-
average distribution using laser diffraction, the refractive indices of both the material and solvent

must be known, as well as the absorption component of the refractive index.
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Dynamic light scattering (DLS) reports the intensity-average (or z-average) diameter,
which is biased towards larger particles.??® This is because the intensity of scattered light from a
spherical particle is proportional to the sixth power of its diameter.??> Hence larger particles scatter
much more light than smaller ones and therefore dominate the scattered light intensity. DLS is
widely used as a sizing technique owing to its convenience, but it is sensitive to the presence of
dust particles and it can often oversize a sample with a multimodal particle size distribution. DLS
is suitable for sizing emulsions with a mean droplet diameter below approximately 5 um, which
corresponds to its upper size limit. DLS reports the sphere-equivalent hydrodynamic diameter D,
which is calculated from the translational diffusion coefficient D, using the Stokes-Einstein
equation:

kgT

"= 3D 1.24

where kg is the Boltzmann constant and # is the solution viscosity. The translational diffusion
coefficient of the particles (or droplets) is measured by monitoring the decay of the correlation
function over time. As the particles undergo Brownian motion, the scattering intensity fluctuates.
Since smaller particles diffuse faster than larger particles, they exhibit a larger diffusion
coefficient in a given solvent. Since an isotropic diffusion coefficient is used for the particle size

calculation (Equation 1.24), this technique is not suitable for anisotropic (non-spherical) particles.

Small-angle X-ray scattering (SAXS) is a powerful characterisation technique for the
structural analysis of nanoparticles and emulsions.??® Measurements can provide information on
the size, shape and interactions between nanoparticles or droplets. Furthermore, SAXS can be
used to characterise anisotropic nanoparticles and it is a non-destructive, statistically robust
technique because the observed patterns are a result of scattering from many millions of particles.
During a SAXS measurement, the sample is irradiated with collimated monochromatic X-rays of
a known wavelength 1. The interaction of incident X-rays with electrons composing the sample
results in X-ray elastic scattering. The scattered signal is described in reciprocal space using a

scattering vector as a measure of the reciprocal length magnitude and direction of the X-ray

43



Chapter 1: Introduction

scattering. This scattering vector g is a momentum transfer defined as a difference between wave

vectors of the incoming and scattered waves (Figure 1.23) and its length is given by:??

1m
q= TSinH 1.25

where 26 is the scattering angle.

X-ray source

Figure 1.23. Schematic representation of the scattering vector g, based on the incoming and
scattered wave vectors, ki and ks, and the scattering angle 26.

SAXS measures the scattered intensity 1(q) as a function of g. The normalised scattered
intensity of a monomodal dispersion of particles at any given q is indicated by Equation 1.26:

1(q) = NV2Ap?P(q)S(q) 1.26

where N is the particle (scatterer) number density, V is the volume of the scattering particles, Ap
is the contrast in scattering length density between the scattering particles and the continuous
phase, P(q) is the form factor and S(q) is the structure factor.??® P(q) describes the shape of the
particles, whereas S(q) represents the spatial arrangement of the scattering objects (particles). For
dilute dispersions (typically < 1% v/v), where no interparticle interactions are expected, S(q) is
usually equal to unity, which simplifies the SAXS analysis. However, a structure factor may still
be present if there are repulsive (e.g. charge repulsion) or attractive (e.g. van der Waals ) forces
between neighbouring particles. The scattered X-rays form a 2D scattering pattern. An isotropic
scattering pattern can be reduced to a 1D profile. The background scattering arising from the

continuous phase and sample holder can be subtracted to produce a 1D scattering profile that is
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solely characteristic of the X-ray scattering from the particles. Such scattering curves can be

analysed using an appropriate scattering model, which usually contain various fitting parameters.

Another sizing technique that can be used to characterise emulsion droplets is analytical
centrifugation.??’ The LUMiSizer is an example of a commercial analytical centrifuge, see Figure
1.24. This instrument employs space- and time-resolved extinction profiles (STEP) technology to
measure the intensity of transmitted near-infrared light simultaneously as a function of time and
position over the entire length of the sample cell.?2 The gradual progression of these transmission
profiles contains information on the rate of sedimentation or creaming and, in principle, enables
assessment of the particle size distribution. The sedimentation of a particle or droplet due to

gravity is characterised by its sedimentation coefficient s, as defined by Equation 1.27:
s =— 1.27

where u is the sedimentation velocity, w is the angular velocity and r is the distance from the axis
of rotation. The diameter of a particle r, can be directly linked to its hydrodynamic properties

using Stokes’ law:

18ns
r, = [—— 1.28
Pp — Ps

where 7 is the solvent viscosity and ps and ps are the densities of the particle and solvent,
respectively. Equation 1.28 enables the particle size distribution to be calculated from the
sedimentation velocity, which is obtained directly from the instrument. Therefore, an accurate
particle density is an essential input parameter for such analytical centrifugation studies. This can
be problematic for particles where the effective density is unknown or ill-defined. For example,
emulsion droplets stabilised by surfactant, polymer or particles may have an effective density that
differs from than of the pure dispersed phase. In contrast to light scattering techniques, the
emulsion droplets are fractionated via centrifugation prior to detection. This is because different
sized droplets become differentially accelerated in a gravitational field. Such fractionation leads
to relatively high resolution and also enables the assessment of emulsions with broad droplet size

distributions.
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Figure 1.24. Schematic representation of a measurement using a LUMiSizer analytical
centrifuge. The light source emits a parallel near-IR light beam, which passes through each of the
transparent sample cells lying horizontally on the rotor. The distribution of local transmission is
recorded over the entire sample length by the detector.??

1.9.3 Pickering Emulsions

Around the turn of the last century, Ramsden?* and Pickering®® independently
discovered that various types of particles can stabilise emulsions. Over the past two decades,
seminal studies by Binks and co-workers have led to a resurgence of interest in such Pickering
emulsions.z*22%" This is because particulate emulsifiers offer numerous advantages over
conventional surfactant or polymeric emulsifiers, including superior long-term emulsion stability
and reduced foaming during high-shear homogenisation.?®*® Consequently, Pickering emulsions
have been evaluated for various applications in food manufacture,?®24 agrochemicals,?*

cosmetics?** 243 and pharmaceuticals.?*? 24
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It is well-known that surfactants typically adsorb and desorb from interfaces on short
timescales.?*® Unlike surfactants, colloidal particles adsorbed at oil/water or air/water interfaces
are not necessarily amphiphilic.23> 234-2%. 246, 247 Nevertheless, such particles are often irreversibly
adsorbed at an interface if they are of sufficient size and have appropriate surface wettability.?*
250 The driving force for particle adsorption is minimisation of the interfacial area, which lowers
the free energy of the system.?®® 245 The amount of energy AE required to remove a spherical
particle of radius r from the oil/water interface is given by Equation 1.29:%!

AE = mr?y4, (1 + cos 6,,)? 1.29
where yow is the oil/water interfacial tension and 6y is the three-phase contact angle. Figure 1.25
shows how the three-phase contact angle affects the detachment energy for a 20 nm particle
adsorbed at the toluene/water interface.?® The calculated energy of detachment is greatest for Oy
= 90° and falls rapidly either side of this value. The contact angle is directly related to the particle
wettability, which dictates the emulsion type. 2** More specifically, hydrophilic particles are
preferentially wetted by the aqueous phase (6w < 90°) and hence form oil-in-water (o/w)
emulsions. In this case, a higher proportion of the particle resides in the aqueous phase. Hence
the adsorbed particle monolayer becomes curved such that most of the particle surface remains
on the outside of the droplet. In contrast, hydrophobic particles (6w > 90°) give rise to water-in-
oil (w/0) emulsions.?* In principle, using a judicious combination of hydrophilic and hydrophobic
particles should enable the preparation of either water-in-oil-in-water (w/o/w) or oil-in-water-in-

oil (o/w/0) Pickering double emulsions.?*% 253

Many types of inorganic particles have been utilised as Pickering emulsifiers, including
silica, 232 %4 titania,? %® magnetite,®” and clay.?%% 233 254, 255 257261 Gimilarly, various organic
particles such as cellulose nanorods,?22%5 carbon black,?®® %7 carbon nanotubes,?® graphene
oxide sheets?®® 279 and aqueous polymer particles (e.g. latexes, > 2128 microgels?’® 28 and block
copolymer nanoparticles?®) have been evaluated in this context. Within the latter category, it is
typically found that charge-stabilised latexes produce w/o emulsions whereas sterically-stabilised

latexes usually form o/w emulsions, as depicted in Figure 1.26.24: 273
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Figure 1.25. Spatial location of a spherical particle adsorbed at a planar oil/water interface for a
contact angle 6, measured through the aqueous phase such that 6, is less than 90° (blue), equal
to 90° (black) or greater than 90° (red). In general, hydrophilic particles (6w < 90°) form oil-in-
water (w/0) Pickering emulsions, whereas hydrophobic particles (6w > 90°) give rise to water-in-
oil (w/o) Pickering emulsions. The energy of detachment versus contact angle is shown for the
specific case of a spherical nanoparticle of 10 nm radius adsorbed at a planar toluene-water
interface for which yow = 0.036 N m™,234.2%

Based on seminal studies by Binks and others, the use of inorganic particles to form
Pickering emulsions is now well-understood.?: 245 2%0. 259. 282-289 | the prototypical case of silica,
particle wettability can be tuned by partial alkylation of the silanol surface groups?* or by adding
either a cationic surfactant?® 2% or electrolyte.?*? 258 However, such approaches tend to produce
incipient flocculation in solution, which in turn leads to the formation of relatively thick
multilayers of adsorbed particles. In principle, polymer-based particles offer several advantages
as Pickering emulsifiers. If they are designed to have appropriate surface wettability, no surface
modification is required and adsorption at the oil/water interface leads to the formation of well-

defined monolayers, 149 232 237,246, 275, 281, 291-297 \Mgreover, surface wettability can be readily tuned

by selecting an appropriate steric stabiliser block.2%
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Figure 1.26. Schematic representation of the formation of (a) water-in-oil (w/o) Pickering
emulsions using charge-stabilised latex particles or (b) oil-in-water (o/w) Pickering emulsions
using sterically-stabilised latex particles via high-shear homogenisation of an aqueous dispersion
of latex particles with oil. 246273

1.9.4 Pickering Emulsions Stabilised by Block Copolymer Nanoparticles

Over the past ten years or so, the Armes group have exploited PISA to design new block
copolymer nano-objects for use as bespoke Pickering emulsifiers.8”: 149 2%5-306 More specifically,
PISA enables the copolymer morphology and surface chemistry to be tuned by judicious selection
of the soluble stabiliser and insoluble structure-directing blocks, as shown overleaf in Figure 1.27.
Such syntheses can be conducted in either water or in n-alkanes to afford either hydrophilic or
hydrophobic sterically-stabilised nanoparticles, respectively. Such nanoparticles can be used to

prepare oil-in-water,?" 28 29 water-in-0il%* % and multiple emulsions.?%: 302

49



Chapter 1: Introduction
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Figure 1.27. Schematic representation of polymerisation-induced self-assembly (PISA), whereby
a soluble blue precursor block is chain-extended using a suitable vinyl monomer to produce a red
insoluble structure-directing block. Depending on the relative volume fractions of the blue and
red blocks, in situ self-assembly produces spheres, worms or vesicles. PISA can be conducted in
either water or various oils. In the case of aqueous PISA, addition of a suitable oil followed by
emulsification via high-shear homogenisation leads to the formation of Pickering emulsions, as
illustrated above for the case of vesicles.?®

Thompson et al. reported the first example of polymer-based Pickering emulsifiers
prepared via PISA.?8 Linear PGMA4s-PHPMAqo diblock copolymer vesicles were prepared at
10% wiw solids using a RAFT aqueous dispersion polymerisation formulation. Such linear
vesicles did not survive the high-shear homogenisation conditions required for emulsification
with n-dodecane. Instead, in situ dissociation occurred and the resulting oil droplets became
stabilised by individual amphiphilic PGMAs-PHPMAuge chains. This problem was confirmed
using two characterisation techniques. Firstly, the volume-average oil droplet diameter
determined by laser diffraction proved to be essentially independent of the copolymer
concentration, whereas a strong concentration dependence is invariably observed for Pickering
emulsions (compare red and blue data sets shown in Figure 1.28a).282 %7 Secondly, TEM studies
of the dried oil droplets indicated a smooth, featureless morphology with no evidence for the

original vesicles, see Figure 1.28b.
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Figure 1.28. (a) Volume-average droplet diameter (obtained by laser diffraction) vs. copolymer
concentration for both linear PGMAs-PHPMAe (Gas-Hz00) and cross-linked PGMAsg-
PHPMAG:50-PEGDMAy (Gss-Hsso-E2o) vesicles. TEM images recorded for an individual dried
cross-linked colloidosome prepared using (b) linear PGMAus-PHPMAo Vesicles and (c) cross-
linked PGMAsg-PHPMA350-PEGDMA vesicles.?®

This study highlighted the importance of verifying the formation of genuine Pickering
emulsions when using block copolymer nanoparticles. In situ vesicle dissociation was attributed
to the weakly hydrophobic nature of the membrane-forming PHPMA block.3% 3% In view of this
problem, ethylene glycol dimethacrylate (EGDMA) was added as a third comonomer to form

cross-linked triblock copolymer vesicles, which proved to be stable when subjected to high-shear

homogenisation.?® In this case, the expected upturn in oil droplet diameter was observed as the
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vesicle concentration was lowered (see Figure 1.28a). Furthermore, TEM studies revealed the
presence of intact vesicles at the oil/water interface (see Figure 1.28c). Such vesicle-stabilised
Pickering emulsions were covalently-stabilised by dissolving a tolylene-2,4-diisocyanate-
terminated poly(propylene glycol) diisocyanate cross-linker (PPG-TDI) in the oil phase prior to
homogenisation, leading to the formation of so-called colloidosomes.?> 2% 310 Tyrbidimetry
experiments indicated that most of the vesicles were not adsorbed at the oil/water interface and
instead remained within the continuous aqueous phase. As the copolymer concentration used to
prepare such Pickering emulsions was reduced from 2.5% to 0.6% wi/w, the vesicle adsorption
efficiency increased from 57 to 78% w/w. The relatively weak affinity of the vesicles for the
oil/water interface is presumably related to their aqueous cores, which necessarily lowers the

Hamaker constant and hence reduces the enthalpy of adsorption.

Subsequently, Thompson and co-workers reported that linear PGMA-PHPMA spheres
and worms also underwent in situ dissociation to form soluble copolymer chains during high shear
homogenisation.?® However, laser diffraction studies confirmed that this problem could be
circumvented by either covalent stabilisation using EGDMA cross-linker or by addition of a
sufficiently hydrophobic third block such as PBzMA. Using the former strategy,
PGMA100—PHPMA200-PEGDMA spheres and PGMAs—PHPMA100—PEGDMA 1, worms were
prepared via PISA and their performance as putative Pickering emulsifiers for the stabilisation of
n-dodecane-in-water emulsions was compared.?®® It is well-established that worms are formed
during PISA via 1D stochastic fusion of multiple spheres.® 10311 This is important, because it
means that the mean worm thickness is directly related to the dimensions of the initial spheres.
Moreover, given that both types of nanoparticles utilised a hydroxyl-functional PGMA block as
a steric stabiliser, essentially identical surface wettabilities can be assumed. Thompson and co-
workers?® argued that, for sufficiently anisotropic worms, their specific surface area Ay can be
estimated using the relation Aw ~ 2/pR, where p is the particle density and R is the mean worm
cross-sectional radius. In contrast, prior to their 1D fusion to form worms, the spheres have a

specific surface area As given by As = 3/pr, where r is the mean sphere radius and, to a reasonable
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approximation, r ~ R. Therefore, the reduction in specific surface area (Aw/As) that occurs during
the 1D fusion of multiple spheres to form a single worm is only around 33%, whereas the energy
of attachment of a sufficiently anisotropic worm (L/2R > 20) composed of x spheres is estimated
to be at least x times higher than that of the individual spherical nanoparticles. In summary, highly
anisotropic diblock copolymer worms are expected to adsorb at an oil/water interface much more
strongly than the corresponding precursor diblock copolymer spheres, while retaining a relatively

high specific surface area.

Thompson et al. also directly compared the Pickering emulsifier performance of linear
hydrophobic PLMA-PBzMA worms and spheres prepared in n-dodecane.®® For this PISA
formulation, the worms are thermoresponsive and can be transformed into spheres when heated
to 150 °C owing to surface plasticisation of the core-forming PBzMA chains.?® Moreover, this
morphological transition is effectively irreversible if it is conducted at sufficiently low copolymer
concentration (e.g. < 1.0% w/w).?®¢ SAXS studies conducted on a worm-stabilised Pickering
emulsion indicated that the mean thickness of the worm layer surrounding the water droplets is
comparable to the worm cross-sectional diameter. This indicates monolayer coverage rather than
multilayer formation. Finally, the thermoresponsive behaviour of PLMA1s—PBzMA3; worms was
exploited to induce demulsification. Heating the w/o Pickering emulsion up to 95 °C induced a
worm-to-sphere transition, with concomitant droplet coalescence being observed owing to

copolymer desorption from the oil/water interface.

Chambon and co-workers reported that chain extension of PGMA-PHPMA precursor
vesicles using a water-immiscible monomer, such as BzMA, resulted in the formation of
framboidal (raspberry-like) triblock copolymer vesicles via seeded RAFT agueous emulsion
polymerisation.®® Subsequently, a series of PGMAg-PHPMA;50-PBzMA,, framboidal vesicles
were evaluated by Mable et al. as putative Pickering emulsifiers (see Figure 1.29a and b).1*® As
expected, the PGMAs3:-PHPMAGss0 precursor vesicles did not survive the high shear conditions
required to generate Pickering emulsions. In contrast, PGMAgz;-PHPMAGs50-PBzMA; vesicles led

to the formation of genuine Pickering emulsions, as confirmed by laser diffraction and TEM
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studies.'*® Moreover, the strongly hydrophobic nature of the third PBzMA block proved to be
sufficient to prevent vesicle dissociation. Turbidimetric analysis of the lower aqueous phase after
emulsion creaming was again used to assess the Pickering emulsifier performance of these
framboidal vesicles. Systematic variation of the DP (or z) of the PBzMA block enabled their
surface roughness to be tuned, which enabled the adsorption efficiency to be determined as a
function of surface roughness (see Figure 1.29c). Increasing the PBzMA DP from 25 to 125 at a
constant copolymer concentration led to an increase in adsorption efficiency from 36% to 94%.
Furthermore, framboidal vesicles with optimal surface roughness exhibited significantly higher
adsorption efficiency than that observed for non-framboidal PGMAgs;-PHPMA35-PEGDMA2

cross-linked vesicles (67%).®
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Figure 1.29. TEM images obtained for Pickering emulsions of n-dodecane stabilised using
aqueous dispersions of (a) PGMAGg3-PHPMA:350-PBzZM A5 (Geg-H35o-Bz5) and (b) PGMAGg3-
PHPMA350-PBzM Ao (Ges-Haso-Baoo) vesicles. (c) Variation of Pickering emulsion adsorption
efficiency against PBzZMA DP (z) for a series of PGMAg3-PHPMAs50-PBzMA, vesicles of
increasing surface roughness.

1.9.5 Pickering Nanoemulsions

Nanoemulsions comprise stable oil or water droplets for which the mean droplet diameter
is below approximately 200 nm.?% 312 There are various reports of copolymer- or surfactant-
stabilised nanoemulsions in the literature.?®® In contrast, there have been remarkably few
examples of Pickering nanoemulsions, in which the droplets are solely stabilised by solid

particles.3% 304313315 No doubt one reason for the paucity of such studies is the rule of thumb
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requirement that the Pickering emulsifier should be at least 5 - 10 times smaller than the mean
droplet diameter. However, the recent development of PISA has enabled the highly convenient
synthesis of sterically-stabilised diblock copolymer spheres of 20 - 25 nm diameter directly in the
form of concentrated aqueous dispersions.8” % In principle, such nanoparticles should constitute

model Pickering emulsifiers for oil-in-water nanoemulsions.

For example, Thompson and co-workers chain-extended a water-soluble PGMAug
precursor via RAFT aqueous emulsion polymerisation of TFEMA to form PGMAus-PTFEMAsg
spheres of approximately 25 nm diameter,* as previously reported by Akpinar and co-workers.6®
As discussed above, the hydrophobic character of the core-forming block is of critical importance
when preparing Pickering emulsions using block copolymer nanoparticles. Selecting a weakly
hydrophobic block such as PHPMA usually means that the nanoparticles do not survive the high
shear homogenisation conditions required for droplet formation. On the other hand, nanoparticles
comprising highly hydrophobic core-forming blocks such as PTFEMA typically remain intact
and therefore can act as genuine Pickering emulsifiers. Indeed, this criterion is particularly
important for Pickering nanoemulsions because even more energy-intensive conditions are

required for their formation.

Initially, a Pickering macroemulsion of approximately 40 um diameter was prepared via
high-shear homogenisation of a 7.0% w/w aqueous dispersion of PGMAs-PTFEMAs, spheres
with n-dodecane at 15 500 rpm. A relatively high copolymer concentration was deliberately
employed during this stage because a large excess of non-adsorbed nanoparticles was required to
stabilise the nanoemulsion generated in the second stage. Such precursor emulsions were then
subjected to high-pressure microfluidisation to generate much finer droplets (see Figure 1.30a).
TEM studies confirmed that the nanoparticles adsorbed onto the oil droplets to form Pickering
nanoemulsions (see Figure 1.30b). The final size of the oil droplets depended on both the applied
pressure and also the number of passes through the microfluidiser, as shown overleaf in Figure
1.30c and d. At least eight passes were required to reach the minimum mean droplet diameter of

220 nm at an applied pressure of 20 000 psi.
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Figure 1.30. (a) Schematic representation of the two-step preparation of Pickering
nanoemulsions. First, a 7.0% w/w aqueous dispersion of PGMAus-PTFEMAs, nanoparticles are
homogenised with n-dodecane to form an n-dodecane-in-water Pickering macroemulsion of
around 50 um diameter using conventional high-shear homogenisation at 15,500 rpm for 2 min
at 20 °C. This relatively coarse precursor emulsion is then refined via ten passes through a
commercial LV1 microfluidiser to obtain the final Pickering nanoemulsions of approximately 200
nm diameter that are used in this study. (b) TEM image of the PGMAs-PTFEMASs, hanoparticles.
(c) Reduction of the DLS droplet diameter with increasing number of passes. (d) Reduction of the
DLS droplet diameter with increasing applied pressure.

Subtracting the thickness of the adsorbed monolayer of 25 nm PGMAs-PTFEMAs, spheres
indicates a mean oil droplet diameter of less than 200 nm, which lies within the range required
for a genuine nanoemulsion.?® Moreover, such nanoparticles enabled the formation of high
internal phase nanoemulsions at oil volume fractions of up to 0.80. However, TEM analysis of
dried nanoemulsion droplets prepared at 30 000 psi revealed no evidence of the original
nanoparticles. At this higher applied pressure, nanoparticle dissociation occurred and the
molecularly-dissolved PGMAus-PTFEMAs, copolymer chains simply acted as an amphiphilic
polymeric surfactant. This problem could be circumvented by incorporating EGDMA as a third

the nanoparticles

block: resulting covalently-stabilised PGMAus-PTFEMAs-PEGDMAS
remained intact even at an applied pressure of 30 000 psi, thus ensuring the formation of genuine

Pickering emulsions under such conditions.
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In a follow-up study, Thompson et al. examined the effect of varying the oil type on the
long-term stability of Pickering nanoemulsions prepared using the same PGMA4s-PTFEMASso
nanoparticles.>® Thus a series of nanoemulsions prepared using four n-alkanes were prepared
using an LV1 microfluidiser and their relative long-term stabilities were assessed using analytical
centrifugation.®! More specifically, a LUMiSizer instrument was employed to size the ageing
droplets over a six-week period, see Figure 1.31. Significant broadening of the droplet size
distribution was observed in each case, although the change in the mean droplet diameter was
minimal. For the more stable nanoemulsions prepared using n-tetradecane or n-dodecane, over
90% of the droplets remained below 1 um diameter after six weeks. Conversely, nanoemulsions
prepared using n-octane proved to be relatively unstable, which correlates with the higher aqueous

solubility of this oil.

(a) n-tefradecane (b) . n-tetradecane

n-decane

1.
v > o b
2 ! 3 0.8
® o8 \ ® n-dodecane
> -
: -. .
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Figure 1.31. Volume-weighted cumulative particle size distributions determined by analytical
centrifugation (LUMiSizer instrument) for a series of four n-alkane-in-water Pickering
nanoemulsions: (a) after ageing for one week at 20 °C and (b) after ageing for six weeks at 20 °C.
Significant evaporation of the more volatile n-octane and n-decane oils occurred within one week
so no further analysis was possible for these two nanoemulsions.

1.10 Thesis Outlook

The primary aim of this Thesis is to expand our understanding of the formation, structure
and long-term stability of Pickering emulsions stabilised by various types of block copolymer
nanoparticles. The first two Chapters build on the prior work by Thompson et al.2% 3% by using

relatively small block copolymer nanoparticles to stabilise either o/w or w/o Pickering
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nanoemulsions. The following two Chapters explore the synthesis and Pickering performance of

block copolymer nanoparticles with PHBMA as the core-forming block.

The main aim in Chapter 2 is to examine how the presence of charged end-groups on the
steric stabiliser chains of diblock copolymer nanoparticles affects the formation and long-term
stability of o/w Pickering nanoemulsions. RAFT aqueous emulsion polymerisation of TFEMA is
used to prepare PGMAs-PTFEMASsy spheres of approximately 25 nm diameter bearing carboxylic
acid, tertiary amine or neutral end-groups. The adsorption efficiency of nanoparticles at the
oil/water interface is assessed by UV GPC. The long-term stability of the Pickering
nanoemulsions stabilised by nanoparticles bearing either charged or end-groups is evaluated using

analytical centrifugation.

The main aim of Chapter 3 is to prepare the first example of a w/o Pickering
nanoemulsion stabilised by diblock copolymer nanoparticles. RAFT dispersion polymerisation of
TFEMA in n-dodecane is used to prepare relatively small hydrophobic PSMA-PTFEMA spheres,
as reported by Cornel et al.?® Addition of salt to the aqueous phase prior to emulsification is
demonstrated to be important for the formation of Pickering nanoemulsions. Finally, the effect of
added salt on the long-term stability of the nanoemulsions is assessed using analytical

centrifugation.

Chapter 4 explores the RAFT aqueous emulsion polymerisation of HBMA using a
relatively short non-ionic PGMAu; precursor as a steric stabiliser. This formulation is only the
third example of a water-immiscible monomer with a relatively high aqueous solubility that can
provide convenient access to worms and vesicles, as well as spheres. A pseudo-phase diagram is
constructed by systematically varying the target PHBMA DP and the copolymer concentration.
TEM studies conducted on aliquots extracted during the synthesis of PGMA-PHBMA vesicles
reveal intermediate morphologies that are similar to those reported during the preparation of

PGMA-PHPMA vesicles via RAFT aqueous dispersion polymerisation. Linear PGMA-PHBMA
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vesicles are evaluated as putative Pickering emulsifiers for the stabilisation of n-dodecane-in-

water emulsions.

In Chapter 5, the thermoresponsive behaviour of PEG4s-PHBMAo diblock copolymer nano-
objects in aqueous solution is investigated using TEM and variable temperature *H NMR

spectroscopy, DLS, SAXS and rheology.
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2.1 Introduction

Surface-active particles of sufficient size and appropriate wettability adsorb irreversibly
at fluid interfaces.! 2 The thermodynamic driving force for such adsorption is the reduction in
the effective interfacial area, which lowers the overall energy of the system (see Figure 1.25).
However, when a particle approaches a fluid interface it usually has to overcome an energy
barrier for adsorption to occur.® This adsorption barrier derives from particle-fluid interactions,
which are dependent on the particle surface chemistry and the nature of the fluid.* More
specifically, the barrier is the sum of the van der Waals forces, electrostatic forces and image
charge effects.* ® Generally, adsorption occurs during emulsification whereby additional energy
is provided to generate greater interfacial area between two immiscible liquids (see Equation
1.20). However, if the energy of mixing is less than the energy barrier for adsorption, then the

particles will simply remain suspended in the fluid in which they are most wetted.?

The van der Waals force between a particle and fluid interface can be either repulsive or
attractive depending on the dielectric properties of the three components (see Figure 2.1a).6
Moreover, the oil/water interface is known to possess anionic character,” 8 which is likely to
hinder the adsorption of nanoparticles possessing the same surface charge (see Figure 2.1b).% 10
If this was the only electrostatic interaction between fluid interfaces and particles then highly
cationic particles should encounter no difficulty in forming stable Pickering emulsions using an
appropriate oil. However, Wang et al. reported that highly cationic PS latexes are unable to
stabilise hexadecane-in-water emulsions.* These workers suggested that the interfacial
adsorption of cationic and anionic particles is suppressed by image charge effects (see Figure
2.1c).* More specifically, it was postulated that interfacial adsorption of charged particles was
hindered by repulsion from their electrostatic “image” on the non-polar side of the liquid

interface.
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Figure 2.1. Interactions of particles possessing either cationic or anionic surface charge close to
an oil/water interface: (a) van der Waals repulsive interactions, (b) interactions between particles
possessing surface charge and an anionic oil/water interface, (c) interactions between particles
possessing surface charge and their image charge formed within the oil phase.* ’

Many studies have reported that preparing stable Pickering emulsions using charged
nanoparticles can be rather problematic.* 116 When at an interface, the strong repulsive
electrostatic interactions between particles can offset the particle attachment energy (see
Equation 1.29) to such an extent that the overall energy of adsorption is comparable to the
thermal energy of the nanoparticles. Furthermore, even if a sufficient number of nanoparticles
can be forced to occupy the interface, such adsorption is invariably weak owing to their poor
wettability by the oil.!®> Several strategies have been employed to prepare stable Pickering

emulsions using charged particles.® One approach is to simply increase the mixing force

employed during emulsification.* If sufficient force is applied, then the particles should
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overcome the repulsive forces and adsorb at the oil/water interface. However, this approach may
not be suitable for more delicate particles since the extra energy may cause a loss of particle
integrity or morphology.*” More subtle strategies include adjusting the particle surface charge
and/or wettability.® This could involve adjusting the pH* 819 or ionic strength?® 2! of the
aqueous dispersion of particles or simply using an oil with an appropriate dielectric constant.* 16
This approach inevitably leads to aggregation?? unless there is a secondary stabilisation
mechanism (i.e., the presence of a suitable steric stabiliser on the surface of the particles).?
Additives that are able to complex with the particulate emulsifier (e.g. charged surfactants,® %1%
24 polymers?® 26 or particles)?” 2 can also be used to adjust the particle surface charge, as

highlighted in a recent review article.’

The recent development of PISA has enabled the convenient synthesis of well-defined
diblock copolymer nanoparticles.?-3® This powerful and versatile technique allows the convenient
synthesis of 20-25 nm spherical nanoparticles in the form of a concentrated dispersions by, for
example, RAFT aqueous emulsion polymerisation.®® 342 The resulting sterically-stabilised
nanoparticles can be used to prepare either Pickering macroemulsions®® “* or Pickering
nanoemulsions.** 4 RAFT polymerisation also provides convenient access to a wide range of
functional end-groups, which can be readily controlled by using a specific CTA, as depicted in
Figure 1.11.%68 In PISA formulations, such end-groups are located at the terminus of the steric
stabiliser chains of the block copolymer nanoparticles. Thus they can directly influence the
nanoparticle surface charge and in some cases can also be used to induce changes in copolymer

morphology or colloidal stability.4*-3

The aim of this Chapter is to examine the effect of systematically varying the surface charge
of model sterically-stabilised diblock copolymer nanoparticles (see Figure 2.2) on their emulsifier
performance during the production of Pickering nanoemulsions via high-pressure
microfluidisation. In addition, the effect of surface charge on the long-term stability of such

Pickering nanoemulsions is assessed using analytical centrifugation.
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2.2 Experimental
2.2.1 Materials

All reagents were used as received unless otherwise stated. Glycerol monomethacrylate
(GMA) (99.8% purity) was obtained from GEO Specialty Chemicals (Hythe, UK). 2-Cyano-2-
propyl  benzodithioate, 2,2,2-trifluoroethyl  methacrylate (TFEMA), 4,4’-azobis(4-
cyanopentanoic acid) (ACVA), n-dodecane, and deuterium oxide were purchased from Aldrich
(UK).2,2'-Azobis[2-(2-imidazolin-2-yl)propane]dihydrochloride ~ (VA-044; >97%)  was
purchased from Wako Chemicals GmBH. 2-Cyano-2-propyl dithiobenzoate (CPDB) was
purchased from STREM Chemicals Ltd. (Cambridge, UK). The 4-cyano-4-(2-
phenylethanesulfanylthiocarbonyl)sulfanylpentanoic acid (PETTC) RAFT agent was synthesised
as previously reported.®* The morpholine-PETTC (MPETTC) RAFT agent was also synthesised
as previously reported.®* de-Acetone and ds-methanol were purchased from Goss Scientific
Instruments Ltd. (Cheshire, UK). All other solvents were purchased from Fisher Scientific

(Loughborough, UK). Deionised water was used for all experiment.

2.2.2 Synthesis of PGMAus Precursor via RAFT Solution Polymerisation in
Ethanol

Three PGMAys precursors were synthesised via RAFT polymerisation of glycerol
monomethacrylate (GMA) in ethanol at 70 °C, using either neutral CPDB, carboxylic acid-
functional PETTC or morpholine-functional MPETTC as the RAFT agent to produce (0)
PGMAug, (-) PGMAus or (+) PGMAus (see Figure 2.2), as described previously.® 4% 51 1H NMR
studies in ds-methanol indicated a mean DP of 48 via end-group analysis in each case (integrated
aromatic RAFT end-group signals at 7.1-7.4 ppm were compared to those of the two

oxymethylene protons at 3.5—4.4 ppm).
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2.2.3 Synthesis of PGMA4s—PTFEMAso Diblock Copolymer Nanoparticles via

RAFT Aqueous Emulsion Polymerisation of TFEMA

A typical protocol for the synthesis of neutral (0) PGMA4s-PTFEMASs, diblock copolymer
nanoparticles was conducted as follows. (0) PGMA4s (0.398 g, 0.050 mmol), and ACVA (2.79
mg, 0.010 mmol; PGMA.s precursor/ACVA molar ratio = 5.0) and deionised water (7.37 g, 10%
w/w) were weighed into a 14 mL sample vial, sealed with a rubber septum, and degassed with
nitrogen for 30 min. TFEMA monomer (0.420 g, 2.5 mmol), which had been deoxygenated
separately with nitrogen for 30 min, was then added to the solution under nitrogen and immersed
in an oil bath set at 70 °C. After 6 h, the TFEMA polymerisation was quenched by exposing the

reaction mixture to air and cooling to ambient temperature.

A typical protocol for the synthesis of anionic (-) PGMAs-PTFEMASs diblock copolymer
nanoparticles was conducted as follows. (-) PGMA4s (0.401 g, 0.050 mmol), and ACVA (2.80
mg, 0.01 mmol; PGMAus precursor / ACVA molar ratio = 5.0) and deionised water (7.41 g, 10%
w/w) were weighed into a 14 mL sample vial, sealed with a rubber septum, and degassed with
nitrogen for 30 min. The pH was adjusted to pH 3 using 1 M HCI. TFEMA monomer (0.415 g,
2.5 mmol), which had been deoxygenated separately with nitrogen for 30 min, was then added to
the solution under nitrogen and immersed in an oil bath set at 70 °C. After 6 h, the TFEMA
polymerisation was gquenched by exposing the reaction mixture to air and cooling to ambient

temperature.

A typical protocol for the synthesis of cationic (+) PGMA4s-PTFEMAGs diblock copolymer
was conducted as follows. (+) PGMAus (0.402 g, 0.05 mmol), and VA-044 (3.19 mg, 0.01 mmol;
PGMAug precursor/VA-044 molar ratio = 5.0) and deionised water (7.38 g, 10% w/w) were
weighed into a 14 mL sample vial, sealed with a rubber septum, and degassed with nitrogen for
30 min. The pH was adjusted to pH 7 using 1 M NaOH. TFEMA monomer (0.415 g, 2.5 mmol),

which had been deoxygenated separately with nitrogen for 30 min, was then added to the solution
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under nitrogen and immersed in an oil bath set at 70 °C. After 6 h, the TFEMA polymerisation

was quenched by exposing the reaction mixture to air and cooling to ambient temperature.

2.2.4 Preparation of PGMA4s-PTFEMAso-Stabilised Pickering Macroemulsions

Using High-Shear Homogenisation

An aqueous dispersion of PGMAs-PTFEMASs, nanoparticles (4.0 mL, 7.0% w/w) was
added to a 14 mL glass vial. The pH was adjusted to either pH 7 or pH 3 using 1 M NaOH or HCI
respectively and then homogenised with n-dodecane (1.0 mL, 20% v/v) for 2.0 min at 20 °C using
an IKA Ultra-Turrax T-18 homogeniser equipped with a 10 mm dispersing tool and operating at

13 500 rpm.

2.2.5 Preparation of PGMAus-PTFEMAso-Stabilised Pickering Nanoemulsions

Using High-Pressure Microfluidisation

A Pickering macroemulsion (5.0 mL, initial nanoparticle concentration in the aqueous
phase = 7.0% w/w) was further processed using an LV1 low-volume microfluidiser processor
(Microfluidics, USA). The pressure was fixed at 20 000 psi and each emulsion was passed ten

times through the LV1 unit to achieve well-defined Pickering nanoemulsions.

2.2.6 Characterisation

'H NMR Spectroscopy

All *H NMR spectra were recorded at 400 MHz in either ds-acetone or ds-methanol using

a Bruker Avance-400 spectrometer with 64 scans being averaged per spectrum.

Gel Permeation Chromatography (GPC)

0.50% wi/w copolymer solutions were prepared in HPLC-grade DMF containing 10 mM

LiBr and DMSO (1.0 % v/v) was used as a flow-rate marker. GPC studies were conducted at
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60 °C using a constant flow rate of 1.0 mL min. The GPC set-up comprised an Agilent 1260
Infinity series degasser and pump, an Agilent PL-gel guard column, two Agilent PL-gel 5 um
Mixed-C columns and a refractive index detector. Sixteen near-monodisperse PMMA standards
with peak molecular weights (M) ranging from 645 to 2 480 000 g mol* were used for

calibration.

Dynamic Light Scattering (DLS)

Hydrodynamic z-average diameters were obtained by DLS using a Malvern Zetasizer
NanoZS instrument at a fixed scattering angle of 173°. Aqueous dispersions of 0.10% w/w
nanoparticles and 0.50% v/v nanoemulsions were analysed using disposable cuvettes, and the
results were averaged over three consecutive runs, each comprising ten analyses. The deionised
water used to dilute each sample was ultrafiltered through a 0.20 ym membrane to remove

extraneous dust. Aqueous electrophoresis studies were performed on 0.10% w/w aqueous
copolymer dispersions containing 1 mM KCI as background electrolyte using a Malvern
Zetasizer NanoZS instrument at 25 °C. The pH of the copolymer dispersion was initially
weakly basic and adjusted as required with either 0.1 M or IM HCI. Zeta potentials were
calculated using the Henry equation by applying the Smoluchowski approximation. All

data were averaged over three consecutive runs.

Transmission Electron Microscopy (TEM)

Nanoemulsion samples were diluted to 0.50% v/v and PGMA4s-PTFEMAso nanoparticle
dispersions were diluted to 0.10% w/w using deionised water at either pH 3 or 7 at 20 °C for TEM
studies. Copper/palladium TEM grids (Agar Scientific, UK) were surface-coated in-house to
produce a thin film of amorphous carbon. The grids were then plasma glow-discharged for 30 s
to create a hydrophilic surface. Individual samples (0.50% v/v or 0.10% w/w, 10 pL) were

adsorbed onto the freshly-treated grids for 1 min and then blotted with filter paper to remove
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excess solution. To stain the nanoemulsions and nanoparticles, uranyl formate solution (0.75%
w/w, 9 uL) was soaked on the sample-loaded grid for 20 s and then carefully blotted to remove
excess stain. Each grid was then dried using a vacuum hose. Imaging was performed using a FEI

Tecnai Spirit microscope fitted with a Gatan 1kMS600CW CCD camera operating at 80 kV.

Analytical Centrifugation (LUMIiSizer)

Droplet size distributions were assessed using a LUMiSizer analytical photocentrifuge
(LUM GmbH, Berlin, Germany) at 20 °C. Measurements were conducted on diluted Pickering
nanoemulsions (1.0% v/v n-dodecane) in 2 mm path length polyamide cells at 400 rpm for 200
profiles (allowing 10 s between profiles) and then the rate of centrifugation was increased up to
4000 rpm for a further 800 profiles. The slow initial rate of centrifugation enabled detection of
any larger oil droplets that might be present within the nanoemulsion. The LUMiSizer instrument
employs space- and time-resolved extinction profiles (STEP) technology to measure the intensity
of transmitted near-infrared light as a function of time and position over the entire cell length
simultaneously. The gradual progression of these transmission profiles contains information on
the rate of creaming of the oil droplets and hence enables assessment of the droplet size

distribution.

Small-Angle X-Ray Scattering (SAXS)

SAXS data were recorded using a laboratory SAXS beamline (Xeuss 2.0, Xenocs, France)
equipped with a liquid gallium MetalJet X-ray source (Excillum, Sweden) (wavelength A =0.134
nm), two sets of motorised scatterless slits for beam collimation and a Pilatus 1M two-dimensional
pixel SAXS detector (Dectris, Switzerland) (sample-to-detector distance = 1.889 m). A flow-
through glass capillary (2 mm diameter) was connected to an injecting syringe and a waste
container via plastic tubing and mounted horizontally on the beamline stage; this set-up was used
as a sample holder. SAXS patterns were recorded using an exposure time of 600 seconds over a

q range of 0.02 nm™ to 1.4 nm*, where q = (4zsind)// is the length of the scattering vector and
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is one-half of the scattering angle. Data were reduced, calibrated and integrated using the Foxtrot
software package supplied with the instrument and further analysed (background subtraction and

data modelling) using Irena SAS macros>* for Igor Pro.
Packing Efficiency Calculation:

The nanoparticle packing efficiency was estimated by first calculating the mean number
of nanoparticles, N, adsorbed onto an individual n-dodecane droplet using Equation 2.1:%°

__ total number of nanoparticles  mpNa/(NsMp)

total number of droplets B Voil/(% TRyip)3 2.1

where, Mparictes 1S the mass of PGMAus-PTFEMAs, nanoparticles used to prepare the
nanoemulsion, Na is Avogadro’s constant, M, is the number-average molecular weight of the
PGMAus-PTFEMASso chains, Vi is the total volume of oil used to prepare each nanoemulsion and

Roil is the mean radius of the bare n-dodecane droplets. Finally, Ns is the number of PGMA ss-

4 p3

R
PTFEMAs, chains per nanoparticle as determined using Ny = V3n °_ where Rsis the mean
PTFEMA

radius of the PTFEMA cores determined by SAXS and Verrema is the volume of the core-forming
block of a single copolymer chain. We calculate R.i to be equal to the z-average radius Rp.s of
the overall nanoemulsion droplets minus the diameter of the adsorbed nanoparticles (or Roil = Rovs

- 2Rparticle)-

Assuming that an area of a large spherical particle (e.g. the droplet) covered by small
spheres (e.g. the nanoparticles) can be represented by the total area of projection of the small
spheres on the surface of the large particle,> the packing efficiency Pes, of the small spheres

within the shell surrounding the large central particle is given by Equation 2.2:

N (Rparticle)2

= 2.2
4'(Roil + Rparticle)2

Petr

The following two assumptions are made in such nanoparticle packing efficiency calculations.

First, the z-average droplet diameter reported by DLS includes both the oil droplet and the

80



Chapter 2: How do Charged End-Groups on the Steric Stabiliser Block Influence the
Formation and Long-Term Stability of Pickering Nanoemulsions Prepared Using
Sterically-Stabilised Diblock Copolymer Nanoparticles?

adsorbed nanoparticle shell. Secondly, the nanoparticles adsorb at the oil/water interface with an
effective contact angle of 0° with respect to the nanoparticle cores. Clearly, this is not the true

nanoparticle contact angle, hence the droplet diameter will be slightly overestimated.

2.3 Results and Discussion
2.3.1 Synthesis and Characterisation of PGMAu4s-PTFEMAGs0 Diblock Copolymer

Nanoparticles

The PGMAs-PTFEMASs; nanoparticles used in this study were prepared by RAFT
aqueous emulsion polymerisation of TFEMA at 10% wi/w solids using three different PGMAus

precursors in turn (see Figure 2.2a).

() CF,
a
THK J z
% _ Tema 48 50
o o)
H,0, Ny, 10% w/w N k
\\E H [PGMA ;¢ precursor]/[initiator] = 5 KEOH CF3
OH OH
R-PGMA precursor R-PGMA-PTFEMA diblock copolymer nanoparticles
(b)
CTA R group Z-group Reaction conditions
NC S, Ph ACVA initiator,
CPDB )@e Y 70°C, pH 6
2 S S~ ACVA initiator,
Ph '
PETTC Ho% Y 70°C, pH 3
0™ 0 S S~ VA-044 initiator,
N Ph )
mpeTTC | (L \/\”w Y T 42°C, pH 7

Figure 2.2 (a) Synthesis of PGMAs-PTFEMASs, diblock copolymer nanoparticles via RAFT
aqueous emulsion polymerisation of TFEMA, using CPDB, PETTC, or MPETTC RAFT agents,
which confer either neutral (0), anionic (-) or cationic (+) end-groups on the PGMAug steric
stabiliser chains at a solution pH of 6, 7 or 3, respectively. (b) Summary of the chemical structures
for the diblock copolymers synthesised using either CPDB, PETTC or MPETTC and the specific
reaction conditions used in each case.

These precursors were prepared using either neutral CPDB, carboxylic acid-functional PETTC or

morpholine-functional MPETTC as the RAFT agent to confer either neutral, anionic or cationic
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end-groups. In each case, the aqueous solution pH was adjusted prior to polymerisation to ensure
that each RAFT end-group remained in its neutral form. An amidine-based azo initiator (VA-044)
was used for the synthesis of the (+) PGMAus precursor, whereas a carboxylic acid-based azo

initiator (ACVA) was employed for the synthesis of the (-) PGMAus precursor (see Figure 2.2b).

All three TFEMA polymerisations proceeded to high conversion within 6 h as judged by
both 'H and °F NMR spectroscopy (see Figure 2.3). The latter technique is particularly
convenient because °F has 100% abundance and **F NMR studies do not require deuterated
solvents. Moreover, unlike *H NMR spectra, *F NMR spectra typically do not suffer from

overlapping signals.

(c) (+) PGMA,5-PTFEMA;,

TFEMA
o CF,
W\)L"
.~ (b) () PGMA ,g-PTFEMAs, \
PTFEMA
-— X
(a) (0) PGMA ;- PTFEMA, -
-];2 -Té.5 -];3 -7.3.5 -7.4 -7;«.5 -];5 -7;.5 -];5
& (ppm)

Figure 2.3. F NMR spectra recorded for (a) (0) PGMA4s-PTFEMAso, (b) (-) PGMAsg-
PTFEMAsoand (c) (+) PGMA4s-PTFEMAs.

For (0) PGMA4-PTFEMAs, and (+) PGMAus-PTFEMAs, nanoparticles DMF GPC
analysis indicated an identical M, of 23 600 g mol* and relatively low M./M, values of 1.12 and
1.16, respectively (see Figure 2.4). The same technique indicated an M, of 29 700 g mol*and an

Muw/M;, of 1.25 for (-) PGMAus-PTFEMASs, nanoparticles. The higher M, value is the result of a
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high molecular weight shoulder (see the corresponding GPC trace shown in Figure 2.4b).
Nevertheless, these amphiphilic diblock copolymer chains form well-defined sterically-stabilised

nanoparticles with comparable mean particle diameters (see Figure 2.5).

(@)  (0) PGMA,-PTFEMA,, (0) PGMA ;4
M, =23600g mol* \ /" M, =7100g mol?
M, /M, =1.12 '\ MM, =118

13 14 15 16 17 18

Retention time / min

(b) (-) PGMA .-PTFEMA,, (-) PGMA,4
M, = 29 700 g mol*! l'\\ M, = 8400 g mol?
M, /M, =1.25 M, /M, =1.21

13 14 15 16 17 18
Retention time / min

() (+) PGMA,-PTFEMA, (+) PGMA
M,, = 23 600 g mol?! ,~~, M,=7400g mol!

Retention time / min

Figure 2.4. Overlaid DMF GPC chromatograms obtained for (a) (0) PGMAs and (0) PGMAs-
PTFEMAs, (b) (-) PGMA4s and (-) PGMAs-PTFEMASs, and (¢) (+) PGMAg and (+) PGMAs-
PTFEMAso.

Transmission electron microscopy (TEM) images confirmed that well-defined spherical

nanoparticles were obtained regardless of the nature of the end-group, see Figure 2.5a. DLS was
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used to determine the z-average diameters of the three types of nanoparticles, which were in good
agreement (see Figure 2.5b). Moreover, the nature of the end-group had minimal effect on the
mean nanoparticle diameter, which is an important parameter for the formation of Pickering
nanoemulsions using microfluidisation.** As the nanoparticle dimensions and chemical
compositions are very similar, this enables the effect of varying the nature of the end-group on
the non-ionic steric stabiliser chains to be examined for this model system. PGMA4s-PTFEMASs,
nanoparticles prepared using the PETTC RAFT agent bear carboxylic acid end-groups whereas
the same nanoparticles prepared using MPETTC bear tertiary amine end-groups. Therefore, the
solution pH at which the nanoemulsions are prepared is expected to influence the Pickering

performance of these nanoparticles.

Zeta potential measurements were performed to examine the effect of varying the solution
pH on the aqueous electrophoretic behaviour of the nanoparticles (Figure 2.5¢). For (0) PGMA -
PTFEMAs, nanoparticles, a modest change in zeta potential from approximately zero to -12 mV
was observed on raising the solution pH from 3 to 10. This weakly anionic character may indicate
the presence of carboxylic acid end-groups on some of the PGMA stabiliser chains originating
from the ACVA initiator used for their RAFT syntheses. Alternatively, this anionic character may
simply result from hydroxide ions adsorbing onto the surface of the nanoparticles at high pH.” In
this context, it is noteworthy that the zeta potential of the (0) PGMAs-PTFEMAs, hanoparticles

is comparable to that of (+) PGMAs-PTFEMAs, nanoparticles at pH 10.
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Figure 2.5 (a) Representative TEM images obtained for PGMA4s-PTFEMAs, diblock copolymer
nanoparticles prepared by RAFT aqueous emulsion polymerisation of TFEMA, with the PGMAug
precursor block synthesised using either CPDB (0), PETTC (-) or MPETTC (+) RAFT agents.
(b) Corresponding DLS z-average size distributions and (c) Zeta potential vs. pH curves obtained
for (0) PGMAus-PTFEMAs0, (-) PGMA-PTFEMAs; and (+) PGMAs-PTFEMAs; pH to low
pH. The error bars shown for the zeta potential data are equivalent to one standard deviation.
Measurements are reported for 0.1% w/w copolymer dispersions prepared in the presence of 1
mM KCI. All pH titrations were performed from high pH to low pH. The error bars shown for the
zeta potential data are equivalent to one standard deviation.
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For (+) PGMA-PTFEMAGs, nanoparticles, a significant increase in zeta potential from
approximately zero to +25 mV occurs on lowering the solution pH from 6 to 3. These
observations are consistent with aqueous electrophoresis data reported by Penfold et al. for
morpholine-functionalised PGMAs,-PHPMA140 diblock copolymer nano-objects.® The cationic
zeta potentials observed on lowering the solution pH indicate protonation of the terminal
morpholine group located on the PGMAs, stabiliser chains, for which acid titration studies
indicate a conjugate acid dissociation constant pK, of approximately 6.3.5! Thus the aqueous
electrophoretic behaviour of these three types of diblock copolymer nanoparticles can be

adjusted simply by changing the solution pH.

As discussed in Chapter 1, SAXS is a powerful tool for characterising both the diblock
copolymer nanoparticles and the Pickering (nano)emulsions.*® Figure 2.6 shows representative
scattering patterns recorded for the three different types of spherical diblock copolymer
nanoparticles at either pH 3 or pH 7. Such SAXS patterns can be satisfactorily fitted using a
spherical form factor.>” The resulting volume-average nanoparticle radii Rs were calculated to be
around 11 nm in each case (see Table 2.1 for further information), which are consistent with the
z-average diameters of around 25 nm reported by DLS.

Table 2.1. Structural parameters obtained by SAXS analysis of 1.0% w/w either neutral (0)

PGMA43-PTFEMA50, anionic (-) PGMA-PTFEMASs, or cationic (+) PGMA4-PTFEMAS
nanoparticles at either pH 3 or pH 7.2

End-group pH 3 pH 7
type Rs/nm | es/nm | Rpy/nm | foy | Rs/nm | as/nm | Ry /nm | fy
Neutral 10.7 1.3 - - 10.7 1.0 - -
Anionic 10.8 14 - - 111 1.7 23.1 0.03
Cationic 115 2.4 22.7 0.02| 116 2.6 - -

®Rs = mean sphere radius; oc = standard deviation of the sphere radius; Rey = hard-sphere
interaction radius; fpy = effective volume fraction.

In some cases, a structure factor was included in the model to account for the repulsive
interactions arising from the anionic carboxylate or cationic morpholine end-groups located on

the PGMAs chains. More specifically, a hard-sphere structure factor (solved using the Percus-
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Yevick closure relation) was introduced.%® *° This enabled the interaction radius Rey and the

effective volume fraction fpy to be determined.5°
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Figure 2.6. Experimental SAXS patterns (circles) and calculated data fits (white lines) obtained
for 1.0% w/w PGMAs-PTFEMASso diblock copolymer nanoparticles with a (a) CPDB end-group
at pH 3 (neutral nanoparticles); (b) a CPDB end-group at pH 7 (weakly anionic nanoparticles);
(c) PETTC end-group at pH 3 (neutral nanoparticles); (d) PETTC end-group at pH 7 (strongly
anionic nanoparticles); () MPETTC end-group at pH 3 (strongly cationic nanoparticles); (f)
MPETTC end-group at pH 7 (neutral nanoparticles).
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2.3.2 Effect of End-Group Charge on the Formation of Pickering Nanoemulsions

Initially, 7.0% w/v aqueous dispersions of PGMA4-PTFEMAs, nanoparticles were
prepared, and the solution pH was adjusted to either 3 or 7 using 1 M HCI or NaOH, respectively.
These dispersions were then used to prepare precursor Pickering macroemulsions with a mean
droplet diameter of around 20-30 um via high-shear homogenisation. Such precursor
macroemulsions were then processed using a commercial LV1 microfluidiser to produce

Pickering nanoemulsions, as depicted in Figure 2.7.

R-PGMA,15-PTFEMA;, Pickering macroemulsion Pickering nanoemulsion
nanoparticles in water . o E
op . L. .. ", » _"_O, e .,
R B R ‘ L i g . ‘ . » . .
. F » Lk "4 % High ® - =
7 o & . » gh pressure I .- »
; . #®  n-dodecane . n-dodecane 3 microfluidisation * @ E = 3
L R 3 o _ —p & ‘ ‘ » — . ™ .
fRr ® ®  Ultra Turrax, # ‘. 3 20 000 psi " g
25 nm " » 13500 rpm, 2 min & @ . A 10 passes P E
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20-30 pm 200 nm

Figure 2.7. Schematic representation of the two-step preparation of Pickering nanoemulsions.
First, a 7.0 % wi/v aqueous dispersion of PGMAs-PTFEMAs, nhanoparticles at either pH 3 or pH
7 are homogenised with n-dodecane to form an n-dodecane-in-water Pickering macroemulsion
of around 20-30 um diameter using conventional high-shear homogenisation at 13 500 rpm for
2 min at 20 °C. This relatively coarse precursor emulsion is then refined via ten passes through
a commercial LV1 microfluidiser at 20 000 psi to obtain the final Pickering nanoemulsions of
approximately 200 nm diameter that are used in this study. (See Figure 2.2 for details of each of
the three terminal R groups on the end of the PGMA stabiliser chains).

The latter step had been previously optimised by Thompson and co-workers, who found that a
substantial excess of PGMA4s-PTFEMAso nanoparticles should be present after formation of the
initial macroemulsion.** This is because these non-adsorbed nanoparticles are required to stabilise
the additional oil/water interface generated during high-pressure microfluidisation.** 6
Furthermore, it was empirically established that an applied pressure of 20 000 psi was optimal for
the preparation of stable Pickering nanoemulsions.** Lower pressures led to larger, more
polydisperse droplets, whereas higher pressures led to in situ dissociation of the PGMAs-

PTFEMAs, nanoparticles to form individual diblock copolymer chains, which then acted as

amphiphilic copolymer surfactant to form non-Pickering nanoemulsions.**
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Figure 2.8. Representative TEM images obtained for dried n-dodecane-in-water Pickering
nanoemulsions prepared with 7.0% w/w PGMAs-PTFEMASs, diblock copolymer nanoparticles
synthesised using (a) CPDB at pH 3 (neutral); (b) CPDB at pH 7 (weakly anionic); (c) PETTC at
pH 3 (neutral); (d) PETTC at pH 7 (strongly anionic); () MPETTC at pH 3 (strongly cationic);
(f) MPETTC at pH 7 (neutral). The nanoemulsions were prepared using an LV1 microfluidiser at
an applied pressure of 20 000 psi for 10 passes.
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TEM images were obtained for dried freshly-prepared Pickering nanoemulsions, see Figure
2.8. Although the volatile droplet phase is no longer present under the ultrahigh vacuum
conditions required for TEM, some of the original superstructure of the adsorbed PGMAs-
PTFEMAs, nanoparticles is preserved. Such postmortem studies suggest that spherical oil
droplets with nanoscale dimensions corresponding to that indicated by DLS studies were indeed
formed when using each of the three nanoparticles as a Pickering emulsifier. It is perhaps worth
highlighting that no salt was added to these oil-in-water Pickering macroemulsions prior to their
microfluidisation. The hydrodynamic forces generated during this processing step are sufficient
to form nanoemulsion droplets, despite the presence of charged end-groups on the steric stabiliser
chains under certain conditions. Moreover, these TEM images provide useful qualitative
indication of the adsorption efficiency of these nanoparticle emulsifiers when varying the solution
pH. More specifically, when the aqueous dispersion pH is adjusted to generate either cationic or
anionic end-groups, fewer nanoparticles are adsorbed at the oil/water interface, so the fraction of
free (non-adsorbed) nanoparticles increases (compare Figures 2.8d and 2.8e with Figures 2.8c and
2.8f, respectively). In order to confirm that these observations are not simply a drying artefact
during the TEM sample preparation, nanoparticle adsorption efficiencies were determined

quantitatively using GPC. In addition, these Pickering nanoemulsions were analysed by SAXS.

Table 2.2 summarises the z-average droplet diameters D, nanoparticle adsorption
efficiencies Aer, Nanoparticle packing efficiencies Pesr and zeta potentials determined for freshly-
prepared Pickering nanoemulsions using each of the three types of nanoparticles at either pH 3 or
7. DLS studies indicate that changing the aqueous dispersion pH prior to microfluidisation leads
to no systematic variation in the initial droplet diameter. However, varying this parameter leads
to the steric stabiliser chain-ends acquiring charge, which has a significant effect on the
nanoparticle adsorption efficiency, packing efficiency and zeta potential of the Pickering
nanoemulsions. For nanoemulsions prepared using (-) PGMA4s-PTFEMA nanoparticles, negative

zeta potentials were obtained regardless of the pH. Thus a zeta potential of -7 mV is observed at

90



Chapter 2: How do Charged End-Groups on the Steric Stabiliser Block Influence the
Formation and Long-Term Stability of Pickering Nanoemulsions Prepared Using
Sterically-Stabilised Diblock Copolymer Nanoparticles?

pH 3 whereas at pH 7 the zeta potential is -48 mV, which is more than twice that of the
nanoparticles alone at the same pH (-22 mV). This is attributed to the formation of anionic
carboxylate end-groups on the PGMAGg steric stabiliser chains. In contrast, the (+) PGMAs-
PTFEMAs,-stabilised nanoemulsion exhibits minimal anionic character (-6 mV) at pH 7, whereas
the zeta potential is strongly cationic (+27 mV) at pH 3 owing to protonation of the morpholine
end-groups. This value is comparable to that exhibited by the (+) PGMAus-PTFEMAsy
nanoparticles alone at the same pH (+24 mV).

Table 2.2. Summary of the Pickering nanoemulsions prepared using either neutral (0) PGMAs-

PTFEMAs, anionic (-) PGMA4-PTFEMAs, or cationic (+) PGMAs-PTFEMAs, diblock
copolymer nanoparticles at either pH 3 or 7.2

End- pH3 pH7

group Acit | Perr | Zeta potential Actr | Pett Zeta potential

type D./nm /o;) /&) v D;/nm /oe/o /;A) v
Neutral 197 + 56 93 49 0+3 200+ 72 90 47 -14+4
Anionic 215+ 74 90 52 -1+4 212 + 60 49 27 -48 +5
Cationic 198 + 56 63 33 +27 +4 204 + 61 93 50 -6+5

D, = z-average droplet diameter; Acs+ = Adsorption efficiency; Pes = Packing efficiency.

The effect of varying the solution pH on the nanoparticle adsorption efficiency was
assessed by GPC using a UV detector, see Table 2.2. Analysis of UV chromatograms recorded
after serial dilution of the original aqueous nanoparticle dispersions enabled construction of a
calibration plot of integrated UV signal against copolymer concentration at a wavelength of 305
nm (see Figure 7.1). This linear plot was used to quantify the concentration of non-adsorbed
nanoparticles remaining in the aqueous phase after microfluidisation (after using centrifugation
to remove the creamed oil droplets) and the extent of nanoparticle adsorption was calculated by
difference. Figure 2.9 shows DLS z-average size distributions recorded for a Pickering
nanoemulsion prepared before and after centrifugation. There is a minimal change in the z-
average droplet diameter, indicating that centrifugation does not affect the number of non-

adsorbed nanoparticles.

91



Chapter 2: How do Charged End-Groups on the Steric Stabiliser Block Influence the
Formation and Long-Term Stability of Pickering Nanoemulsions Prepared Using
Sterically-Stabilised Diblock Copolymer Nanoparticles?

Fresh Nanoemulsion after
nanoemulsion centrifugation

1 10 100 1000 10000
z-average diameter / nm

Figure 2.9. Overlaid DLS z-average size distributions recorded for a fresh Pickering
nanoemulsion stabilised using (0) PGMAus-PTFEMAs, nanoparticles (black trace) and the same
Pickering nanoemulsion after being subjected to five centrifugation-redispersion cycles (red
trace).

Figure 2.10 shows a UV GPC curve recorded for a 7% w/w aqueous dispersion of
carboxylic acid-functionalised (-) PGMAus-PTFEMAs, nanoparticles (black trace) overlaid with
curves obtained after GPC analysis of the aqueous phase following high-pressure
microfluidisation and centrifugation for Pickering nanoemulsions prepared at either pH 3 (red
trace) or pH 7 (blue trace). The UV GPC signal is significantly lower for the aqueous dispersion
at pH 3 relative to that at pH 7, indicating that significantly fewer nanoparticles are adsorbed
under the latter conditions. This is consistent with the corresponding TEM images, which indicate
that there are far more excess non-adsorbed nanoparticles present in the aqueous phase when the
nanoemulsion is prepared at pH 7 when using (-) PGMAus-PTFEMAs compared to the other two
types of nanoparticles. This suggests that anionic end-groups reduce the extent of nanoparticle
adsorption at the oil/water interface, which is in agreement with the nanoparticle adsorption
efficiency determined using UV GPC. In a complementary experiment, the solution pH of each
7% wi/w aqueous dispersion of nanoparticles was adjusted to pH 3 prior to homogenisation. In

this case, the adsorption efficiency of the (0) PGMA4s-PTFEMASsy nanoparticles remained almost
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unchanged, whereas that of the carboxylic acid-functionalised (-) PGMAss-PTFEMAs, -
nanoparticles increased significantly from 49% to 90 %. On the other hand, the efficiency of the
morpholine-functionalised (+) PGMA4s-PTFEMAso nanoparticles was substantially reduced from
93% to 63%. Thus the introduction of surface charge clearly hinders efficient nanoparticle

adsorption at the oil/water interface.
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Figure 2.10. Overlaid DMF UV GPC curves obtained for a 7% w/w aqueous dispersion of (-)
PGMAs-PTFEMASs, nanoparticles (black trace), the aqueous phase after microfluidisation and
centrifugation of nanoemulsions prepared using a 7% w/w aqueous dispersion of (-) PGMAgs-
PTFEMAs, nanoparticles at either pH 7 (blue trace) or pH 3 (red trace). The UV signal is
significantly lower for pH 3 compared to pH 7, which indicates that more nanoparticles have
adsorbed at the oil/water interface at pH 3.

It has been previously reported that both anionic* ® 3 and cationic* particles can be
excluded from the oil/water interface owing to strong inter-particle repulsion, image charge
effects* and, in the case of anionic particles, repulsion from the anionic oil/water interface.®
However, interfacial adsorption can be achieved by either adjusting the solution pH or increasing

the ionic strength to suppress surface charge.® In the current study, fewer nanoparticles are

adsorbed at the oil/water interface during microfluidisation if they possess cationic or anionic
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end-groups. Electrostatic repulsions between neighbouring copolymer nanoparticles suppresses
their interfacial adsorption (FLUID-CHARGE REPULSION) This is because charged
nanoparticles are more hydrophilic and thus are less strongly adsorbed at the oil/water interface.
As previously described, there is no discernible change in the z-average diameter of
nanoemulsions at either pH 3 or 7. However, the nanoparticle adsorption efficiency differs
significantly under such conditions. Since the volume of the oil phase is equal in each case, this
implies substantial differences in the nanoparticle packing efficiency at the surface of the oil

droplets.

Figure 2.11 shows volume-average cumulative size distributions recorded for each of the
freshly-made nanoemulsions prepared at either pH 3 or 7, as determined by analytical
centrifugation. In contrast to the z-average size distributions reported by DLS, there are clear
differences in size for Pickering nanoemulsions prepared at pH 3 and pH 7. As noted by
Thompson and co-workers, analytical centrifugation has a much higher resolution compared to
DLS because droplet fractionation occurs prior to detection.*® However, one drawback of the
former technique is that the effective particle density is required to obtain an accurate particle
size.®® This parameter was estimated to be 0.81 g cm™ for a PGMAs-PTFEMASs stabilised n-
dodecane-in-water nanoemulsion. This value is higher than that of n-dodecane (0.75 g cm®)
because the nanoparticle density is approximately 1.15 g cm=, as previously determined by Armes
and co-workers.*® Moreover, undersizing can be observed if the droplet concentration is too high
owing to the phenomenon of hindered creaming.** %2 However, using droplet concentrations that
are too low is also problematic: such dilute emulsions scatter light only rather weakly and hence
fall outside of the optimum transmission range required for the LUMiSizer instrument (i.e. below
30 % transmission). Given these conflicting requirements, a droplet concentration of 1.0% v/v
was found to be optimal.** In the current study, this concentration was used for all analytical
centrifugation measurements. A further complication for this sizing technique is that a density

distribution is superimposed on the droplet size distribution, as discussed by Thompson and co-
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workers.* Overall, this means that analytical centrifugation is best utilised for monitoring relative
changes in the droplet size distribution during long-term ageing of these Pickering

nanoemulsions, rather than for determining absolute droplet diameters.

The volume-average cumulative size distributions shown in Figure 2.11 demonstrate that
Pickering nanoemulsions prepared using nanoparticles that possess charged end-groups leads to
the formation of larger, more polydisperse droplets. For example, nanoemulsions prepared using
(-) PGMAs-PTFEMASso nanoparticles exhibited an initial volume-average droplet diameter of
159 + 54 nm at pH 3, whereas nanoemulsions prepared using the same nanoparticles at pH 7 had
a significantly larger droplet diameter of 218 + 169 nm. This size difference can be correlated
with the substantially different nanoparticle adsorption efficiencies noted above. More
specifically, only 49% of the (-) PGMAs-PTFEMASs, nanoparticles are adsorbed on the surface
of the oil droplets at pH 7 compared to 90% at pH 3. Because there are far fewer nanoparticles
adsorbed at the oil/water interface at pH 7, only relatively large oil droplets can be stabilised at
the same copolymer concentration. A similar effect is observed for (+) PGMA-PTFEMASs -
nanoparticles. Protonation of the morpholine end-groups at pH 3 leads to a 30% reduction in
nanoparticle adsorption efficiency compared to the neutral form of such nanoparticles at pH 7.
Thus interfacial adsorption of the nanoparticles is again suppressed, despite the favourable
electrostatic attraction between the cationic nanoparticles and the anionic oil/water interface.
These results demonstrate the importance of the choice of RAFT agent (which dictates the nature
of the stabiliser end-groups) when designing diblock copolymer nanoparticles for use as Pickering

emulsifiers.
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Figure 2.11. Volume-weighted cumulative size distributions determined by analytical
centrifugation (LUMIiSizer instrument) obtained for n-dodecane-in-water nanoemulsions
prepared with 7.0% w/w PGMAs-PTFEMAs, diblock copolymer nanoparticles synthesised
using: (a) CPDB (0), (b) PETTC (-) or (c) MPETTC (+) as the RAFT agent. Microfluidisation
conditions: applied pressure = 20 000 psi, ten passes and a solution pH of either 3 or 7.
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TEM studies suggest that these Pickering nanoemulsions possess a core-shell morphology
with a particulate shell. However, this technique cannot be used to assess the surface coverage of
the n-dodecane droplets by the adsorbed layer of nanoparticles. Prior studies indicate that
scattering techniques should provide useful information in this context.®® Thus SAXS patterns
were recorded for freshly-prepared Pickering nanoemulsions after dilution to 1.0% v/v (Figure
2.12). Following our prior study of the characterisation of core-shell nanocomposite particles
comprising polymer latex cores and particulate silica shells,% the SAXS data were analysed using
a two-population model (see Chapter 7). Population 1 is represented by core-shell spheres, where
the cores comprise the oil droplets and the adsorbed layer of nanoparticles form the shell (see
Equation 7.2). The particulate nature of the shell is described by small homogeneous spheres
which corresponds to population 2 (see Equation 7.6). The packing of the block copolymer
spheres within the shell is described by a hard-sphere structure factor (solved using the Percus-
Yevick closure relation).5® 5 First, SAXS patterns recorded for the nanoparticles (see Figure 2.6)
were fitted using a spherical form factor®’. The resulting mean particle radius Rs and its associated
standard deviation os (Table 2.1) were consistent with those obtained by DLS and TEM studies
(Figure 2.5). These two parameters were subsequently fixed when fitting the SAXS patterns of
the Pickering nanoemulsions using the two-population model (see Table 2.3). The scattering
length density for each component of the Pickering nanoemulsions (oil core &, particulate shell
Enen and surrounding liquid Sowent) Was calculated based on their respective known chemical
compositions and mass densities (see Table 2.3). These three parameters were also fixed for the
subsequent SAXS data fitting. The packing efficiency for the nanoparticles within the particulate
shell surrounding the oil droplets was included in such calculations (see Table 2.2). The structure
of these Pickering nanoemulsions can be described by the mean core radius R; and its standard
deviation o, the mean shell thickness Ts, the hard-sphere interaction radius Rev and its effective
volume fraction fey and two scaling factors (volume fraction ¢ for population 1 and volume
fraction ¢, for population, respectively). These seven parameters were allowed to vary when

fitting the SAXS data.
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Figure 2.12. Experimental SAXS patterns (circles) and calculated data fits (white lines)
obtained for 1.0% v/v nanoemulsions prepared using (a) CPDB at pH 3 (neutral nanoparticles);
(b) CPDB at pH 7 (weakly anionic nanoparticles); (c) PETTC at pH 3 (neutral nanoparticles);
(d) PETTC at pH 7 (strongly anionic nanoparticles); (e) MPETTC at pH 3 (strongly cationic
nanoparticles); (f) MPETTC at pH 7 (neutral nanoparticles). Each nanoemulsion was prepared
using an LV1 microfluidiser at an applied pressure of 20 000 psi for ten passes. The two-
population core-shell structural model used for the SAXS analysis of such Pickering
nanoemulsions comprises large oil droplet cores coated with a layer (or shell) of adsorbed

spherical nanoparticles.%
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SAXS patterns for the nanoemulsions comprised three distinct regions: (i) relatively intense
scattering at low g arising from the nanoemulsion droplets (where close inspection reveals a subtle
change in gradient at low g, indicating cross-over from the Porod region to the Guinier region);
(ii) additional scattering intensity at intermediate g corresponding to the copolymer nanoparticle
form factor (Figure 2.6) and (iii) relatively weak scattering at high g, which is most likely
associated with thermal fluctuations in the oil density and copolymer components (accordingly,
constant background scattering has been incorporated into the model to account for this feature).
The two-population model produced a reasonably good fit to the experimental SAXS pattern
obtained for each Pickering nanoemulsion. The lack of well-defined minima in these scattering
curves suggests that the nanoemulsion droplets are somewhat polydisperse in terms of their size,
which is consistent with TEM and DLS studies. Mean droplet radii calculated using the two-
population model (Table 2.2) were consistent with those reported by DLS and analytical
centrifugation (Table 2.2 and Figure 2.11, respectively). However, these values are not
particularly accurate owing to our laboratory-based SAXS instrument, which has limited
resolution at low g. The mean apparent thickness of the shell of adsorbed nanoparticles calculated
for these Pickering nanoemulsions was approximately 12 - 15 nm in each case, which is less than
the mean diameter of an individual nanoparticle (~ 22 nm, Table 2.1). This is reasonably
consistent with the relatively low surface coverage of the oil droplets by the nanoparticles, which
exhibit packing efficiencies of 27 - 52% (Table 2.2). Furthermore, Ts varied with solution pH for
the Pickering nanoemulsions prepared with (-) and (+) PGMA4s-PTFEMASso nanoparticles (Table
2.3). For example, Ts was calculated to be 11.9 nm for nanoemulsions prepared using (-) PGMAs-
PTFEMAs, nanoparticles at pH 7, whereas those prepared using the same nanoparticles at pH 3
had a significantly thicker shell of 14.7 nm. This is consistent with a higher packing efficiency
under the latter conditions when the nanoparticles are in their neutral form (Table 2.2). In contrast,
Ts decreases for the (+) PGMAus-PTFEMAs nanoparticles on switching from pH 7 to pH 3 (Table
2.3). Finally, the Ts values determined for Pickering nanoemulsions stabilised using the neutral

nanoparticles are essentially independent of solution pH, indicating no significant change in the
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nanoparticle packing efficiency under such conditions. The hard-sphere interaction radius Rey and
its effective volume fraction fpy calculated from the two-population model are reasonable.
However, it would be difficult to correlate these data with the structural arrangement of the block
copolymer nanoparticles within the shell. This is because this hard-sphere model does not account
for the spherical geometry of the core-shell structure. Nevertheless, for the nanoparticles
distributed within the shell by repulsive interactions, Rey correlates well with the thickness of the
shell Ts (Table 2.3). Using nanoparticles with charged end-groups necessarily increases the
particle-particle separation distance within the shell, leading to a lower packing efficiency and
lower Ts.

Table 2.3. Structural parameters obtained by SAXS analysis of 1.0% v/v Pickering
nanoemulsions comprising n-dodecane droplets prepared using either neutral (0) PGMAs-

PTFEMAsy, (-) PGMA-PTFEMAsy or (+) PGMAu-PTFEMAs, diblock copolymer
nanoparticles at either pH 3 or 7.2

End- pH3 pH7

group Rc/ 0'0/ Ts/ i’:sheIIX]-O RPY/ f Rc/ 0'0/ Ts/ ":shellx:l-O RPY/
type nm nm nm 10 em nm Py nm nm nm 10 em nm

Neutral | 127 | 41 | 149 | 10.85 24 (015|118 | 35 | 144 | 1079 | 25 |0.17
Anionic | 104 | 41 | 14.7 | 10.93 27 013 | 94 36 | 119 | 10.21 30 | 0.17
Cationic | 162 | 47 | 12.2 | 10.38 32 0.17 | 128 | 32 | 142 | 10.88 25 | 0.15
8R. = mean core radius; o = standard deviation of the core radius; Ts= mean shell thickness; Ehen
= effective scattering length density of the particulate shell; Rs = copolymer nanoparticle radius,
os = standard deviation of the copolymer nanoparticle radius; Rey = hard-sphere interaction radius;
fpy = effective volume fraction. Parameters used for modelling are as follows: Eotvent = 9.42 x 1010
cm?; &= 7.32 x 10%° cm%; neutral Rs= 10.7 nm, ¢s = 1.3 nm; anionic Rs= 10.8 nm, o5 = 1.4 nm;
cationic Rs= 11.5 nm, o5 = 2.5 nm. The &nen Was calculated by averaging the scattering length
densities of the PGMA stabiliser block (11.94 x 10 ¢cm), the PTFEMA core-forming block
(12.76 x 10% cm) and the solvent (water) based on the copolymer composition and packing
efficiency of the copolymer nanoparticles at the surface of the oil droplets.

1%

2.3.3 Effect of End-Group Charge on the Stability of Pickering Nanoemulsions

To examine the effect of the stabiliser end-groups on the long-term stability of the
nanoemulsions, analytical centrifugation was used to determine the mean droplet size after ageing
for both one week and six weeks at 20 °C. Volume-weighted cumulative size distributions for

freshly-prepared and one-week-old nanoemulsions at pH 7 and pH 3 are shown in Figure 2.13.
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Nanoemulsions stabilised by nanoparticles with anionic or cationic end-groups (see Figure 2.13b
and 2.13c) displayed the greatest rate of droplet growth within one week. The droplet size
distributions of such aged nanoemulsions are relatively unimodal. In contrast, nanoemulsions
stabilised by nanoparticles prepared with neutral end-groups (see Figures 2.13a and 2.13d)
possess distinctly bimodal size distributions after ageing for one week, with the minor population

corresponding to the original droplets.

(a) (-) PGMA,,,-PTFEMA,, at pH 3 (b) (-) PGMA,,-PTFEMA,, at pH 7
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Figure 2.13. VVolume-weighted cumulative size distributions determined by analytical
centrifugation (LUMiSizer instrument) for fresh (solid line) and aged (for one week at 20 °C,
dashed line) n-dodecane-in-water Pickering nanoemulsions prepared using 7.0% w/w PGMA -
PTFEMAs, diblock copolymer nanoparticles synthesised with the following RAFT agents: (a)
PETTC, aged at pH 3; (b) PETTC, aged at pH 7; (¢) MPETTC, aged at pH 3; (d) MPETTC,
aged at pH 7. Microfluidiser conditions: 20 000 psi; ten passes.

The extent of Ostwald ripening is similar for nanoemulsions stabilised by either (+)
PGMA-PTFEMAsy or (-) PGMA4-PTFEMAsy: around 60% of the oil droplets exceed
approximately 500 nm after ageing for one week at 20 °C. As shown above, using neutral

nanoparticles as Pickering emulsifiers leads to adsorption efficiencies of around 90%. According

to UV GPC studies, the nanoparticle adsorption efficiency for the charged nanoparticles is
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significantly lower than that for the corresponding neutral nanoparticles. Moreover, a somewhat
lower droplet surface coverage is anticipated in the former case because of lateral electrostatic
repulsion between neighbouring adsorbed nanoparticles: this is also expected to facilitate faster
droplet growth via coalescence.® In practice, the calculated packing efficiencies for anionic or
cationic nanoparticles adsorbed onto the oil droplets are 27% or 33% respectively, which are
significantly lower than those observed for the adsorbed neutral nanoparticles (~ 47 - 49%) (Table
2.2). These lower surface coverages mean that the adsorbed layers of charged nanoparticles
provide a somewhat less effective barrier towards droplet coalescence.’ % ¢ Thus the
corresponding nanoemulsions exhibit inferior long-term stability with respect to Ostwald
ripening.*4 45 6. €8. 89 Gimijlar observations have been reported in the literature for surfactant-
stabilised nanoemulsions.”

Table 2.4. Variation in mean droplet diameter with ageing time as determined by analytical

centrifugation for Pickering nanoemulsions stabilised using nanoparticles with either neutral,
anionic or cationic end-groups.

End- Mean droplet diameter determined by analytical centrifugation (nm)
group pH 3 pH 7
type fresh 1 week 6 weeks fresh 1 week 6 weeks
Neutral 176 + 130 177 + 142 177 +419 207 + 162 208 + 314 184 + 411
Anionic 159 + 108 292 + 425 868 + 1326 218 + 169 1005+ 524 | 2017 + 886
Cationic 171+136 | 1283+1691 | 1937+2938 | 140+ 118 257 + 500 323 + 1246

Table 2.4 reports the mean volume-average droplet diameter determined by analytical
centrifugation for Pickering nanoemulsions prepared using each of the three types of
nanoparticles after ageing at 20 °C for up to six weeks. In each case, there is evidence for Ostwald
ripening but nanoemulsions prepared using nanoparticles bearing charged end-groups undergo
substantially greater ripening compared to those prepared using approximately neutral
nanoparticles. Nanoparticles prepared using the CPDB RAFT agent formed the most stable
nanoemulsions: the mean droplet diameter actually remains roughly constant, but the width of the
size distribution increases significantly. Nanoemulsions prepared using (+) PGMAs-PTFEMAsg

nanoparticles at pH 3 grew from 171 + 135 pum to 1937 + 2938 um, whereas the mean droplet
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diameter only increased from 140 + 118 pm to 323 + 1246 pum at pH 7. Perhaps surprisingly,
nanoemulsions prepared using the (-) PGMA4s-PTFEMASs, nanoparticles proved to be relatively
unstable with respect to ageing regardless of the solution pH. Overall, it is clear that using charged
nanoparticles as Pickering emulsifiers produces nanoemulsions with inferior long-term stability.
Interestingly, the nanoemulsion zeta potential cannot be used to reliably predict the long-term

stability of such Pickering nanoemulsions.

2.4 Conclusions

The effect of charged end-groups on the formation and long-term stability of Pickering
nanoemulsions has been explored using model sterically-stabilised diblock copolymer
nanoparticles prepared by PISA. More specifically, such nanoparticles were prepared by chain-
extending a water-soluble non-ionic PGMAus precursor via RAFT aqueous emulsion
polymerisation of TFEMA to produce well-defined spherical nanoparticles of approximately 20
nm diameter in each case, as judged by DLS, TEM and SAXS studies. Aqueous electrophoresis
studies indicated that nanoparticles prepared using PGMA chains with terminal carboxylic acid
end-groups displayed strong anionic character at pH 7, whereas those containing a terminal
tertiary amine end-group exhibited strong cationic character at pH 3. On the other hand,
nanoparticles prepared using a neutral RAFT agent displayed only weakly anionic character at
pH 7, most likely owing to hydroxide ion adsorption. These three types of sterically-stabilised
nanoparticles were used in turn to prepare n-dodecane-in-water nanoemulsions via high-pressure
microfluidisation at either pH 3 or pH 7. DLS studies confirmed that mean droplet diameters of
approximately 200 nm can be readily obtained. TEM studies indicated that the nanoparticle
superstructure remained intact on drying, thus providing evidence for the Pickering nature of these
nanoemulsions. Mean droplet diameters obtained for the fresh nanoemulsions using analytical
centrifugation were all equal to or less than 200 nm. UV GPC analysis of the aqueous phase
enabled quantification of the excess non-adsorbed nanoparticles. In the absence of any charged

end-groups, the nanoparticle adsorption efficiency was calculated to be approximately 90%.
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However, the presence of charged end-groups significantly reduced the nanoparticle adsorption
efficiency. This is because electrostatic repulsions between neighbouring copolymer
nanoparticles suppresses their interfacial adsorption and reduces their packing efficiency at the
oil/water interface. This was confirmed by analysing SAXS patterns recorded for the Pickering
nanoemulsions using a two-population model. Furthermore, long-term stability studies using
analytical centrifugation revealed significantly faster droplet coarsening via Ostwald ripening for
the latter Pickering nanoemulsions compared to those prepared using neutral nanoparticles under
comparable conditions. This was attributed to the lower packing efficiencies for oil droplets
stabilised by nanoparticles bearing charged end-groups compared to those observed for neutral

nanoparticles.
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1.1 Introduction

Nanoemulsions comprise very fine droplets with a mean diameter of no more than 200
nm.>*> They are much less prone to creaming or sedimentation than conventional emulsions
because their Brownian motion is sufficient to overcome gravitational forces. Nanoemulsion
droplets are also resistant to coalescence.! Flocculating droplets aggregate together but retain their
individual structure, whereas two or more coalescing droplets merge to form larger droplets (see
Figure 1.22). For macroemulsions, the mean thickness of the adsorbed layer of emulsifier is
typically 0.01 — 1 pum, which is usually significantly smaller than the mean droplet diameter (1 —
100 um). Therefore, the emulsifier provides insufficient steric stabilisation to prevent flocculation
and/or coalescence. In contrast, the mean emulsifier thickness for nanoemulsion droplets is 2 —
30 nm, which is more comparable to the droplet diameter. This means that steric stabilisation is
highly effective for nanoemulsions and prevents even weak flocculation. However, both o/w and
w/o nanoemulsions tend to suffer from Ostwald ripening.” 1618

In principle, Ostwald ripening can be suppressed by adding a suitable species to the droplet
phase that is highly insoluble in the continuous phase.'®?! For example, the addition of a relatively
long hydrocarbon (or wax) to oil droplets enhances the stability of o/w nanoemulsions towards
Ostwald ripening.?2-* Similarly, the addition of salt to the aqueous phase is known to inhibit inter-
droplet mass transfer in the case of w/o emulsions.?>?” This is because the less soluble and the
more soluble components exhibit different rates of transfer between droplets owing to their
differing solubilities within the continuous phase (see Equation 1.21).°* The more soluble
component can diffuse between droplets much faster than the insoluble component. Over time,
the larger droplets predominantly comprise the soluble component, whereas the smaller droplets
become enriched with the insoluble component (see Figure 3.1). This is entropically less

favourable than an ideally mixed system, so Ostwald ripening is suppressed.
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Figure 3.1. Schematic representation of the suppression of Ostwald ripening of a fresh
nanoemulsion by adding an insoluble species (black) to droplets that are composed of a more
soluble component (grey). If this nanoemulsion undergoes Ostwald ripening, then the larger
droplets grow at the expense of the smaller ones. Over time, this increases the concentration of
the insoluble species within the smaller droplets and hence enriches the larger droplets with the
more soluble species, which increases the overall chemical potential of the emulsion.

This so-called ‘trapped species’ concept was first proposed by Higuchi and Misra,? and a
theoretical analysis was later developed by Kabalnov.?! In the latter case, the following
assumptions were made for a mixed nanoemulsion system: (i) the insoluble component within the
droplet phase cannot diffuse into the continuous phase, (ii) the two components have identical
molar volumes, (iii) the interfacial tension is independent of composition and (iv) the insoluble

and soluble components are infinitely miscible with each other. For these approximations, the

chemical potential of the soluble component p; can be described using Equation 3.1:
2vV;
i (Rx) = (R = 00,2, = 0) + =+ RTIn(1 - x,) 3.1

where x; is the mole fraction of the insoluble component within the droplet phase. The first two
terms of Equation 3.1 describe the positive chemical potential of an emulsion comprising a
soluble component (in the absence of any insoluble component), and the final term represents

the entropy of mixing, which is negative if x, > 0.

Kabalnov also explained how the excess chemical potential Al depends on the mean

droplet radius R, as described by Equation 3.2:%
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RN\ 2y
o = () 4 2

where R;represents the initial mean droplet radius. Equation 3.2 indicates that there are three
stability regimes: stable, metastable and unstable. The mixed nanoemulsion is stable (Ap < Q)
when x; is high (i.e. if there is a large fraction of insoluble component in the droplet phase) or
when r is sufficiently small (i.e. for a microemulsion).? At intermediate x and r, the entropy of
mixing term becomes less significant, and the nanoemulsion is metastable (i.e. only kinetically
stable). At low x and large r, the nanoemulsion is unstable and tends to undergo phase
separation. Interestingly, Kabalnov’s analysis suggests that, if the droplet phase contains a
sufficient proportion of an insoluble component, then a thermodynamically stable nanoemulsion

can be prepared.

Many experimental studies have explored the effect of adding a highly water-insoluble
long-chain hydrocarbon to the droplet phase for oil-in-water emulsions.? 242932 For example,
Wooster et al. prepared SDS-stabilised triglyceride-in-water nanoemulsions containing mixed
oil droplets composed of varying proportions of relatively soluble tricaprylin and relatively
insoluble peanut oil.2® At lower peanut oil volume fractions (x, < 0.20), such nanoemulsions
exhibited a linear relationship between the cube of the particle radius r®, and time (see Figure
3.2), indicating an Ostwald ripening mechanism (see Equation 1.22).3% 3334 As expected, lower
rates of Ostwald ripening were observed at higher peanut oil volume fractions. At intermediate
volume fractions (x. = 0.30 - 0.50), the riinitially increased linearly over time, but eventually
attained a plateau value. Shorter time scales were required for such plateaus when using higher
amounts of peanut oil. Wooster et al.?® accounted for these two regimes in terms of Kabalnov’s
theory.? Initially, the mixed oil droplets undergo Ostwald ripening, causing a reduction in the
Laplace pressure within the droplets. However, there is a concomitant reduction in the entropy
of mixing owing to enrichment of the larger droplets with the more soluble triglyceride.

Therefore, AL becomes negative and the mixed droplets eventually become stable.
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Figure 3.2. Effect of insoluble oil (peanut oil) fraction on the rate of Ostwald ripening of 15%
v/v tricaprylin nanoemulsions stabilised by SDS (5.6 wt % SDS, continuous phase contains 16.6
wt % PEG with an M, of 6600).

There have been a number of studies exploring the effect of the addition of salt to the
aqueous phase on the formation of w/o nanoemulsions.% 26353 |n general, increasing the ionic
strength of the aqueous droplet phase reduces the mean droplet diameter of the nanoemulsion.
% Notably, a limiting aqueous droplet diameter is attained at a critical salt concentration.?®
Increasing the salt concentration above this critical value has no discernible effect on the mean
aqueous droplet diameter. Salt has also been shown to suppress Ostwald ripening in w/o
emulsions owing to its insolubility within the oil continuous phase.? In particular, Koroleva and
Yurtov studied the effect of varying the NaCl concentration within the aqueous phase of water-
in-mineral oil nanoemulsions.?® Nanoemulsions prepared using less than 0.188 M NaCl were

unstable with respect to Ostwald ripening, resulting in larger droplets that became susceptible to
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coalescence. However, nanoemulsions exhibited resistance to Ostwald ripening when prepared

using higher NaCl concentrations.

Oil-soluble 1. Emulsification .

surfactant >

2. Ultrasonication .
Anionic silica

Water-in-oil Pickering nanoemulsion

Figure 3.3. Schematic representation of the formation of sub-micron water-in-oil Pickering
emulsions using hydrophilic anionic silica that is hydrophobised in situ using oil-soluble
surfactant (poly(ethylene-co-butylene)-block-poly(ethylene oxide)).%

In recent years, there has been growing interest in o/w Pickering nanoemulsions. 345
However, there have been rather fewer reports of the analogous w/o Pickering nanoemulsions.*”
46,47 In one notable example, Bollhorst et al.*’ prepared submicrometer-sized colloidosomes via
self-assembly of metal oxide nanoparticles around water droplets in n-decane. Sihler and co-
workers*’ utilised ultrasonication to prepare relatively fine w/o emulsions of less than 500 nm
diameter using anionic silica nanoparticles, which were rendered sufficiently hydrophobic by
adsorption of either cationic or non-ionic surfactants (see Figure 3.3).3” Moreover, nanoparticle
adsorption at the oil-water interface was relatively inefficient, with many nanoparticles remaining

within the interior of the aqueous droplets.

Over the past decade or so, PISA has enabled the convenient synthesis of many examples
of well-defined diblock copolymer nanoparticles.®®>2 In particular, this versatile technique
enables the efficient preparation of 20-30 nm sterically-stabilised spheres in the form of a
concentrated dispersion using RAFT dispersion polymerisation.*® 5252 Such nanoparticles exhibit
sufficient surface activity to stabilise both Pickering macroemulsions*® 54 and nanoemulsions.”
% Furthermore, such nanoparticles can be prepared in non-polar solvents such as n-alkanes®*%2 or

mineral 0il.%° 5% Thus they are suitable for the efficient preparation of Pickering w/o emulsions.*

64
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In this Chapter, we report the production of relatively stable w/o Pickering nanoemulsions
using hydrophobic diblock copolymer nanoparticles prepared via RAFT dispersion
polymerisation in n-dodecane. This was achieved by first preparing a w/o Pickering
macroemulsion via conventional high-shear homogenisation using a large excess of
nanoparticles, followed by high-pressure microfluidisation to generate the desired w/o Pickering
nanoemulsion. Such nanoemulsions are complementary to the o/w Pickering nanoemulsions
previously reported by Thompson and co-workers.'” 3 The effect of systematically increasing the
concentration of added salt within the dispersed phase on the z-average diameter of the aqueous
droplets is examined. Subsequently, the effect of varying the initial nanoparticle concentration,
the number of passes through a high-pressure microfluidiser and the applied pressure during
microfluidisation on the final nanoemulsion droplet diameter is investigated. Finally, the effect
of varying the amount of salt dissolved in the aqueous dispersed phase on the long-term stability

of these w/o Pickering nanoemulsions is explored.

3.2 Experimental

3.2.1 Materials

Stearyl methacrylate (SMA), 2,2,2-trifluoroethyl methacrylate (TFEMA), n-dodecane,
trimethylamine, butylhydroxytoluene (BHT) tetrahydrofuran (THF), toluene, ruthenium(IV)
oxide hydrate and sodium periodate were all purchased from Sigma-Aldrich (UK). Monomers
were passed through basic alumina in order to remove inhibitor prior to use. Tert-Butyl peroxy-
2-ethylhexanoate (Trigonox 21S, or T21s) initiator was supplied by AkzoNobel (The
Netherlands). d-Chloroform (CDCIs) was purchased from VWR (UK), dz-dichloromethane
(CD:Cl) was obtained from Cambridge Isotope Laboratory (USA) and the 4-cyano-4-((2-
phenylethanesulfonyl)thiocarbonylsulfanyl)pentanoic acid (PETTC) RAFT agent was prepared
in-house according to a previously reported protocol.®® Unless stated otherwise, deionised water

(pH 6) was used for all experiments.
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3.2.2 Synthesis of a PSMAs2 Precursor via RAFT Solution Polymerisation in

Toluene

A PSMA;; precursor was prepared via RAFT solution polymerisation of SMA in toluene
using a trithiocarbonate-based PETTC RAFT agent, as previously described.®® A mean DP of 32
was determined via *H NMR analysis in CD,Cly; the integrated aromatic PETTC signals at 7.1
8.1 ppm were compared to that of the oxymethylene signal at 3.7 — 4.2 ppm. THF GPC studies
(refractive index detector; using a series of eight near-monodisperse poly(methyl methacrylate)

calibration standards) indicated an M, of 12 300 g mol* and an M/M, of 1.13.

3.2.3 Synthesis of PSMAs-PTFEMAs3 Diblock Copolymer Nanoparticles via

RAFT Dispersion Polymerisation of TFEMA in n-Dodecane

The synthesis of PSMAs-PTFEMAGs; spheres at 20% wi/w solids was conducted as
follows: a PSMAs, precursor (2.01 g, 0.18 mmol), T21s (77 mg, 0.036 mmol), and n-dodecane
(14.6 g, 19.5 ml) were added in turn to a glass vial and the resulting solution was degassed with
N2 gas for 30 min at 20 °C. TFEMA was degassed separately in ice to minimise evaporation. This
monomer (1.95 ml, 9.82 mmol; target DP = 55) was then added via syringe to the reaction mixture,
which was subsequently heated to 80 °C for 16 h by immersing the vial in an oil bath. *F NMR
spectroscopy analysis of the copolymer dissolved in CDCl; indicated 97% TFEMA conversion
under these conditions. THF GPC studies (refractive index detector; using a series of eight near-
monodisperse polymethyl methacrylate calibration standards) indicated an M, of 18 000 g mol*

and an Mw/M, of 1.23.

3.2.4 Preparation of PSMA32-PTFEMAs3-Stabilised Pickering Macroemulsions

Using High-Shear Homogenisation

A 5.0% w/w dispersion of PSMAsz-PTFEMAs; nanoparticles in n-dodecane (4.5 mL) was

added to a 14 mL glass vial. This was then homogenised with various aqueous solutions (prepared
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using deionised water at around pH 6, unless stated otherwise) (0.5 mL; containing 0 - 0.43 M
NaCl) for 2 min at 20 °C using an IKA Ultra-Turrax T-18 homogeniser equipped with a 10 mm

dispersing tool and operating at 13 500 rpm.

3.2.5 Preparation of PSMA32-PTFEMAs3-Stabilised Pickering Nanoemulsions

Using High-Pressure Microfluidisation

A Pickering macroemulsion (5.0 mL, initial nanoparticle concentration in the n-dodecane
phase = 5.0% w/w) was further processed using an LV1 microfluidiser (Microfluidics, USA). The
pressure was fixed at 10 000 psi and each emulsion was passed five times through the LV1 unit

to produce unimodal w/o Pickering nanoemulsions.

3.2.6 Characterisation

1F NMR spectroscopy.

F NMR spectra were recorded in CDCls using a Bruker Avance Il HD spectrometer
operating at 400.23 MHz (*H frequency). Spectra were recorded using 16 transients with an
acquisition window of 89.3 kHz, 128 points and a relaxation delay of 1 s. Spectra were analysed
using TopSpin version 3.1 software. TFEMA conversions were determined by comparing the

integrated intensities of signals assigned to residual monomer and the corresponding polymer.

Gel Permeation Chromatography (GPC)

Molecular weight distributions were assessed by GPC using THF as an eluent. The GPC
set-up comprised an Agilent 1260 Infinity series degasser and pump, two Agilent PLgel 5 um
Mixed C columns in series and a refractive index detector. The mobile phase contained 2.0% v/v
trimethylamine and 0.05% w/w butylhydroxytoluene (BHT) and the flow rate was fixed at 1.0 ml
mint. Copolymer samples were dissolved in THF containing 0.50% v/v toluene as a flow-rate

marker prior to GPC analysis. A series of eight near-monodisperse PMMA standards (M, values
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ranging from 580 to 552 500 g mol ) were used for calibration using either a refractive index

detector or a UV detector operating at 260 nm.

Transmission Electron Microscopy (TEM)

The staining agent was prepared by dissolving ruthenium(1V) oxide hydrate (0.30 g) and
sodium periodate (2.00 g) in 50 ml water. Nanoemulsion samples were diluted to 1.0% v/v and
nanoparticle dispersions were diluted to 0.1% w/w using n-dodecane. A droplet (10 pL) was then
placed on a carbon-coated copper TEM grid with the aid of a micropipet. The loaded grid was
stained for 7 min by exposure to the heavy metal stain within a desiccator. TEM images were
recorded using a Tecnhai Spirit T12 TEM instrument operating at 80 kV and equipped with an

Orius SC1000B S4 CCD camera (2672 x 4008 pixels; 9 um each).

Scanning electron microscopy (SEM)

The nanoemulsion was diluted to 1.0% v/v using n-dodecane and one droplet was placed
on a glass slide, which was then left to dry overnight. The glass slide was then mounted onto an
SEM stub using an electrically conductive adhesive pad. The stub was gold-coated for 2 min prior
to analysis. SEM studies were performed using an Inspect F field emission microscope operating

at 5 kV.

Dynamic Light Scattering (DLS)

hydrodynamic z-average diameters were obtained by DLS using a Malvern Zetasizer
NanoZS instrument at a fixed scattering angle of 173°. Dispersions of 0.1% w/w nanoemulsions
or nanoparticles were analysed using disposable cuvettes, and the results were averaged over three
consecutive runs, each comprising ten analyses. The n-dodecane used to dilute each sample was

ultrafiltered through a 0.20 pm membrane to remove extraneous dust.
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Analytical Centrifugation (LUMiSizer)

Aqueous droplet size distributions were assessed using a LUMiSizer analytical
photocentrifuge (LUM GmbH, Berlin, Germany) at 20 °C. Measurements were conducted on
diluted Pickering nanoemulsions (1.0 - 10.0% v/v water) using 2 mm pathlength polyamide cells
at 400 rpm for 200 profiles (allowing 10 s between profiles) and then the rate of centrifugation
was increased up to 4000 rpm for a further 800 profiles The slow initial rate of centrifugation
enabled detection of any larger oil droplets that might be present within the nanoemulsion.
Overall, the measurement time is approximately 135 min. The LUMiSizer instrument employs
space- and time-resolved extinction profiles (STEP) technology to measure the intensity of
transmitted near-infrared light as a function of time and position simultaneously over the entire
length of the cell. The gradual progression of these transmission profiles provides information on
the rate of sedimentation of the aqueous droplets and hence enables assessment of the droplet size
distribution. The particle density is an essential input parameter for analytical centrifugation
studies. The droplet density used for the nanoemulsion ageing studies was either the density of
pure water or the appropriate density for a given aqueous salt solution (which is 1.016 g cm™ for
the highest NaCl concentration (0.43 M) used in this study).®” This ignores any contribution to
the droplet density from the adsorbed PSMAs-PTFEMAs; nanoparticles, but this approximation
is reasonable given that we merely wish to assess relative changes in the droplet size distribution

over time.

Small-Angle X-ray Scattering (SAXS)

Small-angle X-ray scattering (SAXS) patterns were recorded using a laboratory SAXS
beamline (Xeuss 2.0, Xenocs, France) equipped with a liquid gallium MetalJet X-ray source
(Excillum, Sweden) (wavelength A = 0.134 nm), two sets of motorised scatterless slits for beam
collimation, and a Pilatus 1M two-dimensional pixel SAXS detector (Dectris, Switzerland). A
flow-through glass capillary (2 mm diameter) was connected to an injector syringe and a waste

container via plastic tubing and mounted horizontally on the beamline stage; this set-up was used
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as a sample holder. SAXS patterns were recorded over a g range of 0.01—1.4 nm ™, where q = (4w
sin 8)/4 is the length of the scattering vector, and 6 is a half of the scattering angle. Two-
dimensional SAXS patterns were reduced to one-dimensional curves using the Foxtrot software
package supplied with the instrument and further analysed (background subtraction and data

modelling) using Irena SAS macros® for Igor Pro.
Packing efficiency calculation

The nanoparticle packing efficiency was estimated by first calculating the number of
nanoparticles N, adsorbed onto an individual aqueous droplet using Equation 3.3:*'

_ total number of nanoparticles  mpNa/(NsMp)

= 3.3
total number of droplets Viwater /(% TR yater)?

Here, Mparicies 1S the mass of nanoparticles used to prepare the nanoemulsion, M, is the number-
average molecular weight of the PSMAs,—PTFEMASs3 chains, Vwater is the total volume of water
used to prepare each nanoemulsion, and Rwater i the mean radius of bare aqueous droplets. Finally,

4 RS
Ns is the number of PSMA3,—PTFEMAs3 chains per nanoparticle determined as Ng = ol

VPTFEMA

where R is the mean radius of the PTFEMA cores measured by SAXS and Vereema is volume of
the core-forming block of a copolymer molecule. We calculate Rwater to be equal to the z-average
radius Rp.s of the overall nanoemulsion droplets minus the diameter of the adsorbed nanoparticles
(or Rwater = RoLs — 2Rpartice). The volume-average diameter of the nanoparticles could be calculated
from SAXS measurements of the nanoparticles as 2Rs + 4Ry, where Ry is radius of gyration of the
micelle PSMAs, corona block. However, we contend that the effective diameter 2Rparicie O the
PSMA3,—PTFEMAGs3 nanoparticles adsorbed at the oil-water interface is actually given by 2R +
2Rq.Y" This is because the non-solvated PSMA;;, stabiliser chains that are in direct contact with
the aqueous phase are most likely collapsed and hence occupy negligible volume at the oil-water

interface.
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Assuming that an area of a large spherical particle covered by small spheres can be
represented by the total area of projection of the small spheres on the large particle surface,®® the
packing efficiency Pes, of the small spheres in the large particle shell is given by Equation 2.2.We
make the same assumptions in our nanoparticle packing efficiency calculations as those outlined
in Chapter 2. However, we assume that all of the nanoparticles adsorb at the surface of the aqueous
droplets. Therefore, the calculated nanoparticle packing efficiency should be regarded as an upper

limit value.
3.3 Results and Discussion

3.3.1 Synthesis and Characterisation of PSMA32-PTFEMAs3 Diblock Copolymer

Nanoparticles
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Figure 3.4. Synthesis of PSMAz;—PTFEMAs; nanoparticles via RAFT dispersion polymerisation
of TFEMA in n-dodecane at 80 °C using a PSMA3, precursor.

The sterically-stabilised diblock copolymer nanoparticles used in this study were prepared
by chain-extending an oil-soluble PSMA precursor with TFEMA via RAFT dispersion
polymerisation, as previously described by Cornel and co-workers (see Figure 3.4 above).®
Provided that a relatively short PTFEMA block of 55 is targeted, this PISA formulation enables
the preparation of PTFEMA-core spherical nanoparticles with a mean diameter of less than 30
nm,% which is expected to be small enough to enable the stabilisation of Pickering
nanoemulsions.'® *° 19F NMR spectroscopy studies indicated that the TFEMA polymerisation

proceeded to relatively high monomer conversion (~97%) within 16 h at 80 °C (see Figure 3.5).
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Figure 3.5. °F NMR spectrum recorded for PSMA3,-PTFEMAs; diblock copolymer dissolved in
CDCls. From the residual monomer signal observed at -73.8 ppm, a final TFEMA conversion of
97% can be calculated.

THF GPC analysis indicated a relatively narrow molecular weight distribution (Mw/M, =
1.23), suggesting that this RAFT dispersion polymerisation was well-controlled (see Figure 3.6a).
The z-average diameter of the sterically-stabilised nanoparticles determined by DLS is 28 £ 6 nm
(Figure 3.6b), which is consistent with the number-average diameter of 24 + 4 nm estimated from
TEM analysis (based on analysis of more than 100 nanoparticles; see Figure 3.16a). The SAXS
pattern recorded for these nanoparticles was fitted using a spherical micelle form factor (see
Equation 7.9).7° This approach indicated a mean PTFEMA core radius Rs of 6.5 nm (and an
associated standard deviation, os, of 1.3 nm) and a radius of gyration Ry for the PSMA corona
block of 1.7 nm, resulting in a volume-average diameter Dsaxs (2Rs + 4Rg) of 19.9 nm (see Figure
3.6¢). This is somewhat smaller than the nanoparticle dimensions indicated by DLS and TEM.
However, DLS reports a hydrodynamic z-average diameter while TEM analysis suffers from poor

statistics, so both techniques overestimate the effective particle dimensions indicated by SAXS.
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Figure 3.6. (a) Overlaid DMF GPC curves obtained for a PSMAs, precursor and the

corresponding PSMAs-PTFMAs; diblock copolymer; (b) z-average particle size distribution

determined by DLS; (c) Experimental SAXS pattern (black circles) recorded for a 1.0% wi/w

dispersion of PSMAsz-PTFEMAs; diblock copolymer nanoparticles in n-dodecane. A satisfactory

data fit was obtained using a spherical micelle model (white line).
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3.3.2 Effect of Salt on the Formation of w/o Pickering Nanoemulsions
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Figure 3.7. Schematic representation of the preparation of water-in-oil (w/o) Pickering
nanoemulsions reported in this study. A precursor Pickering macroemulsion was prepared using
high-shear homogenisation, and then further processed using the LV1 microfluidiser to produce
a w/o Pickering nanoemulsion. A large excess of non-adsorbed nanoparticles co-exist with the
macroemulsion but very few non-adsorbed nanoparticles remain in the continuous phase after
high-pressure microfluidisation.

PSMA:-PTFEMAs; nanoparticles were used to prepare a Pickering precursor
macroemulsion of approximately 10 - 20 um diameter via high-shear homogenisation (13 500
rpm, 2 min) using an Ultra-Turrax homogeniser (see Figure 3.7). A water volume fraction of 0.10
and a nanoparticle concentration of 5.0% w/w was used to prepare this macroemulsion. These
conditions were deliberately selected because a large excess of non-adsorbed nanoparticles is
required to stabilise the substantial increase in interfacial area that is generated during the
subsequent high-pressure microfluidisation to produce the much finer Pickering nanoemulsion.®
39

In initial microfluidisation experiments, no salt was added to the aqueous phase. A
precursor macroemulsion prepared using 5.0% w/w PSMA:-PTFEMASs; nanoparticles was
subjected to repeated passes through an LV1 microfluidiser at various applied pressures, with the
mean droplet diameter being assessed by DLS after each pass. At an applied pressure of 5000 psi,
the mean droplet diameter was reduced significantly between the first and tenth pass (Figure 3.8).
However, there was no further change when using higher applied pressures (e.g. 10 000 or 20 000

psi) and larger droplets were observed at 30 000 psi owing to over-shearing. The mean droplet

diameters for such emulsions exceeded 600 nm, which is significantly greater than those reported
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by Thompson and co-workers for o/w nanoemulsions prepared using PGMAus-PTFEMAso
diblock copolymer nanoparticles.” 3 Moreover, such coarse droplets do not correspond to

nanoemulsions, which should be less than 200 nm diameter.”*
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Figure 3.8. Effect of varying the applied pressure and number of passes during microfluidisation
on the initial z-average aqueous droplet diameter of w/o Pickering nanoemulsions prepared using
5.0% w/w PSMAs-PTFEMAGs; nanoparticles at a fixed water volume fraction of 0.10, as
determined by DLS.

Based on the conclusions from Chapter 2, the ionisation of the carboxylic acid end-
groups on the PSMAs, stabiliser chains might occur at the n-dodecane-water interface. To
examine this hypothesis, we prepared two Pickering nanoemulsions using an agueous 0.11 M
NaCl solution adjusted to either pH 7 or pH 2. In the former case, the formation of anionic
carboxylate groups at the n-dodecane-water interface was anticipated, whereas in the latter case
no such ionisation should occur. DLS studies of the nanoemulsion at pH 7 indicated a droplet
diameter of 268 + 96 nm, which is comparable to the nanoemulsion using deionised water at pH
6 (see entry 2 in Table 3.1). On the other hand, the Pickering nanoemulsion prepared at pH 2 had
a droplet diameter of 217 £ 92 nm, see Figure 3.19. These observations indicate that ionisation of

the carboxylic acid end-groups on the steric stabiliser chains of these nanoparticles leads to the
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formation of a slightly larger nanoemulsion than that formed when using neutral nanoparticles.
However, further work would be required to establish whether such end-group ionisation also
affected the nanoparticle adsorption efficiency, the nanoparticle packing efficiency at the oil-

water interface, and the long-term stability of such nanoemulsions.
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Figure 3.9. z-average droplet size distributions recorded by DLS for Pickering nanoemulsions
prepared using either a neutral (pH 7) or acidic (pH 2) aqueous solution containing 0.11 M
NaCl.

In the case of surfactant-stabilised w/o nanoemulsions, it is well-known that addition of
electrolyte to the aqueous phase prior to emulsification results in the formation of smaller, more
stable droplets.® 7 Therefore, aqueous solutions containing up to 0.43 M NaCl were used to
prepare w/o Pickering nanoemulsions using 5.0% w/w PSMAz-PTFEMAs; nanoparticles at an
applied pressure of 10 000 psi with 5 passes through the LV1 microfluidiser. Figure 3.10 shows
the effect of varying the NaCl concentration on the mean droplet diameter, as indicated by DLS
studies. The droplet diameter and polydispersity index are both reduced significantly at higher
salt concentrations. A limiting droplet diameter of around 250 nm is achieved at 0.43 M NaCl.
This overall diameter necessarily includes the thickness of the adsorbed PSMAz,—PTFEMASs;

nanoparticle layer. If this nanoparticle contribution is subtracted then the mean diameter for the
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underlying ‘naked’ aqueous droplet is less than 200 nm, which meets the criterion for a

nanoemulsion according to the literature.*
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Figure 3.10. Systematic reduction in z-average droplet diameter observed for a w/o Pickering
nanoemulsion prepared at a water volume fraction of 0.10 using 5.0% w/w PSMA32-PTFEMAs;3
nanoparticles in n-dodecane while varying the NaCl concentration. Error bars represent the
standard deviation of the droplet size distributions, rather than the experimental error associated
with repeated measurements. Inset: z-average droplet size distributions determined by DLS for
Pickering nanoemulsions prepared with either 0.11 M or 0.0067 M NaCl dissolved within the
aqueous phase (deionised water at pH 6).

Below the critical concentration of 0.11 M NaCl, visual inspection confirmed that coarser
nanoemulsion droplets sediment on standing overnight at 20 °C (see Figure 3.11). Moreover,
bimodal droplet size distributions are observed for such nanoemulsions. In contrast,
nanoemulsions possess unimodal droplet size distributions when prepared in the presence of at

least 0.11 M NaCl and do not undergo sedimentation under the same conditions. Similar

observations were made by Koroleva and Yurtov for surfactant stabilised mineral-in-water
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nanoemulsions.?® They demonstrated that emulsions prepared with a salt concentration below
critical concentration undergo fast rates of Ostwald ripening. This leads to a lower number of
larger droplets, since the smaller droplets vanish. Therefore, the droplets undergo to
sedimentation and coalescence, since steric stabilisation conferred by the surfactant becomes less

effective.

Figure 3.11. Digital photographs recorded for one-day-old w/o Pickering nanoemulsions
prepared using various NaCl concentrations (0, 0.05 or 0.11 M) at a constant nanoparticle
concentration of 5.0% w/w and a water volume fraction of 0.10. Microfluidisation conditions:
applied pressure = 10 000 psi; 5 passes.

In order to assess whether high-pressure microfluidisation induced nanoparticle
dissociation or degradation, a control experiment was performed in which a 5.0% w/w dispersion
of PSMAs-PTFEMAs; nanoparticles in n-dodecane was subjected to the above optimised
processing conditions (applied pressure = 10 000 psi, number of passes = 5) in the absence of any
aqueous solution. DLS studies conducted before and after microfluidisation confirmed that the z-
average diameter of the nanoparticles (and DLS polydispersity) remained essentially unchanged

(see Figure 3.12). Thus the PSMAs-PTFEMASs: nanoparticles survive the high-pressure

microfluidisation conditions intact.
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Figure 3.12. Overlaid z-average particle size distributions determined by DLS for PSMA3.-
PTFEMAs; diblock copolymer nanoparticles before and after microfluidisation (10 000 psi; 5
passes).

The mean packing efficiency Pet for the adsorbed layer of nanoparticles surrounding each
aqueous droplet was calculated for fresh Pickering nanoemulsions prepared in the presence of
added salt (0.05 M to 0.43 M NaCl) (Table 3.1) using a core-shell model originally developed by
Balmer et al. to study the adsorption of 20 nm silica nanoparticles onto large polymer latexes.®
This model was recently applied to oil-in-water Pickering nanoemulsions by Thompson et al.'’
For the latter system, an effective contact angle of 6., 0° was assumed for nanoparticle adsorption
at the oil-water interface and the same assumption was made in the present study (see Figure
1.25). Increasing the NaCl concentration within the aqueous phase leads to a higher droplet
density and a gradual reduction in the z-average droplet diameter, as expected. This size reduction
necessarily reduces the number of nanoparticles adsorbed onto each droplet but the nanoparticle
packing efficiency is also reduced from 75% to 58% on raising the NaCl concentration from 0.05
M to 0.43 M NaCl. One possible explanation for this reduction in packing efficiency might be a

lower three-phase particle contact angle 6 in the presence of additional salt. In principle, the
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hydrophobic PSMAs,-PTFEMAs; nanoparticles adsorbed at the surface of the aqueous droplets

should exhibit reduced wettability at higher NaCl concentrations.

Table 3.1. Summary of droplet density, droplet diameter, number of nanoparticles per droplet and
packing efficiency for four Pickering nanoemulsions prepared using 5.0% w/w PSMAs;-
PTFEMAs; diblock copolymer nanoparticles with 0.05 M to 0.43 M NaCl dissolved in the
aqueous phase.?

NaCl concentration / M plgcm? D,/ nm N Pett | Y%
0.05 1.0003 299 + 150 362 75
0.11 1.003 272 + 119 257 66
0.21 1.007 258 + 97 211 61
0.43 1.016 249 +£103 185 58

®» = aqueous droplet density; D, = initial z-average diameter; N = number of nanoparticles per
droplet; Pesr = packing efficiency.

The packing efficiencies calculated herein are broadly comparable to those determined by
Thompson et al. for n-dodecane-in-water Pickering nanoemulsions, which were stabilised using
hydrophilic 25 nm PGMAs-PTFEMAs, diblock copolymer nanoparticles prepared via RAFT
aqueous emulsion polymerisation.” More specifically, in this prior study the number of adsorbed
nanoparticles per droplet N and the Pt were calculated to be 438 and 74% for n-dodecane droplets
with a z-average diameter of 257 + 93 nm. In the present study, a water-in-oil Pickering
nanoemulsion prepared with a similar mean droplet diameter using 0.21 M NaCl at pH 6 had N =

211 and Pets = 61%, respectively (see entry 3 in Table 3.1).

The PSMA32-PTFEMASs3 nanoparticle concentration was systematically varied at a fixed
0.11 M NacCl, which corresponds to the minimum salt concentration required to prepare well-
defined Pickering nanoemulsion droplets with a z-average diameter of 274 + 119 nm. A
significant reduction in the mean droplet diameter was observed when increasing the nanoparticle
concentration from 1.0 to 4.0% w/w (see Figure 3.13). However, preparing nanoemulsions under
the same conditions using higher nanoparticle concentrations (up to 7.0% w/w) did not result in
a further reduction in droplet size. Such behaviour is typical for Pickering nanoemulsions and
have been previously reported when using other particulate emulsifiers.1® 37 3% 4% 73 This provides

strong (albeit indirect) evidence that the PSMAs-PTFEMAs; nanoparticles survive the high-
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pressure microfluidisation required to generate nano-sized droplets. Moreover, the mean droplet
diameter reaches a minimum value at a copolymer concentration of 4.0% w/w. Assuming that all
the nanoparticles are adsorbed onto the aqueous droplets and an effective nanoparticle density of
approximately 1 g cm=, we estimate that N = 211 and Pesr = 53% under such conditions. Such
values seem to be physically reasonable given the data reported in Table 3.1. Thus the initial
limiting droplet diameter appears to correspond to maximum overall efficiency; i.e. the smallest
possible aqueous droplets coated with all (or almost all) of the nanoparticles present in the

formulation.
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Figure 3.13. Variation in the z-average aqueous droplet diameter with nanoparticle concentration
for w/o Pickering nanoemulsions prepared using PSMAz>-PTFEMAs3 nanoparticles after five
passes through an LV1 microfluidiser. Conditions: water volume fraction = 0.10; 0.11 M NaCl;
applied pressure = 10 000 psi. Errors bars represent standard deviations for the DLS droplet size
distributions, rather than the experimental error associated with repeated measurements.
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A precursor w/o Pickering macroemulsion prepared using 5.0% w/w PSMAz>-PTFEMAs3
nanoparticles was subjected to up to 10 passes through the LV1 microfluidiser at various applied
pressures. The mean droplet diameter was assessed using DLS after 1, 5 and 10 passes (see Figure
3.14). At 5 000 psi, a significant reduction in emulsion droplet diameter was observed between
the first and tenth passes. When the applied pressure was raised to 10 000 psi, the mean droplet
diameter was reduced from 683 + 382 nm to 268 + 95 nm. However, for applied pressures ranging
from 10 000 to 30 000 psi, only rather subtle changes in the mean droplet diameter were observed.
Furthermore, only modest changes in droplet diameter were observed after each pass. In view of
these empirical observations, an applied pressure of 10 000 psi and 5 passes was used to prepare

w/o Pickering nanoemulsions in all subsequent experiments.
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Figure 3.14. Variation in the z-average droplet diameter with applied pressure when preparing
w/o Pickering nanoemulsions using an LV1 microfluidiser with 1, 5 or 10 pass(es). Conditions:
water volume fraction = 0.10; 5.0% w/w PSMAs,-PTFEMAs; nanoparticles; 0.11 M NaCl. Error
bars represent standard deviations for the DLS droplet size distributions rather than the
experimental error associated with repeated measurements. The data shown in the inset are
replotted over a narrower range of droplet diameters for the sake of clarity.
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3.3.3 Characterisation of w/o Pickering Nanoemulsions

A w/o Pickering nanoemulsion was prepared under optimised conditions (10 000 psi, 5
passes, 5.0% w/w PSMAz-PTFEMAs; nanoparticles) to visualise the remnants of dried droplets
(i.e. the remaining nanoparticle superstructure) using TEM and SEM (see Figure 3.16b). As
expected, the number-average droplet diameter of 168 £ 73 nm (estimated from analysis of 50
droplets) is somewhat lower than the z-average diameter reported by DLS (272 + 119 nm). On
close inspection (see inset), it is clear that the spherical nanoparticles have survived the high-
pressure microfluidisation conditions intact. Thus the w/o nanoemulsion is a genuine Pickering
nanoemulsion, rather than simply a nanoemulsion that is stabilised by molecularly-dissolved
diblock copolymer chains acting as a polymeric surfactant. This was not unexpected, because the
PSMA;; and PTFEMAGs; blocks are both hydrophobic, so the diblock copolymer chains do not
possess any amphiphilic character with respect to water. SEM images recorded for the same

nanoemulsion also indicated that spherical aqueous droplets were produced (see Figure 3.15b).

Figure 3.15. (@) TEM image recorded for a dried dilute dispersion of sterically-stabilised
PSMA;z,—PTFEMAs3 nanoparticles. (b) Representative SEM and (inset) TEM images recorded for dried
water-in-n-dodecane Pickering nanoemulsions prepared using 5.0% w/w PSMAz-PTFEMASs3
nanoparticles with 0.11 M NaCl dissolved in the aqueous phase. Conditions: microfluidisation pressure =
10 000 psi; 5 passes.
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To determine the mean thickness of the nanoparticles adsorbed at the surface of the
aqueous droplets, a SAXS pattern was recorded for a freshly-prepared Pickering hanoemulsion
immediately after dilution to 1.0% v/v (Figure 3.16). Following our recent study of the
characterisation of complementary n-dodecane-in-water Pickering nanoemulsions, this SAXS
pattern was analysed using a two-population model. Population 1 is represented by core-shell
spheres, where the core comprises the aqueous droplet and the shell is composed of an adsorbed
monolayer of spherical micelles (see Equation 7.2). The particulate nature of the shell is described
by the spherical micelles with a hard-sphere structure factor™ to account for inter-particle
interactions at the oil-water interface, which corresponds to population 2 (see Equation 7.9). In
order to minimise the number of fitting parameters, the mean micelle core radius Rs and its
associated standard deviation o5 determined by analysis of the nanoparticles alone (Figure 3.6c)
were used and these values were held constant when analysing the SAXS pattern of the Pickering
nanoemulsion using the two-population model. The scattering length density for each component
of the Pickering nanoemulsion [aqueous droplet core (&eore = 9.42 x 10%° cm?), particulate shell
(Gshen = 10.34 x 10 cm?), and the n-dodecane continuous phase (&o = 7.63 x 10%° cm2)] was
calculated based on their respective chemical compositions and mass densities. These three
parameters were also fixed for the subsequent data fit to the SAXS pattern recorded for the
Pickering nanoemulsion, whose structure can be described by the mean core radius R. and its
standard deviation oc, the mean shell thickness Tsnen, and two scaling factors (volume fraction ¢1
for population 1 and volume fraction ¢, for population). Two additional parameters were required
to account for the packing of spherical micelles at the surface of the aqueous droplets: the micelle
interaction radius, Rey, and the effective volume fraction, fpy. These seven parameters were used

to fit the SAXS data.
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Figure 3.16. (a) SAXS pattern (circles) and corresponding data fit (white line) obtained for a
1.0% v/v Pickering nanoemulsion prepared using 5.0% w/w PSMAz,-PTFEMAs3 nanoparticles
and an aqueous phase containing 0.11 M NaCl (pH 6). This nanoemulsion was prepared using
an LV1 microfluidiser at an applied pressure of 10 000 psi for 5 passes. The two-population
core—shell structural model used for the SAXS analysis of this Pickering nanoemulsion
comprises agqueous droplet cores coated with an adsorbed layer of PSMAz2-PTFEMAs3
spherical nanoparticles. (b) Schematic representation of the adsorption of such nanoparticles at
the n-dodecane/water interface. It is assumed that (i) these nanoparticles are adsorbed with an
effective contact angle of 0° and (ii) PSMAs; stabiliser chains in direct contact with the n-
dodecane/water interface are fully collapsed and hence do not contribute to the adsorbed
nanoparticle radius. Thus given that the effective thickness of these adsorbed sterically-
stabilised nanoparticles is given by 2Rs + 2Ry (rather than 2Rs + 4Ry), the approximate effective
sphere radius, Rparicle, 1S given by Rparice = Rs + Rg = 8.2 nm. Experimental values for Rs and Ry
were obtained from SAXS analysis of the PSMAz,—PTFEMAs3 nanoparticles prior to
emulsification, see the main text.
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The shape of the SAXS pattern (Figure 3.16a) is similar to that previously reported in
Chapter 2 for n-dodecane-in-water Pickering nanoemulsions prepared using hydrophilic
PGMAus-PTFEMASs, nanoparticles. Again, three main regions can be discerned: (i) relatively
intense scattering at low q arising from the nanoemulsion droplets (close inspection reveals a
subtle change in the gradient at low g, indicating cross-over from the Guinier region to the Porod
region); (ii) additional scattering intensity at intermediate q corresponding to the nanoparticle
form factor (see Figure 3.6¢); (iii) relatively weak scattering at high g, which is associated with
both scattering from the stabiliser chains forming the micelle corona (as described by the Debye

function within the scattering model).

The two-population model produced a satisfactory fit to the nanoemulsion SAXS pattern
(Figure 3.16a). The lack of a well-defined minimum in the scattering curve suggests that the
aqueous droplets are polydisperse in size, which is consistent with DLS and analytical
centrifugation studies (see Table 3.1, entry e and Table 3.2, entry 3, respectively). A mean droplet
diameter Dsaxs, of 278 = 68 nm was calculated using the two-population model from the core
droplet diameter 2R. and mean shell thickness Tsen (Figure 3.16b). Bearing in mind the limited
resolution at low g, this droplet diameter is in reasonably good agreement with DLS and analytical
centrifugation data (272 £ 119 nm and 341 + 326 nm, respectively). The mean apparent thickness
of the adsorbed layer of nanoparticles Tsen, Obtained for this Pickering nanoemulsion was
approximately 10 nm. Given that the PSMAs, chains in direct contact with the surface of the
aqueous droplets are most likely in their collapsed state, we estimate the effective thickness of an
individual adsorbed nanoparticle to be 16.4 nm (2Rparice = 2Rs + 2Rg) (See Figure 3.16Db).
Moreover, the micelle interaction radius obtained from SAXS analysis (Rey = 20.7 hm) suggests
that the nanoparticles are not in particularly close proximity to their neighbours, which results in
an effective adsorbed layer thickness (Tsnen) that is somewhat lower than the nanoparticle
diameter. Thus the SAXS data are consistent with the formation of a loosely packed monolayer
of adsorbed nanoparticles surrounding each aqueous droplet, as expected for such a Pickering

nanoemulsion.
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3.3.4 Effect of Salt on the Stability of w/o Pickering Nanoemulsions

It is well-known that o/w nanoemulsions undergo droplet growth predominantly via
Ostwald ripening.®® This phenomenon has also been reported for surfactant-stabilised w/o
nanoemulsions.* To investigate the effect of varying the initial salt concentration on the rate of
Ostwald ripening, Pickering nanoemulsions were prepared using zero, 0.11 M or 0.44 M NaCl
dissolved in the aqueous phase. DLS was used to monitor the number-average droplet radius (Rn)
for the aged nanoemulsions. According to Lifshitz, Slyozov® and Wagner® (LSW theory), if the
droplet growth mechanism occurs via Ostwald ripening then a plot of R,2 against time should be
linear (see Equation 1.22). This plot is shown in Figure 3.17a for a w/o Pickering nanoemulsion

prepared in the absence of any added salt.

Two distinct linear regimes are observed, with the rate of droplet growth increasing by an
order of magnitude within 2 h. In contrast, R.®increased linearly over time when the same w/o
nanoemulsion was prepared using either 0.11 M or 0.43 M NaCl, indicating that droplet growth
occurs via Ostwald ripening under such conditions (see Figure 3.17). In each case, the fresh
Pickering w/o nanoemulsion had an initial droplet diameter of approximately 250 nm. This is
important when comparing such data, because the initial droplet diameter (and polydispersity) is
known to affect the rate of Ostwald ripening.2 From the gradients of these linear plots, the Ostwald
ripening rates were calculated to be 147 and 91 nm?®s* for 0.11 M and 0.43 M NaCl, respectively.
Thus using a higher salt concentration leads to a slower rate of Ostwald ripening, as expected.
This is because the salt ions are completely insoluble in the n-dodecane continuous phase and
therefore remain within the aqueous droplets. Thus if water molecules were to diffuse from small
to large droplets, the salt concentration in the former droplets increases, which inevitably leads to
a higher chemical potential. This retards the rate of mass transport of water from small to large
aqueous droplets and explains why the addition of salt reduces the rate of Ostwald ripening of the

aqueous droplets.??’
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Figure 3.17. Variation in the cube of the mean droplet number-average radius (R,) as
determined by DLS over time at 20 °C for aged water-in-n-dodecane Pickering nanoemulsions
prepared either (a) in the absence of NaCl or (b) using 0.11 M or 0.43 M NaCl dissolved in the
aqueous phase prior to emulsification. In the absence of any salt, the growth of R.? exhibits
strongly non-linear behaviour, with a clear breakpoint being observed after 2 h. However, a
relatively linear relationship is observed in the presence of salt, suggesting that droplet growth
under such conditions involves Ostwald ripening.
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Increasing the amount of added NaCl in the aqueous phase prior to high-shear
homogenisation leads to the formation of finer droplets and narrower size distributions. However,
a limiting overall droplet diameter of around 250 nm is obtained at a critical concentration of 0.43
M NaCl. Thus the effect of varying the NaCl concentration can be examined for w/o Pickering

nanoemulsions with essentially the same initial mean droplet diameter.
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Figure 3.18. Effect of varying the aqueous droplet concentration on the apparent droplet diameter
of a water-in-n-dodecane Pickering nanoemulsion as determined by analytical centrifugation
(LUMiSizer instrument). This so-called ‘hindrance’ function indicates that the optimum droplet
concentration for such analyses is approximately 1.0% v/v, with higher concentrations leading to
hindered creaming and hence undersizing.

Analytical centrifugation was used to characterise both fresh and ageing nanoemulsions
prepared using various salt concentrations. As noted by Thompson and co-workers, analytical
centrifugation has a much higher resolution compared to DLS because droplet fractionation
occurs prior to detection.!” However, undersizing can be observed if the droplet concentration is
too high as a result of hindered creaming.t” ® Moreover, using droplet concentrations that are too

low can also be problematic: dilute emulsions scatter light only rather weakly and hence can fall

outside of the optimum range required for the LUMISizer instrument (i.e. below 30 %
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transmission). Given these conflicting requirements, Thompson and co-workers found that a
droplet concentration of 1.0% v/v was optimal.!’” In the present study, the aqueous droplet
concentration (or water volume fraction) used for analytical centrifugation studies was
systemically reduced. As shown in Figure 3.18, this led to a reduction in the apparent
nanoemulsion droplet diameter, with a plateau value being observed at approximately 1.0% v/v.
Analysing more concentrated nanoemulsions leads to a significantly smaller apparent droplet
diameter owing to hindered sedimentation. Therefore, each nanoemulsion was diluted to an
aqueous droplet concentration of 1.0% v/v prior to analytical centrifugation experiments.

Table 3.2. Variation in mean droplet diameter with ageing time as determined by analytical

centrifugation analysis of Pickering nanoemulsions prepared using 5.0% w/w PSMAg-PTFEMAso
diblock copolymer nanoparticles with 0.05 M to 0.43 M NacCl dissolved in the aqueous phase.

NaCl Volume-average droplet diameter by analytical centrifugation / nm
conce/nl;[/llf ation Fresh 1 week 2 weeks 3 weeks 4 weeks
0.43 259 + 154 283 + 220 276 £ 610 225 + 227 229 + 555
0.21 261 +178 297 + 282 325+ 872 342 + 370 247 + 566
0.11 341 + 326 346 £1120 351 + 1036 301 +£537 257 £1128
0.05 463 + 2522 918 + 2395 828 + 4225 522 + 2901 498 £ 2103

Table 3.2 shows the mean volume-average diameters determined by analytical
centrifugation for a series of w/o Pickering nanoemulsions prepared using 0.05 M to 0.43 M NaCl
after ageing for up to 4 weeks at 20 °C. Unimodal droplet size distributions were observed for
three of the four fresh nanoemulsions. The exception was the nanoemulsion prepared using 0.05
M NaCl, which exhibited a bimodal droplet size distribution. However, analysis of the latter fresh
nanoemulsion by DLS indicated a unimodal droplet size distribution. In principle, this apparent
discrepancy may simply reflect the inherently lower resolution of DLS compared to analytical
centrifugation. Alternatively, Ostwald ripening may commence immediately after preparation of
this relatively unstable nanoemulsion, with DLS merely offering a shorter analysis time.
Nevertheless, agueous droplets prepared using 0.05 M NaCl coarsened at a significantly faster
rate relative to that observed for nanoemulsions prepared at higher salt concentrations. In all cases,
both the volume-average droplet diameter and the corresponding polydispersity increased over a

three-week period. However, a lower volume-average droplet diameter was observed after four
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weeks, along with a concomitant increase in polydispersity. An apparent reduction in volume-
average diameter was also reported by Thompson et al. during long-term ageing studies of o/w
Pickering nanoemulsions stabilised by diblock copolymer nanoparticles, which was attributed to

the increasingly skewed nature of the droplet size distribution.t’
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Figure 3.19. Volume-weighted cumulative distributions determined by analytical centrifugation
(LUMiSizer instrument) for n-dodecane-in-water Pickering nanoemulsions prepared using
various amounts of NaCl dissolved in the aqueous phase: (a) fresh nanoemulsions and (b) after
aging for 2 weeks at 20 °C.
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Figure 3.19a shows the volume-average cumulative distributions recorded for each of the
four Pickering nanoemulsions after aging for 2 weeks at 20 °C. The greatest extent of Ostwald
ripening is observed for the nanoemulsion prepared using 0.05 M NaCl, with more than 40% of
the aqueous droplets now exceeding 2 pm diameter. In contrast, fewer than 5% of aqueous
droplets exceed 2 um after the same ageing time if they contained 0.11 M NaCl. Interestingly, no
improvement in droplet stability was observed when using higher salt concentrations. After
ageing for 2 weeks at 20 °C, most nanoemulsions exhibited bimodal droplet size distributions
(see Figure 3.19b). Nanoemulsions prepared using 0.11 M NaCl or higher contain a minor
population of larger droplets exceeding 2 um diameter. For the least stable nanoemulsion prepared
in the presence of 0.05 M NaCl, two approximately equal droplet populations are initially

observed.

After ageing, the population of larger droplets has increased relative to that of the smaller
droplets. Such observations are consistent with an Ostwald ripening mechanism and also account
for the apparent reduction in droplet diameter that is observed after 4 weeks ageing at 20 °C (see
Figure 3.20). Analytical centrifugation studies indicate that a critical NaCl concentration of 0.11
M is required to substantially suppress Ostwald ripening. Using NaCl concentrations greater than
0.11 M provides little improvement in terms of stability. According to Kabalnov, this salt
concentration corresponds to the fraction of insoluble component for which the nanoemulsions
are in their (meta)stable regime (see Equation 3.2).2 More explicitly, the entropy of mixing is
sufficiently negative to overcome the Laplace pressure that drives Ostwald ripening. Over time,
the smaller droplets become enriched with salt, which is entropically less favourable than a

perfectly mixed system, therefore Ostwald ripening is suppressed.
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Figure 3.20. Volume-weighted cumulative distributions determined by analytical centrifugation
(LUMiSizer instrument) for n-dodecane-in-water Pickering nanoemulsions prepared using
various amounts of NaCl dissolved in the aqueous phase) after ageing for 4 weeks at 20 °C.

3.4 Conclusions

RAFT dispersion polymerisation of TFEMA enables the convenient synthesis of sterically-
stabilised PSMA3,—PTFEMAs; spherical nanoparticles of 28 + 6 nm diameter in n-dodecane at
80 °C. Such diblock copolymer nanoparticles have been used as an emulsifier to prepare a water-
in-oil Pickering nanoemulsions for the first time. In the absence of any added salt in the dispersed
aqueous phase, only relatively coarse droplets of more than 600 nm diameter could be produced
via high-pressure microfluidisation. However, increasing the NaCl concentration in the aqueous
phase prior to emulsification led to a systematic reduction in the z-average droplet diameter, as
judged by DLS studies. A limiting aqueous droplet diameter of around 250 nm was obtained when
using 0.11 M NacCl. Furthermore, this droplet diameter could be tuned by varying the applied

pressure and the number of passes through the microfluidiser. Increasing the PSMAz,-PTFEMAs3
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nanoparticle concentration produced finer aqueous droplets, suggesting that such nanoparticles
survive the microfluidisation conditions intact. Furthermore, TEM studies conducted on the dried
droplets indicate that the PSMAsz-PTFEMAGs; nanoparticles retain their original spherical
morphology and adsorb intact at oil-water interface. SAXS studies conducted on such
nanoemulsions confirm the formation of a loosely-packed monolayer of adsorbed nanoparticles
surrounding the aqueous droplets. DLS studies indicate that the long-term stability of the aqueous
droplets is enhanced at higher NaCl concentrations. The cube of the droplet radius of Pickering
nanoemulsions prepared using an aqueous solution containing either 0.11 or 0.43 M NacCl
increased linearly over time, suggesting that droplet growth involves an Ostwald ripening
mechanism. In contrast, when such Pickering nanoemulsion were prepared in the absence of
NaCl, they proved to be significantly less stable. Analytical centrifugation was used to conduct
longer-term stability studies on such nanoemulsions. Ostwald ripening was substantially
suppressed in the presence of 0.05 M NaCl, with volume-average diameters remaining below 300
nm after 4 weeks storage at 20 °C. However, using 0.11 M NaCl led to no discernible

improvement in the nanoemulsion stability.
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Chapter 4: Synthesis of Diblock Copolymer Spheres, Worms and Vesicles via RAFT
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4.1 Introduction

It is well known that water possesses extensive intermolecular forces known as hydrogen
bonds.! The act of dissolution of a solute involves disrupting hydrogen bonds and also forming
new hydrogen bonds. The overall energetic balance dictates the behaviour of the solute. If the
solute is incapable of hydrogen bonding, then it may not be soluble. To maximise the number of
interactions, the water molecules rearrange to form a cage-like structure around each solute
molecule.? * This is known as the hydrophobic effect and is entropically unfavourable.* This
explains why some liquids are immiscible with water; such molecules are characterised as being
hydrophobic. Hydrophobic interactions depend on the temperature, pressure, ionic strength,
solute size, shape, and type.>’ Moreover, the concept of hydrophobicity can be applied to either
a whole molecule or to specific regions within a molecule.® In principle, the hydrophobicity of a
small molecule can be assessed using octanol-water partition coefficients, otherwise known as
Log P.% 1 However, estimating the theoretical hydrophobicity of macromolecules has proven to
be much more challenging,*** although models suggest that hydrophobicity scales with surface

area.?

The self-assembly of amphiphilic diblock copolymers in aqueous solution is driven by the
hydrophobic effect.!* > To minimise interfacial energy, the hydrophobic blocks aggregate
together to form discrete domains that are stabilised by the hydrophilic block. The shape adopted
by the aggregates is related to the amphiphile geometry by the so-called packing parameter P (see
Figure 1.8).18 17 However, this empirical geometric parameter cannot be used to predict the
copolymer morphology because it cannot account for either kinetics or thermodynamics.'® 9
Under equilibrium conditions, the tendency for a diblock copolymer to self-assemble into higher-
order morphologies is expected to be greater for more hydrophobic core-forming blocks.® For
example, Ratcliffe et al. reported that chain extension of a carboxylic acid-functionalised
hydrophilic HOOC-PGMAg, precursor with 2-hydroxyethyl methacrylate (HEMA) led to no self-

assembly at all, which was attributed to the insufficiently hydrophobic character of the PHEMA

148



Chapter 4: Synthesis of Diblock Copolymer Spheres, Worms and Vesicles via RAFT
Aqgueous Emulsion Polymerisation of Hydroxybutyl Methacrylate

block.? However, when HEMA was replaced with the more hydrophobic HPMA then the
resulting PGMA-PHPMA diblock copolymers self-assembled to form the expected range of
copolymer morphologies (i.e. spheres, worms or vesicles). Ratcliffe et al. also briefly examined
the RAFT aqueous emulsion homopolymerisation of HBMA as part of a broader study of the
statistical copolymerisation of HBMA with HEMA.2° However, only kinetically-trapped spheres
were obtained. More specifically, a HOOC-PGMAg, precursor was chain-extended with HBMA
at 70 °C to prepare a series of HOOC-PGMAgs-PHBMA spheres (x = 75 — 500) at around pH 5
- 6. In a subsequent study, Lovett et al. reported that terminal anionic charge introduced into the
steric stabiliser chains via ionisation of carboxylic acid end-groups was sufficient to drive a worm-
to-sphere transition.?! In retrospect, this explains why only kinetically-trapped spheres were

observed by Ratcliffe et al.?°

In principle, RAFT aqueous emulsion polymerisation formulations provide a convenient
surfactant-free route for the synthesis of sterically-stabilised nano-objects with various
morphologies.?>?* In practice, there are many literature examples of such syntheses that are
restricted to kinetically-trapped spheres.?>3* However, in 2017 Cockram et al. reported that the
RAFT aqueous emulsion polymerisation of HBMA using a partially ionised PMAA stabiliser
block at pH 5 produced a new non-spherical ‘monkey nut” morphology.® It was hypothesised that
the relatively high aqueous monomer solubility of HBMA (estimated to be 20 g dm= at the
reaction temperature of 70 °C) allowed more effective plasticisation of the core-forming block
during the polymerisation. In turn, this facilitated sphere-sphere fusion to produce ‘monkey nuts’,
rather than merely kinetically-trapped spheres (see Figure 1.16). Similarly, Hatton et al. explored
the RAFT aqueous emulsion polymerisation of GIlyMA (aqueous solubility ~ 18 - 20 g dm™ at
the reaction temperature of 50 °C)*® using a non-ionic PGMA precursor as a steric stabiliser
block.* 3738 Well-defined diblock copolymer worms or vesicles were obtained when the PGMA
stabiliser block was sufficiently short, which is known to promote access to higher order
morphologies.®*® More recently, Brotherton and co-workers reported the RAFT aqueous

emulsion polymerisation of MOEMA, a third methacrylic monomer with moderate aqueous
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solubility (19.6 g dm™ at the reaction temperature of 70 °C).%° In this case, synchrotron SAXS
was used to monitor the in situ evolution in copolymer morphology from spheres to worms to
vesicles during this aqueous PISA synthesis.*® Interesting, relatively small vesicles were obtained
when targeting a sufficiently asymmetric diblock composition for either PGMA2s-PGIyMA or
PGMA29-PMOEMA (see Figure 4.1).3% %% In fact, SAXS was required to verify the vesicular
nature of such nano-objects since they resisted collapse under ultrahigh vacuum conditions,

leading them to be incorrectly assigned as spheres during preliminary TEM studies.
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Figure 4.1. Representative TEM images recorded for (a) PGMA2s-PGlyMA7s and (b) PGMAs-
PGlyMAs. vesicles.®® 0

O’Reilly and co-workers reported an in silico method to predict novel monomers that are
suitable for RAFT aqueous dispersion polymerisation. More specifically, the variance in Log P
was normalised with respect to the surface area SA as a function of DP for a range of oligomers,
as shown in Figure 4.2. Oligomers with positive Log P/SA values indicate that the monomer
should serve as a suitable core-forming block. The magnitude of Log P/SA also provided an
assessment of the hydrophobic character of the latter. This new approach was used to calculate
the effect of oligomer hydrophobicity on the onset of nucleation during PISA and the final
copolymer morphology. More specifically, a water-soluble PEG113 precursor was chain-extended
(target DP = 100 in each case) using the following five vinyl monomers of increasing Log P/SA
(DAAmM, 3-HPMA, 2-HPMA, 2-HBA and HBMA) under the same experimental conditions.

Kinetic data indicated that a shorter critical core-forming block DP was required to form nascent
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micelles when examining more hydrophobic oligomers. Moreover, oligomers generated from
monomers with higher Log P/SA values resulted in higher-order morphologies compared to
diblock copolymers of the same DP exhibiting lower Log P/SA values. Interestingly, cryo-TEM
studies revealed that the resulting PEG113-PHBMAu0o diblock copolymers possessed a mixture of

worm-like and vesicular morphologies.*®

0.012

0.008

0.004

LogPoct/SA (A?)
o

-0.004

-0.008

-0.012

5 10 15 20 25 30
n-mer

Figure 4.2. Oligomer hydrophobicity as a function of the length of the oligomer. LogPc: values
normalised by surface area SA. Blue region indicates stabiliser blocks and red region indicates
core-forming blocks in agueous PISA.*®

In the current Chapter, the above PGMA-PHBMA formulation is revisited using a
relatively short PGMAu4; precursor to gain access to spheres, worms and vesicles. A pseudo-phase
diagram is constructed to enable the reproducible targeting of pure copolymer morphologies.
Furthermore, monitoring the evolution in copolymer morphology by TEM when targeting
vesicles for this formulation reveals various transient intermediates similar to those observed
during the RAFT aqueous dispersion polymerisation of HPMA by Blanazs et al.** Finally, the
performance of linear PGMA41-PHBMAu1 Vvesicles as a Pickering emulsifier for n-dodecane
droplets is critically compared to that previously reported for the analogous linear PGMAs-

PHPMA 0 VESiC|ES.42
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4.2 Experimental

4.2.1 Materials

Glycerol monomethacrylate (GMA) was kindly donated by GEO Specialty Chemicals
(Hythe, UK) and used without further purification. Hydroxybutyl methacryate (HBMA; 94%
purity; comprising a 1:1 mixture of 4-hydroxybutyl methacrylate and 2-hydroxybutyl
methacrylate) and 4,4'-azobis(4-cyanopentanoic acid) (ACVA; 99%) and tolylene 2,4-
diisocyanate-terminated poly(propylene glycol) (PPG-TDI) were purchased from Sigma-Aldrich
(UK) and were used as received. 2,2'-Azobis[2-(2-imidazolin-2-yl)propane] dihydrochloride
(VA-044; > 97%) and 2-cyano-2-propyl dithiobenzoate (CPDB) were purchased from Strem
Chemicals Ltd. (Cambridge, UK) and used as received. Deuterated methanol (CDs;OD) was
purchased from Goss Scientific Instruments Ltd. (Cheshire, UK). All other solvents were
purchased from Fisher Scientific (Loughborough, UK) and were used as received. Deionised

water was used for all experiments.

4.2.2 Synthesis of a PGMAu41 precursor via RAFT Solution Polymerisation in

Ethanol

A round-bottomed flask was charged with GMA (20.00 g, 0.126 mol), CPDB (0.614 g,
2.22 mmol; target DP = 57), ACVA (0.124 g, 0.444 mmol; CPDB/ACVA molar ratio = 5.0), and
anhydrous ethanol (30.9 g) to afford a 40% w/w solution. The resulting pink solution was purged
with N2 gas for 30 min before the sealed flask was immersed into an oil bath set at 70 °C. After
140 min (70% conversion as judged by *H NMR spectroscopy), the GMA polymerisation was
guenched by immersion of the flask into an ice bath and subsequently exposing the reaction
mixture to air. The crude polymer was then precipitated twice into excess dichloromethane and
washed three times with this solvent before being freeze-dried overnight. 'H NMR studies
indicated a mean degree of polymerisation of 41 via end-group analysis (by comparing the

integrated aromatic RAFT end-group signals at 7.1 — 7.4 ppm to those assigned to the two
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oxymethylene protons at 3.5-4.4 ppm). DMF GPC studies indicated an M, of 13 900 g mol* and

an Mw/M, of 1.18.

4.2.3 Synthesis of PGMA41-PHBMAK Diblock Copolymer Nano-Objects by RAFT

Aqueous Emulsion Polymerisation of HBMA

The following example is representative of the general protocol. PGMA4; precursor (0.149
g, 21.9 ymol), HBMA monomer (0.417 g, 2.63 mmol; target DP = 120), VA-044 initiator (1.77
mg, 52.3 pmol; PGMA1/VA-044 molar ratio = 4.0), and deionised water (5.11 g, 10% wi/w
solids) were added to a 14 mL sample vial. This reaction solution was purged using N2 gas for 30
min at 20 °C prior to immersing the flask into an oil bath set at 50 °C. After 2 h, the HBMA
polymerisation was quenched by exposing the contents of the flask to air, followed by cooling to

ambient temperature.

4.2.4 Preparation of Pickering Emulsions Stabilised by PGMA41-PHBMAA110

Diblock Copolymer Vesicles

n-Dodecane (2.0 ml) was homogenised at 20 °C with a 0.06 — 2.00% w/w aqueous
dispersion of linear PGMA41-PHBMA10 vesicles (2.0 ml) for 2 min at 12 000 rpm using a IKA
Ultra-Turrax T-18 homogeniser equipped with a 10 mm dispersing tool. After appropriate
dilution, the resulting oil droplets were imaged by optical microscopy and their volume-average

droplet diameter was determined by laser diffraction.

4.2.5 Preparation of Colloidosomes Stabilised by PGMA41-PHBMAu110 Diblock

Copolymer Vesicles

PPG-TDI (20.0 g dm) was weighed into a sample vial and then dissolved in n-dodecane
(2.0 ml) prior to homogenisation with 2.0 ml of a 0.25% w/w aqueous dispersion of linear
PGMAu1-PHBMA 10 vesicles for 2 min at 20 °C using a IKA Ultra-Turrax T-18 homogeniser

equipped with a 10 mm dispersing tool operating at 12 000 rpm. The resulting stable milky-white
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emulsion was allowed to stand at 20 °C for several hours to allow the urethane cross-linking

reaction to proceed.

4.2.6 Characterisation

'H NMR spectroscopy

Spectra were recorded in CD3;OD at 20 °C using a Bruker Avance IIl HD 400 MHz

spectrometer with 64 scans being averaged per spectrum.

Gel permeation chromatography (GPC)

Copolymer molecular weight distributions were assessed using the following GPC set-up.
Two Agilent PL gel 5 pm Mixed-C columns and a guard column were connected in series to an
Agilent 1260 Infinity GPC system equipped with both refractive index and UV—vis detectors
(only the refractive index detector was used in the present study) operating at 60 °C. The GPC
eluent was HPLC-grade DMF containing 10 mM LiBr at a flow rate of 1.0 mL min. Calibration
was achieved using a series of ten near-monodisperse PMMA standards (M, ranging from 625 to
618 000 g mol?). Chromatograms were analysed using Agilent GPC/SEC software provided by

the manufacturer.

Dynamic light scattering (DLS)

Hydrodynamic z-average diameters D, and polydispersity indices PDI were determined by
DLS utilising the cumulants method a Malvern Zetasizer NanoZS instrument. All measurements
were performed on 0.10% copolymer dispersions (prepared by dilution using deionised water)

using disposable plastic cuvettes. All data were averaged over three consecutive runs.

Transmission electron microscopy (TEM)

Copper/palladium TEM grids (Agar Scientific, UK) were coated in-house to yield a thin

film of amorphous carbon. The grids were subjected to a plasma glow discharge for 30 s. One
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droplet of each dilute aqueous copolymer dispersion (or aqueous emulsion) (10 uL, 0.1% w/w
copolymer concentration or 0.5% oil droplets, respectively) was placed in turn on a freshly-treated
grid for 1 min and then carefully blotted with filter paper to remove excess solution. To ensure
sufficient electron contrast, a droplet of uranyl formate (10 pL of a 0.75% w/w solution) was
placed on the sample-loaded grid for 20 s and then blotted to remove excess stain. Each grid was
carefully dried using a vacuum hose. Imaging was performed using a FEI Tecnai Spirit 2

microscope operating at 80 Kv and fitted with an Orius SC1000B camera.

Optical Microscopy (OM)

Optical microscopy images of Pickering emulsions were recorded using a Cole-Palmer
compound optical microscope equipped with an LCD tablet display and a Moticam BTW digital

camera.

Laser Diffraction

Each Pickering emulsion was sized by laser diffraction using a Malvern Mastersizer 3000
instrument equipped with a Hydro EV wet sample dispersion unit, a red HeNe laser operating at
633 nm and a LED blue light source operating at 470 nm. The stirring rate was adjusted to 1500
rpm in order to avoid creaming of the emulsion droplets during analysis. After each measurement,
the cell was rinsed once with ethanol and three times with deionised water and the laser was

aligned centrally to the detector prior to data acquisition.

Small Angle X-ray scattering (SAXS)

SAXS patterns were recorded for selected 1.0% w/w aqueous dispersions of PGMAi-
PHBMA\ nano-objects at the European Synchrotron Radiation Facilities (ESRF, station 1D02,
Grenoble, France) using monochromatic X-ray radiation (1 = 0.0995 nm; g range = 0.002 to 0.15
Al where q is the length of the scattering vector and @ is one-half of the scattering angle, such

that g = 4nsinf/4) and a Rayonix MX-170HS CCD detector. A flow-through horizontal capillary
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set-up was used as the sample holder, with a 2.0 mm diameter glass capillary. Scattering data
were reduced using standard routines from the beamline and were further analysed using Irena

SAS macro* for Igor Pro. Water was used for absolute intensity calibration.
4.3 Results and Discussion

4.3.1 Synthesis of PGMA41-PHBMAX Diblock Copolymer Nano-Objects via RAFT

Aqueous Emulsion Polymerisation of HBMA

NCWS
41
oY S

OH
H
0
H,0, 50 °C, N, A~ ~OH
VA-044, CTA/VA-044 = 4
‘ HBMA
NC S
41 X
oo oo S
\KOH
OH

A
N

Increasing PHBMA DP

Figure 4.3. RAFT aqueous emulsion polymerisation of HBMA (N.B. this monomer comprises a
1:1 mixture of the 2- and 4-isomers) using a PGMA.; precursor provides convenient access to
diblock copolymer spheres, worms or vesicles depending on the target degree of polymerisation
x for the PHBMA block.
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A PGMA precursor with a mean DP of 41 was synthesised via RAFT ethanolic solution
polymerisation of GMA using a CPDB at 70 °C, as previously described.*® This PGMA precursor
was then chain-extended via RAFT aqueous emulsion polymerisation of HBMA at 50 °C, as
shown in Figure 4.3. The mean target DP of the core-forming PHBMA block was systematically
varied between 10 and 120 for copolymer concentrations ranging between 5% and 20% w/w.
High HBMA conversions (> 99%) were achieved for all PISA syntheses, as confirmed by H

NMR spectroscopy studies (see Figure 4.4).
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Figure 4.4. Assigned *H NMR spectrum (CDsOD) recorded for a PGMAs-PHBMA2 diblock

copolymer after reaching more than 99 % conversion within 120 min at 50°C. Both isomeric
forms of the HBMA monomer, which are presentina 1:1 molar ratio, are depicted in the chemical
structure.

DMF GPC studies of a series of five PGMA4:-PHBMA, diblock copolymers indicated
relatively narrow, unimodal molecular weight distributions (dispersities ranging from 1.18 to
1.37) and high blocking efficiencies (see Figure 4.5 and Table 4.1). It is worth noting that similar
dispersities (Mw/M, = 1.16 to 1.32 when targeting PHBMA DPs between 75 and 175,
respectively) were reported by Ratcliffe et al. for PGMAg-PHBMA spheres.®® In striking

contrast, Cockram and co-workers obtained dispersities ranging from 1.93 to 6.13 for methylated
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PMAAss-PHBMA, diblock copolymers when targeting PHBMA DPs between 130 and 300,
respectively.® There are several reasons for these differences. Firstly, the batch of HBMA
monomer used in the present study may contain significantly less dimethacrylate impurity than
that used by Cockram and co-workers.*® Secondly, the non-ionic PGMA4;-PHBMA, diblock
copolymer chains prepared herein do not require any methylation prior to GPC analysis, unlike
the anionic PMAA-PHBMA copolymer chains prepared by Cockram and co-workers.® It is
known that in that exhaustive methylation of acidic blocks can introduce GPC artefacts.®® Thirdly,
rather lower PHBMA DPs are required to target spheres, worms and vesicles in the present study,

which should minimise the light branching resulting from any dimethacrylate impurities.*

PGMA,,-PHBMA,, PGMA,,-PHBMA;,
M, = 28 600 g mol'* M, =21300 g mol
M, /M, =1.24 M, /M, =121

PGMA,,-PHBMA,, PGMA,,-PHBMA,,

M, =33 600 g mol! 2N M, = 17 100 g mol!
Mw/Mn - 1-36 / Mw/Mn - 1'18
\ PGMA,,

\
& M, =13 900 g mol™
3 M, /M, =1.18

PGMA,,-PHBMA,
M, = 40 500 g mol! ——
M, /M, =1.37

12 13 14 15 16 17 18
Retention time / min

Figure 4.5. Overlaid DMF GPC traces recorded for a series of five PGMA4:-PHBMAx diblock
copolymers prepared by RAFT aqueous emulsion polymerisation of HBMA (conditions: 10%
wiw, 50 °C, 2 h) for x = 30, 50, 70, 90 and 110. The GPC curve for the PGMAu4; precursor is also
shown as a reference. Molecular weight data are expressed relative to a series of near-
monodisperse PMMA calibration standards.
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Table 4.1. Summary of target DPs, molecular weight data and final copolymer morphology for
the synthesis of PGMA4i-PHBMA diblock copolymer nano-objects at 5 - 20% wi/w solids via
RAFT aqueous emulsion polymerisation of HBMA at 50 °C using a PGMA4; precursor.

Copolymer concentration / % w/w Target HBMA DP aDMF GPC Mn/ g mol! aMw/Mn "Morphology
5 10 15 400 1.14 C
5 20 17 000 1.14 C
5 30 18 200 1.14 S
5 40 19 000 1.19 S
5 50 21000 1.19 S
5 60 23100 1.19 S
5 70 24900 1.25 S
5 75 26 700 1.24 S
5 80 30 700 1.25 S+W+V
5 85 33400 1.28 S+W+V
5 90 33500 131 S+W+V
5 100 34500 1.33 S+W+V
5 110 40 100 1.36 \Y
10 10 15 500 1.15 C
10 20 16 300 1.15 C
10 30 17 100 1.18 S
10 35 19 500 1.18 S+W
10 40 20 000 1.18 S+W
10 50 21 300 1.21 S+W
10 55 22 400 1.24 S+W
10 60 26 200 1.24 S+W
10 65 27 800 1.25 W
10 70 28 600 1.24 W
10 75 29 700 1.28 W +V
10 80 31 300 1.29 W+V
10 85 32900 1.29 W +V
10 90 33 600 1.36 W +V
10 95 34100 1.30 W+V
10 100 36 100 1.34 \Y
10 110 40 500 1.37 \Y
15 20 15 800 1.17 C
15 30 16 900 1.17 S
15 35 18 100 1.17 S+W
15 40 22 300 1.20 S+W
15 45 24 600 1.20 W
15 50 25 000 1.19 W
15 60 27100 1.25 W
15 65 26 600 1.26 W+V
15 70 28 900 1.26 W +V
15 80 33100 1.26 W+V
15 85 33 300 1.27 \Y
15 90 34 800 1.32 \Y
15 100 36 200 1.34 \Y
20 10 14 700 1.16 C
20 20 15 700 1.16 C
20 30 17 100 1.16 S
20 35 18 100 1.18 S+W
20 40 21 200 1.19 S+W
20 45 23 300 1.22 W
20 50 25 200 1.22 W
20 55 25 800 1.25 W
20 60 26 100 1.24 W+V
20 70 27 600 1.24 W+V
20 80 29 300 1.28 W+V
20 85 33100 1.28 V
20 90 34 200 1.32 V
20 100 37100 1.36 \Y

aDetermined by DMF GPC vs. PMMA standards. "Determined by TEM studies of 0.1 % wi/v
aqueous dispersions. C = chains; S = pure spheres; S+W = mixed phase of spheres and worms;
W = pure worms; S+W+V = mixed phase of spheres, worms and vesicles; W+V = mixed phase
of worms and vesicles; and V = pure vesicles.

159



Chapter 4: Synthesis of Diblock Copolymer Spheres, Worms and Vesicles via RAFT
Aqgueous Emulsion Polymerisation of Hydroxybutyl Methacrylate

A pseudo-phase diagram was constructed for a series of PGMA4-PHBMA, diblock

copolymer nano-objects using morphology assignments based on TEM studies (Figure 4.6. and

Figure 4.7.)
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Figure 4.6. Psuedo-phase diagram constructed for a series of PGMA4:-PHBMA, diblock
copolymer nano-objects prepared by RAFT aqueous emulsion polymerisation of HBMA using a
PGMA.; precursor at a copolymer concentration of 5 - 20% w/w [N.B. ‘M’ denotes a mixed phase
comprising spheres, worms and vesicles]. Representative TEM images are shown for PGMA1-
PHBMA, nano-objects prepared at 15% w/w, where x = 30 (spheres), 60 (worms) and 100
(vesicles).
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In general, the nanoparticle morphology depends on the copolymer concentration, with lower
concentrations favouring the formation of spherical nano-objects. For example, the PISA
synthesis of PGMA41-PHBMAGg, at 15% w/w produces a pure worm phase (Figure 4.6b), whereas
targeting the same composition at 5% w/w produces only spheres. The sphere phase is unusually
narrow at copolymer concentrations of 10 - 20% w/w. Furthermore, increasing the copolymer
concentration enables access to worm and vesicle phases even when targeting relatively short
PHBMA blocks. In contrast, for the synthesis of PGMA2s-PMOEMA, nano-objects via RAFT
aqueous emulsion polymerisation, shorter hydrophobic PMOEMA blocks were required to access
vesicles at lower copolymer concentrations.*® In the current study, pure vesicles can be obtained
at each of the copolymer concentrations investigated, even at 5% wi/w. In contrast, pure worms

can only be obtained at a minimum copolymer concentration of 10% wi/w.
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Figure 4.7. Representative TEM images obtained for various diblock copolymer nano-objects
prepared via RAFT aqueous emulsion polymerisation of HBMA at 50 °C: (a) PGMAu;:-
PHBMA. spheres synthesised at 5% w/w, (b) PGMA1-PHBMAGg, spheres, worms and vesicles
synthesised at 5% w/w, (c) PGMA41-PHBMA1qo Vesicles synthesised at 5% w/w, (d) PGMAu1-
PHBMA spheres and worms synthesised at 20% w/w, () PGMA4:-PHBMAg vesicles (plus a
few worms) synthesised at 20% w/w and (f) PGMAi-PHBMA Vesicles synthesised at 20%
wi/w.
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Clearly, the problem of kinetically-trapped spheres that is often encountered for RAFT aqueous
emulsion polymerisation formulations can be overcome by appropriate monomer selection. More
specifically, the water-immiscible monomer (e.g. GlyMA, MOEMA or HBMA) should exhibit
moderate aqueous solubility (~20 g m3).% %0 This ensures enhanced polymer chain mobility
within the growing monomer-swollen nanoparticle cores within the relatively short time scale of
the polymerisation, thus enabling evolution of the copolymer morphology. In this context, it is
perhaps also noteworthy that pure worms and vesicles can be obtained with a somewhat longer
steric stabiliser block (PGMA41) when using HBMA compared to GlyMA (PGMA2g) and

MOEMA (PGMA,), respectively.® 40

SAXS patterns were recorded for 1.0% w/w aqueous dispersions of PGMA41-PHBMA,
spheres, worms and vesicles prepared at 10% wi/w, see Figure 4.8e. This ten-fold dilution ensures
that the structure factor can be assumed to be unity, which simplifies the data analysis.*® The
SAXS pattern obtained for PGMA41-PHBMA3, can be satisfactorily fitted using a spherical
micelle model“® (see Figure 4.8a, Table 4.2, and Equation 7.9 for more details). This approach
enables a volume-average core diameter of 12.2 nm to be calculated. Assuming that the mean
radius of gyration Ry of the PGMAu4: stabiliser chains is 2.2 nm, the overall volume-average
diameter calculated from this fit is 21 nm. Bearing in mind the effect of polydispersity, this is
consistent with the z-average diameter of 25 + 8 nm reported by DLS. Moreover, this scattering
pattern has a low g gradient of approximately zero, which is consistent with the morphology
indicated by TEM studies (Figure 4.6b) and further indicates non-interacting spheres. The SAXS
pattern recorded for PGMA41-PHBMA, diblock copolymer can be fitted using a worm-like
micelle model (see Equation 7.16),* where the low q gradient of approximately -1 (see Figure
4.8b) is consistent with the highly anisotropic worm morphology indicated by the corresponding
TEM image (see Figure 4.6b).*" “ SAXS patterns recorded for PGMA;-PHBMA; and
PGMA1-PHBMA15 could each be fitted using a vesicle model (see Equation 7.22);*° a low g
gradient of approximately —2 was observed in each case, which is consistent with the presence of

bilayers (see Figure 4.8c and 4.8d). These analyses indicated volume-average diameters of 108
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nm and 75 nm, respectively. Given that such small vesicles are much less prone to collapse under
ultrahigh vacuum conditions, this morphology could be incorrectly assigned as spheres based on
TEM analysis alone. Similar observations have been reported for PGMAs-PGlyMA7s and
PGMA,9-PMOEMAGs, vesicles prepared via RAFT aqueous emulsion polymerisation (see Figure
4.1).%.40 Sych situations serve to highlight the value of performing SAXS studies, which readily
enable discrimination between spheres and vesicles. Similar observations have been made for
relatively small vesicles prepared via RAFT aqueous emulsion polymerisation of MOEMA® and

GlyMA

Table 4.2. Structural parameters obtained from SAXS analysis of four 1.0% w/w aqueous
dispersions of PGMA4:-PHBMA diblock copolymer nano-objects using sphere, worm or vesicle
models, where appropriate. Representative parameters are denoted as follows: Vergma is the
volume of the PHBMA block, ¢ is the volume fraction of copolymers forming nano-objects, Rs
represents the mean sphere core volume-average radius, Ry is the mean worm micelle radius, Rm
is the mean radius from the centre of the vesicle to the centre of the membrane, Tn, is the mean
vesicle membrane thickness (i.e. the hydrophobic part of the membrane). Here ox denotes the
standard deviation of the relevant parameter (X = Rs, Rw, Rm Or Tm). Rq represents the radius of
gyration of the PGMA\; stabiliser block, Ds represents the sphere volume-average diameter, Dy
is the worm cross-sectional volume-average diameter and Dy represents the vesicle volume-
average diameter. Xso IS the volume fraction of water within the hydrophobic core/membrane and
Nagg IS the mean aggregation number for each type of nano-object. The volume of the PGMA
block, Veewma, used for fitting these SAXS patterns was 8.23 nm? in all cases.

Tm D
. .
CcIJ3 Igllofr!(er Model used | Verswa | I:cz)slr/FgRS//anm/ I:m " v | B! | Dwor X N
polym for fitting @ / nm3 ¢ w / ORw Rm | OTm | D/ sol agg
Composition nm (nm) | / ol
nm
PGMA ;-
PHBMA S 6.57 0.0004 6.1/0.66 - - 2.20 21.0 0.0008 145
PGMA-
PHBMA w 15.85 0.0010 7.9/0.80 - - 1.98 19.8 0.0003 | 3828
PGMA ;- 437/ 13.8
PHBM A Vv 22.00 | 0.0012 - 76 2/0 176 | 1082 | 003 | 14429
12.2
PGMA- 27.3/
PHBM A0 \Y 25.15 0.0046 - 6.2 2/3 2.09 75.2 0.01 4727

®Where S denotes a spherical micelle model, W denotes a worm model and V denotes a vesicle
model. "When fitted using a spherical micelle model, the sphere volume-average diameter, D,
was calculated using Ds = 2Rs +4Ry. When fitted using a worm model, the worm cross-sectional
volume-average diameter, Dy, was calculated using Dw = 2Rs +4Ry. When fitted using a vesicle
model, the vesicle volume-average diameter, Dy, was calculated using Dy = 2Ry + Tm + 4Ry.
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Figure 4.8. TEM images obtained for (a) PGMA4-PHBMA3 spheres, (b) PGMA4;-PHBMA7o
worms, (c) relatively large PGMA4-PHBMA oo vesicles and (d) relatively small PGMA4i-
PHBMA 5 vesicles. (e) Corresponding SAXS patterns recorded at 1.0% w/w for the same four
copolymer dispersions, which were each originally prepared at 10% w/w. White solid lines show
the data fits obtained for each SAXS pattern using an appropriate spherical micelle, worm-like
micelle or vesicle model. Each low q gradient is consistent with the corresponding TEM image.
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The Kinetics of polymerisation for the RAFT aqueous emulsion polymerisation of HBMA
was assessed at a copolymer concentration of 10% w/w. A PHBMA DP of 120 was targeted and
more than 99% HBMA conversion was achieved within 70 min at 50 °C (see Figure 4.9).
Intermediate conversions were determined by periodically withdrawing small aliquots of the
reaction mixture and quenching the polymerisation in each case, and subsequent analysis by ‘H
NMR spectroscopy and with DLS and TEM studies were also performed on each aliquot. A two-
fold increase in the rate of HBMA polymerisation was observed after around 30 min, which

corresponds to approximately 15% conversion and a PHBMA DP of 18.
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Figure 4.9. (a) Kinetic studies during the synthesis of PGMA1-PHBMA12 vesicles via RAFT
aqueous emulsion polymerisation of HBMA at a copolymer concentration of 10% wi/w:
conversion vs time curve (black circles) and its corresponding semi-logarithmic plot (red
diamonds). Bottom: representative TEM images recorded for intermediate copolymer
morphologies observed after (b) 35 min (23% conversion; PHBMA DP = 28), (c) 40 min (36%
conversion; PHBMA DP =43), and (d) 50 min (81% conversion; PHBMA DP = 97). Each scale
bar =200 nm.
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This rate enhancement is attributed to micellar nucleation, or the point at which the growing
diblock copolymer chains begin to form nascent nuclei. This interpretation is supported by the
substantial increase observed in the scattered light intensity (derived count rate) from 70 to 700
kcps and a DLS diameter of around 20 nm (see Figure 4.10). Similar rate acceleration effects have
been reported for both RAFT dispersion polymerisation** *0and also for other RAFT aqueous
emulsion polymerisation formulations.*> ®* TEM images recorded after 35 min indicate the
presence of spheres and short worms (see Figure 4.9b). A further three-fold rate enhancement was
observed at 40 min (36% conversion). This corresponds to a PHBMA DP of 43, which is
consistent with a sphere/worm mixed phase as indicated by the phase diagram. This suggests that
this second rate acceleration is associated with the formation of worm-like nano-objects. Similar
two-stage rate enhancements are not well-understood but have been recently observed for RAFT
aqueous emulsion polymerisation of MOEMA® and also for RAFT dispersion polymerisations
conducted in non-polar media.*° Finally, the polymerisation proceeds more slowly after 55 min,
presumably owing to the gradual depletion of unreacted HBMA within the monomer-swollen
vesicle membranes. TEM studies conducted during this HBMA polymerisation reveal
intermediate morphologies (e.g. spheres and worms) that are strikingly similar to those observed
during RAFT aqueous dispersion polymerisation of HPMA when targeting vesicles.*! 52 % These
observations suggest that the mechanism for vesicle formation is likely to be the same (or at least
very similar) for RAFT aqueous dispersion polymerisation and RAFT aqueous emulsion

polymerisation.
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Figure 4.10. DLS studies of the evolution in particle diameter during the synthesis of PGMA;-
PHBMA2 vesicles via RAFT aqueous emulsion polymerisation targeting 10% wi/w solids. DLS
diameter data are indicated by black circles while the corresponding derived count rate data are
indicated by red diamonds.

4.3.2 Preparation of Pickering Emulsions Stabilised by Diblock Copolymer

Vesicles

RAFT-mediated PISA enables the design of a wide range of surface-active block
copolymer nano-objects that can stabilise either 0il3* 4> 54 55 or water droplets.®*%® Particular
attention has been paid to vesicles since they were the initial diblock copolymer nano-objects to
be utilised as Pickering emulsifiers.*? 5! |n such study, Thompson et al.** attempted the
preparation of oil-in-water Pickering emulsions using linear PGMAus-PHPMAq Vvesicles.
However, these nano-objects did not withstand the high-shear homogenisation conditions
required to generate the oil droplets, instead in situ dissociation occurred to form individual
diblock copolymer chains.*? Such dissociation was attributed to the weakly hydrophobic nature
of the core-forming PHPMA block. Since these PGMAus-PHPMAq chains were amphiphilic, a

stable emulsion was obtained but it was not a genuine Pickering emulsion.®? To ensure that the
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original vesicle morphology survived homogenisation, a small amount of ethylene glycol
dimethacrylate (EGDMA) crosslinker could be added as a third block to form covalently-
stabilised vesicles.®? Alternatively, PGMAg:-PHPMAss0-PBzMA\ triblock copolymer framboidal
vesicles can be prepared via aqueous PISA, with the third PBzMA block being sufficiently

hydrophobic to prevent in situ dissociation during high shear homogenisation.>®

The aqueous solubility of HPMA monomer is ~100 g dm at 70 °C, whereas that for
HBMA is only ~20 g dm at the same temperature.® On this basis, PHBMA homopolymer is
expected to be significantly more hydrophobic than PHPMA homopolymer, which should in
principle lead to stronger van de Waals interactions between such water-insoluble chains in an
aqueous environment. The scientific question addressed herein is whether these stronger attractive
forces are actually sufficient to enable linear PGMA#u1-PHBMA10 Vvesicles to serve as an

emulsifier for the production of oil-in-water Pickering emulsions via high-shear homogenisation.

n-dodecane

>

homogenisation,
12 000 rpm,
2 min, 20 °C
PGMA,,-PHBMA,,,
diblock copolymer vesicles

Figure 4.11. Schematic preparation of an oil-in-water Pickering emulsion prepared via high-
shear homogenisation of n-dodecane with an equal volume of an aqueous dispersion of linear
PGMA1-PHBMA10 vesicles at 12 000 rpm for 2 min at 20 °C. The copolymer concentration
was systematically varied from 0.063% to 2.00% w/w during such experiments.

To examine this hypothesis, a PHBMA DP of 110 was targeted at a copolymer
concentration of 10% w/w to produce PGMA4#-PHBMAU110 vesicles. These vesicles were then

evaluated as putative Pickering emulsifiers for the stabilisation of n-dodecane droplets in water

for copolymer concentrations ranging from 0.063% to 2.00% w/w. Thus a series of such aqueous
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dispersions of vesicles were homogenised with an equal volume of n-dodecane at 12 000 rpm for

2 min at 20 °C to produce n-dodecane-in-water emulsions, as depicted in Figure 4.11.
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Figure 4.12. Digital photographs obtained for the Pickering emulsions prepared using PGMA4;-
PHBMA 1o vesicles at various copolymer concentrations. (b) Relationship between volume-
average droplet diameter (determined by laser diffraction) and copolymer concentration after
high-shear homogenisation of n-dodecane with aqueous dispersions of PGMA4-PHBMA o
diblock copolymer vesicles of varying concentration. The upturn in droplet size at low copolymer
concentration is consistent with the formation of a series of n-dodecane-in-water Pickering
emulsions. (c) Optical microscopy images recorded for the n-dodecane droplets prepared at
various copolymer concentrations. Emulsification conditions: 12 000 rpm for 2 min at 20 °C.
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Figure 4.12 shows a digital photograph, laser diffraction data and optical microscopy
images obtained for the emulsions produced at various copolymer concentrations. Lowering the
copolymer concentration leads to a reduction in turbidity for the lower aqueous phase because it
contains fewer excess non-adsorbed vesicles. There is a corresponding gradual increase in the
volume-average droplet diameter because using fewer vesicles reduces the total surface area of
the oil phase that can be coated with a monolayer of adsorbed vesicles, which in turn leads to
coarser droplets. This is consistent with the formation of genuine Pickering emulsions and has
been reported by various research groups.*? 8% 6 |n contrast, Thompson and co-workers reported
essentially no change in the mean droplet diameter with copolymer concentration when using
linear PGMAus-PHPMAG3y, vesicles, which is consistent with the in situ break-up of these more

delicate nano-objects during high-shear homogenisation.*2 62

o: ng ‘; 3 :
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Figure 4.13. TEM image obtained for a single dried n-dodecane Pickering droplet prepared using
a 0.25% wi/w aqueous dispersion of PGMA41-PHBMAA110 vesicles. Emulsification conditions:
12 000 rpm for 2 min at 20 °C.
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TEM studies of the dried emulsion droplets (see Figure 4.13) confirmed that linear
PGMAu1-PHBMA10 vesicles do indeed remain intact after high-shear homogenisation. More
specifically, a densely packed monolayer of adsorbed vesicles is observed after evaporation of
both the oil and aqueous phases under the ultrahigh vacuum conditions required for TEM studies.
This residual superstructure provides direct evidence for the formation of genuine Pickering
emulsions. It is perhaps worth emphasising that the difference in chemical structure between the
PHPMA and PHBMA core-forming blocks is rather subtle: the latter possess just one extra
methylene group per monomer repeat unit. Nevertheless, this is sufficient to ensure survival of
PGMA1-PHBMA10 vesicles without requiring a third block for either covalent stabilisation

(PEGDMA) or physical reinforcement via stronger attractive inter-chain forces (PBzMA).#2 5 62

PGMAss-PHPMA350-PEGDMA, cross-linked vesicles have been previously examined by
Thompson et al. for the preparation of colloidosomes.*? This protocol involved using
diisocyanate-capped poly(propylene glycol) (PPG-TDI), which is an oil-soluble polymeric cross-
linker that readily reacts with the hydroxyl groups on the PGMA stabiliser chains (and perhaps
also the PHBMA core-forming chains) to convert the precursor Pickering emulsions into

covalently cross-linked colloidosomes.

o o]
P—OH + OCNMNCO + HO—P —m———— >_N.,WW-N_<
H H
P—O 0—FP

PGMA or PPG-TDI PGMA or
PHBMA cross-linker PHBMA

OCN o] o
>—0(\)\ aﬂ\ = OCN~NCO
(o} N NCO
NH 3a H

Tolylene 2,4-diisocyanate-terminated poly(propylene glycol) (PPG-TDI)

urethane cross-link

Figure 4.14. Chemical structure of the oil-soluble polymeric cross-linker (PPG-TDI) used in this
Chapter (top). Schematic representation of the reaction between the terminal isocyanate groups
on this PPD-TDI crosslinker with the pendent hydroxyl groups (P—OH) on either the PGMA or
PHBMA chains to form urethane cross-links.*?
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In the current study, the preparation of colloidosomes involved homogenisation of a 0.25%
w/w agueous dispersion of linear PGMA41-PHBMA110 vesicles with an equal volume of n-
dodecane containing 20.0 g dm= PPG-TDI cross-linker at 12 000 rpm for 2 min at 20 °C. The
initial Pickering emulsion was allowed to stand at 20 °C for several hours to allow the urethane
cross-linking reaction to proceed (see Figure 4.14). The resulting colloidosomes were imaged
using optical microscopy and TEM (see Figure 4.15a and 4.15c). To evaluate their structural
integrity, these colloidosomes were subjected to an alcohol challenge whereby excess methanol
was added to remove the oil phase prior to TEM studies. As shown in Figure 4.15b, such
colloidosomes were sufficiently cross-linked to withstand this alcohol challenge. However, TEM
studies (see Figure 4.15d) suggest that the vesicles break up to form ill-defined aggregates in the

presence of methanol.

(d) Colloidosome in methanol _

- 5%

Figure 4.15. Representative optical microscopy images recorded for PPG-TDI cross-linked
colloidosomes prepared via high-shear homogenisation (12 000 rpm for 2 min at 20 °C) of a
0.25% wi/w aqueous dispersion of PGMA4:-PHBMA1o vesicles with n-dodecane followed by
dilution using either (a) water or (b) methanol. TEM image recorded for a single colloidosome
after dilution using (c) water or (d) methanol.
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4.4 Conclusions

In summary, a rather subtle change in monomer structure leads to the aqueous solubility of
HBMA being approximately four times lower than that of HPMA, which represents the difference
between aqueous emulsion polymerisation and aqueous dispersion polymerisation, respectively.
Interestingly, chain-extending a non-ionic PGMA; steric stabiliser via RAFT aqueous emulsion
polymerisation of HBMA provides convenient access to diblock copolymer spheres, worms or
vesicles. Thus HBMA exhibits sufficient aqueous solubility to avoid the problem of kinetically-
trapped spheres that is observed for so many RAFT aqueous emulsion polymerisation
formulations. More than 99% HBMA conversion can be achieved within 2 h at 50 °C using a
low-temperature azo initiator, with GPC analysis indicating relatively low dispersities (Mw/M, <
1.37) when targeting PHBMA DPs up to 110. A pseudo-phase diagram was constructed for the
synthesis of PGMA41-PHBMA, nano-objects at copolymer concentrations ranging from 5% to
20% wi/w when targeting x = 10 to 120. Given the observed concentration-dependent copolymer
morphologies and the presence of mixed phases, this systematic approach is essential to ensure
reproducible targeting of pure spheres, worms or vesicles. Pure vesicles could be obtained at just
5% wi/w, whereas pure worms required higher copolymer concentrations. *H NMR spectroscopy
was used to perform kinetic studies when targeting PGMA41-PHBMAu12 vesicles. A significant
rate acceleration was observed at two separate stages, with TEM and DLS studies suggesting that
the first stage heralds the onset of micellar nucleation while the second stage corresponds to the
sphere-to-worm transition. This study provides useful insights regarding the mechanism of vesicle
formation via RAFT aqueous emulsion polymerisation, which appears to be similar to that
reported for RAFT aqueous dispersion polymerisation of HPMA when using essentially the same
non-ionic PGMA stabiliser block. Finally, the Pickering emulsifier performance of linear
PGMAu1-PHBMA110 vesicles was assessed. Laser diffraction and TEM studies suggest that such
vesicles survive intact when exposed to the high-shear conditions required for homogenisation,
unlike the linear PGMAus-PHPMAs Vesicles previously reported by Thompson and co-

workers.*? This is attributed to the greater hydrophobic character of the PHBMA chains, which
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leads to stronger inter-chain attractive forces and hence enables retention of the original vesicle

morphology after emulsification.

4.5 References

w

© N o g &

10.

11.

12.

13.

14.

15.

16.

17.
18.
19.
20.

21.

22.

L. Slade, H. Levine and D. S. Reid, Crit. Rev. Food Sci. Nutr., 1991, 30, 115-360.
D. Chandler, Nature, 2005, 437, 640-647.

H. Schober, H. Itoh, A. Klapproth, V. Chihaia and W. F. Kuhs, Eur. Phys. J. E, 2003, 12,
41-49.

C. Tanford, Science, 1978, 200, 1012-1018.

Q. Sun, Chemical Physics Letters, 2017, 672, 21-25.

N. T. Southall and K. A. Dill, J. Phys. Chem. B, 2000, 104, 1326-1331.

N. T. Southall, K. A. Dill and A. D. J. Haymet, J. Phys. Chem. B, 2002, 106, 521-533.

N. U. Dharmaratne, T. M. M. Jouaneh, M. K. Kiesewetter and R. T. Mathers,
Macromolecules, 2018, 51, 8461-8468.

C. A. Lipinski, F. Lombardo, B. W. Dominy and P. J. Feeney, Adv Drug Deliv Rev, 2001,
46, 3-26.

C. C. Bannan, G. Calabr6, D. Y. Kyu and D. L. Mobley, Journal of Chemical Theory and
Computation, 2016, 12, 4015-4024.

S. Venkatram, C. Kim, A. Chandrasekaran and R. Ramprasad, Journal of Chemical
Information and Modeling, 2019, 59, 4188-4194.

J. C. Foster, 1. Akar, M. C. Grocott, A. K. Pearce, R. T. Mathers and R. K. O’Reilly, ACS
Macro Lett., 2020, 9, 1700-1707.

J. C. Foster, S. Varlas, B. Couturaud, J. R. Jones, R. Keogh, R. T. Mathers and R. K.
O'Reilly, Angew. Chem. Int. Ed., 2018, 57, 15733-15737.

Y. Mai and A. Eisenberg, Chem. Soc. Rev., 2012, 41, 5969-5985.

A. Sanchez-lglesias, M. Grzelczak, T. Altantzis, B. Goris, J. Pérez-Juste, S. Bals, G. Van
Tendeloo, S. H. Donaldson, B. F. Chmelka, J. N. Israelachvili and L. M. Liz-Marzan, ACS
Nano, 2012, 6, 11059-11065.

J. N. Israelachvili, D. J. Mitchell and B. W. Ninham, J. Chem. Soc., Trans., 1976, 72, 1525-
1568.

M. Antonietti and S. Forster, Adv. Mater., 2003, 15, 1323-1333.
H. Cui, Z. Chen, S. Zhong, K. L. Wooley and D. J. Pochan, Science, 2007, 317, 647-650.
Y. Yan, J. Huang and B. Z. Tang, Chem. Commun., 2016, 52, 11870-11884.

L. P. D. Ratcliffe, A. Blanazs, C. N. Williams, S. L. Brown and S. P. Armes, Polym. Chem.,
2014, 5, 3643-3655.

J. R. Lovett, N. J. Warren, L. P. D. Ratcliffe, M. K. Kocik and S. P. Armes, Angew. Chem.
Int. Ed., 2015, 54, 1279-1283.

S. L. Canning, G. N. Smith and S. P. Armes, Macromolecules, 2016, 49, 1985-2001.

174



Chapter 4: Synthesis of Diblock Copolymer Spheres, Worms and Vesicles via RAFT
Aqgueous Emulsion Polymerisation of Hydroxybutyl Methacrylate

23.

24,
25.

26.

27.

28.

29.

30.

31.

32.

33.
34.

35.

36.
37.

38.
39.
40.

41.

42.

43.
44,

45,
46.
47.

B. Charleux, G. Delaittre, J. Rieger and F. D’Agosto, Macromolecules, 2012, 45, 6753-
6765.

X. Dai, L. Yu, Y. Zhang, L. Zhang and J. Tan, Macromolecules, 2019, 52, 7468-7476.

J. Rieger, F. Stoffelbach, C. Bui, D. Alaimo, C. Jérdme and B. Charleux, Macromolecules,
2008, 41, 4065-4068.

J. Rieger, G. Osterwinter, C. Bui, F. Stoffelbach and B. Charleux, Macromolecules, 2009,
42, 5518-5525.

J. Rieger, W. Zhang, F. Stoffelbach and B. Charleux, Macromolecules, 2010, 43, 6302-
6310.

W. Zhang, F. D’ Agosto, O. Boyron, J. Rieger and B. Charleux, Macromolecules, 2011, 44,
7584-7593.

I. Chaduc, M. Girod, R. Antoine, B. Charleux, F. D’Agosto and M. Lansalot,
Macromolecules, 2012, 45, 5881-5893.

V. J. Cunningham, A. M. Alswieleh, K. L. Thompson, M. Williams, G. J. Leggett, S. P.
Armes and O. M. Musa, Macromolecules, 2014, 47, 5613-5623.

N. P. Truong, M. V. Dussert, M. R. Whittaker, J. F. Quinn and T. P. Davis, Polym. Chem.,
2015, 6, 3865-3874.

B. Akpinar, L. A. Fielding, V. J. Cunningham, Y. Ning, O. O. Mykhaylyk, P. W. Fowler
and S. P. Armes, Macromolecules, 2016, 49, 5160-5171.

F. L. Hatton, J. R. Lovett and S. P. Armes, Polym. Chem., 2017, 8, 4856-4868.

O. J. Deane, O. M. Musa, A. Fernyhough and S. P. Armes, Macromolecules, 2020, 53,
1422-1434.

A. A. Cockram, T. J. Neal, M. J. Derry, O. O. Mykhaylyk, N. S. J. Williams, M. W. Murray,
S. N. Emmett and S. P. Armes, Macromolecules, 2017, 50, 796-802.

L. P. D. Ratcliffe, A. J. Ryan and S. P. Armes, Macromolecules, 2013, 46, 769-777.

F. L. Hatton, A. M. Park, Y. Zhang, G. D. Fuchs, C. K. Ober and S. P. Armes, Polym.
Chem., 2019, 10, 194-200.

F. L. Hatton, M. J. Derry and S. P. Armes, Polym. Chem., 2020, 11, 6343-6355.
A. Blanazs, A. J. Ryan and S. P. Armes, Macromolecules, 2012, 45, 5099-5107.

E. E. Brotherton, F. L. Hatton, A. A. Cockram, M. J. Derry, A. Czajka, E. J. Cornel, P. D.
Topham, O. O. Mykhaylyk and S. P. Armes, J. Am. Chem. Soc., 2019, 141, 13664-13675.

A. Blanazs, J. Madsen, G. Battaglia, A. J. Ryan and S. P. Armes, J. Am. Chem. Soc., 2011,
133, 16581-16587.

K. L. Thompson, P. Chambon, R. Verber and S. P. Armes, J. Am. Chem. Soc., 2012, 134,
12450-12453.

J. llavsky and P. R. Jemian, J. Appl. Crystallogr., 2009, 42, 347-353.

I. Bannister, N. C. Billingham, S. P. Armes, S. P. Rannard and P. Findlay, Macromolecules,
2006, 39, 7483-7492.

J. S. Pedersen and C. Svaneborg, Curr. Opin. Colloid Interface Sci., 2002, 7, 158-166.
J. Pedersen, J. Appl. Crystallogr., 2000, 33, 637-640.

A. Blanazs, R. Verber, O. O. Mykhaylyk, A. J. Ryan, J. Z. Heath, C. W. I. Douglas and S.
P. Armes, J. Am. Chem. Soc., 2012, 134, 9741-9748.

175



Chapter 4: Synthesis of Diblock Copolymer Spheres, Worms and Vesicles via RAFT
Aqgueous Emulsion Polymerisation of Hydroxybutyl Methacrylate

48.

49.

50.

51.

52.

53.
54,

55.
56.

57.

58.

59.

60.
61.

62.

63.
64.

V. J. Cunningham, L. P. D. Ratcliffe, A. Blanazs, N. J. Warren, A. J. Smith, O. O.
Mykhaylyk and S. P. Armes, Polym. Chem., 2014, 5, 6307-6317.

J. Bang, S. Jain, Z. Li, T. P. Lodge, J. S. Pedersen, E. Kesselman and Y. Talmon,
Macromolecules, 2006, 39, 1199-1208.

E. J. Cornel, S. van Meurs, T. Smith, P. S. O’Hora and S. P. Armes, J. Am. Chem. Soc.,
2018, 140, 12980-12988.

W. Zhang, F. D'Agosto, P.-Y. Dugas, J. Rieger and B. Charleux, Polymer, 2013, 54, 2011-
2019.

M. J. Derry, L. A. Fielding, N. J. Warren, C. J. Mable, A. J. Smith, O. O. Mykhaylyk and
S. P. Armes, Chem. Sci., 2016, 7, 5078-5090.

A. Czajka and S. P. Armes, Chem. Sci., 2020, 11, 11443-11454.

C. J. Mable, K. L. Thompson, M. J. Derry, O. O. Mykhaylyk, B. P. Binks and S. P. Armes,
Macromolecules, 2016, 49, 7897-7907.

Y. Zhang, L. Yu, X. Dai, L. Zhang and J. Tan, ACS Macro Lett., 2019, 8, 1102-1109.

K. L. Thompson, L. A. Fielding, O. O. Mykhaylyk, J. A. Lane, M. J. Derry and S. P. Armes,
Chem. Sci., 2015, 6, 4207-4214.

K. L. Thompson, C. J. Mable, J. A. Lane, M. J. Derry, L. A. Fielding and S. P. Armes,
Langmuir, 2015, 31, 4137-4144,

M. J. Rymaruk, K. L. Thompson, M. J. Derry, N. J. Warren, L. P. D. Ratcliffe, C. N.
Williams, S. L. Brown and S. P. Armes, Nanoscale, 2016, 8, 14497-14506.

C.J. Mable, N. J. Warren, K. L. Thompson, O. O. Mykhaylyk and S. P. Armes, Chem. Sci.,
2015, 6, 6179-6188.

Q. Xu, Y. Zhang, X. Li, J. He, J. Tan and L. Zhang, Polym. Chem., 2018, 9, 4908-4916.

Z.P.Wang, M. C. M. van Qers, F. Rutjes and J. C. M. van Hest, Angew. Chem. Int. Edit.,
2012, 51, 10746-10750.

K. L. Thompson, C. J. Mable, A. Cockram, N. J. Warren, V. J. Cunningham, E. R. Jones,
R. Verber and S. P. Armes, Soft Matter, 2014, 10, 8615-8626.

R. Aveyard, B. P. Binks and J. H. Clint, Adv. Colloid Interface Sci., 2003, 100, 503-546.
B. P. Binks and C. P. Whitby, Langmuir, 2004, 20, 1130-1137.

176



Chapter 5: Synthesis of Thermoresponsive Diblock Copolymer Nano-Obijects via RAFT
Aqueous Emulsion Polymerisation of Hydroxybutyl Methacrylate

Chapter 5:

Synthesis of Thermoresponsive Diblock
Copolymer Nano-Objects via RAFT
Aqueous Emulsion Polymerisation of

Hydroxybutyl Methacrylate

177



Chapter 5: Synthesis of Thermoresponsive Diblock Copolymer Nano-Obijects via RAFT
Aqueous Emulsion Polymerisation of Hydroxybutyl Methacrylate

5.1 Introduction

It is well-known that PISA enables the convenient and efficient preparation of a wide range
of block copolymer nano-objects in the form of concentrated dispersions.t? In the case of
aqueous PISA formulations, if the vinyl monomer used to grow the hydrophobic second block is
water-miscible this corresponds to an aqueous dispersion polymerisation. 1721 27-% QOn the other
hand, if the monomer is water-immiscible — which is much more common — this corresponds to
an aqueous emulsion polymerisation.®®*" In the PISA literature, there has been substantial interest
in the rational design of aqueous dispersions of thermoresponsive ‘shape-shifting’ diblock
copolymer nano-objects over the past decade.'” 345 In practice, such nano-objects are invariably
prepared via RAFT aqueous dispersion polymerisation.® 449 This is because water-miscible vinyl
monomers such as HPMA, 5058 HBA 345,54 NIPAM?": ! or 2-methoxyethyl acrylate (MEA)?*
81 produce homopolymers that are only weakly hydrophobic. In particular, their degree of
hydration is temperature-dependent, which affects the relative volume fraction of such
hydrophobic blocks.®® 45 This induces a subtle change in the fractional packing parameter P (see
Figure 1.8),° % which is sufficient to drive various morphological transitions for the
corresponding diblock copolymer nano-objects when adjusting the solution temperature. 38 44 4>
54, %5, 6266 For example, Ratcliffe and co-workers reported that a PHPMAC-PHPMA diblock

copolymer formed spheres at 4 °C, worms at 22 °C and vesicles at 50 °C.*

Recently, we have reported three distinct examples of HBA-based thermoresponsive diblock

copolymer of fixed composition that can form spheres, worms or vesicles in aqueous solution simply

by adjusting the solution temperature.®> " %8 Initially, Byard et al. prepared thermoresponsive

PDMACs6-PHBA15-269 diblock copolymer worms via RAFT dispersion polymerisation of HBA at

20% wi/w solids.*® Spheres were formed upon cooling to 3 °C, whereas heating to 50 °C led to the

formation of vesicles. Variable temperature *H NMR studies indicated that the weakly hydrophobic

HBA repeat units became more hydrated at elevated temperature. This is in striking contrast to the

behaviour observed for PHPMA-based diblock copolymers, where the HPMA repeat units become
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less hydrated on heating.3 52-53.60-64 Sy ch behaviour is somewhat counter-intuitive given that HPMA
and HBA are structural isomers. Unfortunately, the relatively low T4 of the PHBA core block led to
film formation, which made it impossible to determine copolymer morphologies via TEM.*
Subsequently, Byard et al. addressed this technical issue by statistically copolymerising HBA with
a crosslinkable DAAM comonomer. Core-crosslinking prevented film formation and hence enabled
TEM studies. However, the presence of 20 mol% DAAM comonomer reduced the thermoresponsive
behaviour exhibited by the HBA-rich structure-directing block. Recently, this problem was overcome
by Deane et al., who prepared PNAEPss-PHBA diblock copolymer nano-objects.® In this case,
glutaraldehyde was employed to covalently stabilise the nanoparticles and hence enable high-quality
TEM images to be obtained without requiring a crosslinkable comonomer to be incorporated within
the structure-directing block (see Figure 5.1). This enabled direct evaluation of the thermoresponsive
behaviour of PNAEPgs-PHBA295 nano-objects. More specifically, raising the temperature drives
morphological transitions from spheres (5 °C) to worms (23 °C) to vesicles (31 °C) and finally

lamellae (41 °C). Moreover, such morphological transitions proved to be fully reversible on cooling.

(a) 11°C (b) 23°C (c)31°C (d) 41°C

Figure 5.1. Representative TEM images obtained for dilute aqueous dispersions of PNAEPgs-
PHBAgs nanoparticles after reacting with glutaraldehyde crosslinker for 24 h at (a) 11 °C, (b) 23
°C, (c) 31 °Cor (d) 41 °C.>

The RAFT aqueous emulsion polymerisation of vinyl monomers such as styrene,%"
MMA, %7 BzMA,™ 7 nBA," 7277 phenyl acrylate,’® VAc®82 or TFEMAZ88 invariably leads to
the formation of block copolymer nano-objects that do not exhibit thermoresponsive behaviour.

Moreover, such formulations often lead to kinetically-trapped spheres as the sole accessible

morphology, although there are a few well-known counter-examples to this restrictive
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paradigm.2% 66 67. 87. 8 Recently, Armes and co-workers have explored the RAFT aqueous
emulsion polymerisation of vinyl monomers such as GlyMA & MEOMA®2 and HBMA?® that
exhibit moderately high aqueous solubilities (~ 15 - 20 g dm®). This has enabled the problem of
Kinetically-trapped spheres to be avoided and hence provide access to well-defined worms and

vesicles, as explored in Chapter 4.

In the present Chapter, we demonstrate that the RAFT aqueous emulsion polymerisation
of HBMA using a trithiocarbonate-capped PEG precursor provides the first example of
thermoresponsive diblock copolymer nano-objects to be prepared using such an aqueous PISA
formulation. Moreover, this system can form spheres, worms or vesicles reversibly in aqueous

solution simply by varying the solution temperature.

5.2 Experimental

5.2.1 Materials

Hydroxybutyl methacrylate (HBMA; 94% purity; comprising a 1:1 mixture of 4-
hydroxybutyl methacrylate and 2-hydroxybutyl methacrylate) was purchased from Sigma-
Aldrich (UK) and used as received. A trithiocarbonate-based poly(ethylene glycol) (PEG4s-TTC)
precursor was prepared and purified as reported elsewhere.®* 2,2'-Azobis[2-(2-imidazolin-2-
yl)propane] dihydrochloride (VA-044; > 97%) was purchased from Strem Chemicals Ltd.
(Cambridge, UK) and used as received. Deuterated methanol (CDs0D) was purchased from Goss
Scientific Instruments Ltd. (Cheshire, UK). All other solvents were purchased from Fisher
Scientific (Loughborough, UK) and were used as received. Deionised water was used for all

experiments.

5.2.2 Synthesis of PEG4s-PHBMA20 Diblock Copolymer Nano-Objects via RAFT

Aqueous Emulsion Polymerisation of HBMA

180



Chapter 5: Synthesis of Thermoresponsive Diblock Copolymer Nano-Obijects via RAFT
Aqueous Emulsion Polymerisation of Hydroxybutyl Methacrylate

A 14 mL glass vial was charged with PEG4s-TTC precursor (0.40 g, 157 umol), HBMA
monomer (0.496 g, 3.13 mmol; target DP = 20), VA-044 initiator (10.1 mg, 31.3 umol,;
PEG41/VA-044 molar ratio = 5.0), and deionised water (8.17 g, 10% w/w solids). This reaction
solution was purged using N2 gas for 30 min at 20 °C prior to immersing the vial into an oil bath
set at 50 °C. After 1 h, the HBMA polymerisation was quenched by exposing the reaction mixture
to air, followed by cooling to ambient temperature. A HBMA conversion of more than 99% was
determined via *H NMR studies (CDsOD). THF GPC studies indicated an M, of 5 900 g mol*

and an Mw/M, of 1.11 (vs. a series of PMMA calibration standards).

5.2.3 Characterisation

'H NMR spectroscopy

Spectra were recorded in CD3;OD at 20 °C using a Bruker Avance Il1 HD 400 MHz
spectrometer with 64 scans being averaged per spectrum. Variable temperature *H NMR spectra
were recorded using a 500 MHz Bruker Avance-500 spectrometer. An outer tube contained a 10%
w/w aqueous dispersion of PEG4s-PHBMA2o nano-objects prepared in D-O and an inner capillary
tube contained the pyridine external standard dissolved in C,D2Cls. Spectra were recorded from
25 °Cto 75 °C at 5 °C intervals with an equilibrium time of 10 min at each temperature with 64

scans being averaged per spectrum.

Gel permeation chromatography (GPC)

THF GPC was used to assess (co)polymer molecular weight distributions. The GPC set-up
comprised two 5 um (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% wi/v butylhydroxytoluene (BHT) with a toluene flow-rate marker at a flow rate of 1.0 mL
min~t . A series of eleven near-monodisperse PMMA standards (M, values ranging from 800 to

988 000 g mol?) were used for calibration.
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Dynamic light scattering (DLS)

The hydrodynamic z-average diameter (D;) and polydispersity index (PDI) were
determined by DLS using a Malvern Zetasizer NanoZS instrument via the cumulants method. All
measurements were performed on 0.10% copolymer dispersions (prepared by dilution using
deionised water) using disposable plastic cuvettes. All data were averaged over three consecutive
runs. The °‘sphere-equivalent’ z-average diameter of diblock copolymer nano-objects was
determined using the Stokes-Einstein equation, which assumes perfectly monodisperse, non-
interacting spheres. For variable temperature DLS studies, 1.0 mL of a 0.10% w/w aqueous
copolymer dispersion in a glass cuvette was heated from 20 °C to 75 °C at 1 °C intervals with 5
min being allowed for thermal equilibration at each temperature, followed by cooling from 75 °C
to 20 °C using the same protocol. The hydrodynamic z-average diameter was determined at each

temperature by averaging data over three consecutive runs.

Transmission electron microscopy (TEM)

Copper/palladium TEM grids (Agar Scientific, UK) were coated in-house to yield a thin
film of amorphous carbon and then subjected to a plasma glow discharge for 30 s. One 10 uL
droplet of each 0.10% w/w aqueous copolymer dispersion was placed in turn on a freshly-treated
grid for 1 min and then carefully blotted with filter paper to remove excess solution. To ensure
sufficient electron contrast, a 10 uL droplet of a 0.75% w/w aqueous uranyl formate solution was
placed on the sample-loaded grid for 20 s and then blotted to remove excess stain. Each grid was
carefully dried using a vacuum hose. Imaging was performed using a FEI Tecnai Spirit 2

microscope operating at 80 kV and equipped with an Orius SC1000B camera.

Oscillatory Rheology

An AR-G2 rheometer (TA Instruments, Delaware, USA) equipped with a variable-
temperature PeltAier plate and a 40 ml 2° aluminium cone was used for all experiments.

Temperature sweeps were conducted using a constant percentage strain of 1.0% and a constant
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angular frequency of 1.0 rad s, Prior to the temperature sweep, the 10% w/w PEG4s-PHBMAo
aqueous copolymer dispersion was equilibrated at 20 °C for 5 min. Thermal cycles were

conducted between 20 °C and 75 °C at 1 °C intervals.

Shear-induced polarised light imaging (SIPLI).

Polarised light images were recorded at various temperatures using a Physica MCR301
mechano-optical rheometer (Anton Paar, Graz, Austria) equipped with a SIPLI attachment and
variable temperature Peltier (bottom plate and hood) heaters. A detailed description of this
instrument can be found elsewhere.®* % A plate—plate geometry consisting of a 25 mm polished
steel plate fixture and a fused quartz bottom plate with a fixed gap of 1.0 mm was used for these
experiments. The angle between the polariser and analyser was 90° and polarised light images
were recorded under shear using a colour CCD camera (Lumenera Lul65c) from 20 °C to 75 °C
at a ramp rate of 1 °C min for an 10% w/w aqueous dispersion of PEG.s-PHBMA2, hano-objects.

A maximum (sample edge) shear rate of 1.0 s * was applied for 250 s in each case.

Small Angle X-ray scattering (SAXS)

SAXS experiments were conducted on 1.0% w/w aqueous dispersion of PEGs-PHBMA
nano-objects at the European Synchrotron Radiation Facilities (ESRF, station 1D02, Grenoble,
France) using monochromatic X-ray radiation (2 = 0.0995 nm; g range = 0.002 to 0.15 A, where
g is the length of the scattering vector and @ is one-half of the scattering angle, such that q =
4msind/2) and a Eiger2 4M two-dimensional detector (Dectris, Switzerland). A glass capillary of
1.4 mm diameter was used as a sample holder and the temperature was controlled using a
heating/cooling capillary holding stage (Linkam Scientific Instruments Ltd., Tadworth, UK).
Measurements were conducted on a 1.0% w/w aqueous dispersion of PEGss-PHBMA, hano-
objects. Scattering patterns were recorded from 20 °C to 75 °C at a heating rate of 1 °C min™.
Scattering data were reduced using standard routines provided by the beamline and were further

analysed using Irena SAS macro for Igor Pro.%
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5.3 Results and Discussion

5.3.1 RAFT Aqueous Emulsion Polymerisation of HBMA Using a PEGss-TTC

Precursor

PEG.s-PHBMA diblock copolymer nano-objects were synthesised by RAFT agueous
emulsion polymerisation of HBMA using a previously reported trithiocarbonate-based PEGas-
TTC precursor,® as shown in Figure 5.2. These syntheses were performed using an azo-based
VA-044 initiator at 50 °C using a PEG4s-TTC/initiator molar ratio of 5.0 and targeting 10% w/w

copolymer concentration.

O
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Figure 5.2. RAFT aqueous emulsion polymerisation of HBMA (N.B. this monomer comprises a
11:1 mixture of the 2- and 4-isomers; both of the isomers are depicted here) using a
trithiocarbonate-based PEG.s-TTC precursor.

184



Chapter 5: Synthesis of Thermoresponsive Diblock Copolymer Nano-Obijects via RAFT
Aqueous Emulsion Polymerisation of Hydroxybutyl Methacrylate

'H NMR spectroscopy studies of PEG.s-PHBMAZ molecularly dissolved in CDsOD confirmed

that a HBMA conversion of more than 99% was achieved within 1 h at 50 °C (see Figure 5.3).

- 0 a b g h
1\ \ONOMNWStat‘f/STS\/\Ph
H,0 n 45 H NC 20 §
TN 070 0o
oo
I
f-e OH
m,n OH k
> cp,HoD
b,h,j,k
c,fil —
N eaaa N
6 5 4 3 2 1 0

o/ ppm

Figure 5.3. Assigned *H NMR spectrum (CDsOD) recorded for a PGMAs-PHBMA, diblock
copolymer obtained via RAFT aqueous emulsion polymerisation of HBMA after more than 99%
conversion within 60 min at 50°C. Both isomeric forms of the HBMA repeat units (which are
present in a 1:1 molar ratio) are depicted in the chemical structure.

THF GPC analysis of the PEGs-PHBMA diblock copolymer is shown in Figure 5.4.
The GPC trace for this copolymer was shifted relative to its PEGss-TTC precursor, which
indicates a relatively high blocking efficiency and minimal homopolymer contamination.
Moreover, a relatively narrow molecular weight distribution was obtained (Mw/M, = 1.11). As
discussed in Chapter 4, the My, and the M./M, increase as higher DPs of PHBMA are targeted.>*
% This is due to the presence of dimethacrylate impurities in the HBMA monomer, which leads
to branching and light cross-linking.*” In the previous Chapter, the target DPs were comparatively
lower than Cockram et al. and therefore the polydispersities of the final copolymers were lower.%
In the current Chapter, for a HPBMA target DP of 20, an Mw/M, of 1.11 was obtained. This value

is consistent with the GPC data obtained PGMA-PHBMA diblock copolymers reported in Chapter

4 and previously reported by Ratcliffe et al.>
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Figure 5.4. Overlaid THF GPC traces recorded for a PEG4s-TTC precursor (black trace) and the
corresponding PEGss-PHBMA diblock copolymer (red trace) prepared by RAFT agueous
emulsion polymerisation of HBMA (conditions: 10% w/w, 50 °C for 1 h). Molecular weight data
are expressed relative to a series of near-monodisperse poly(methyl methacrylate) calibration

standards.

The final 10% w/w aqueous dispersion of PEG4s-PHBMA4 nano-objects was a transparent
free-flowing fluid at 20 °C. This was not unexpected since the relatively short target PHBMA DP
should favour the formation of spheres. Indeed, TEM studies confirmed that this diblock
copolymer possessed a relatively well-defined spherical morphology (see Figure 5.6a) while DLS

studies indicated the formation of nano-objects with a hydrodynamic z-average diameter of 17

nm (PDI = 0.09).

5.3.2 Characterisation of Thermoresponsive PEG41-PHBMA20 Diblock Copolymer

Nano-Objects

Initially, the 10% w/w PEG4s-PHBMA, dispersion was highly viscous on quenching the
polymerisation of HBMA at 50 °C. However, a free-flowing dispersion was obtained on cooling

to 20 °C (see Figure 5.5). This physical transformation indicated that the PEGs-PHBMA, nano-
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objects may possess thermoresponsive character. To further explore the effect of temperature on
its visual appearance, this 10% w/w dispersion was immersed in an oil bath and heated to 25 °C,
55 °C or 65 °C for 10 min while recording digital photographs. On heating to 55 °C, a transparent
free-standing gel was obtained. On further heating to 65 °C, degelation occurred to produce a
free-flowing transparent dispersion. Such transformations were fully reversible as judged by

visual inspection.
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Figure 5.5. Digital images (left) illustrating the physical appearance of a 10% w/w PEGus-
PHBMA aqueous dispersion: (top) at 25 °C, (middle) on heating to 55 °C for 10 min and
(bottom) on heating to 65 °C for 10 min. Schematic representation (right) of the likely
thermoreversible morphological transitions exhibited by these diblock copolymer nano-objects.
Thermally-driven transitions are often associated with a change in copolymer
morphology.® To examine whether this was the case for this diblock copolymer system, TEM
studies were performed from 25 °C to 75 °C. Unlike previously reported temperature-dependent

studies on PHBA-based diblock copolymers,*® the PEG4s-PHBMAy, diblock copolymer studied

herein does not require covalent stabilisation prior to visualisation by TEM. This is because the
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methacrylic block has a sufficiently high Ty to prevent film formation during TEM grid
preparation. Hence the PEG4s-PHBMAo nano-objects can be analysed directly without covalent
stabilisation.> TEM studies confirm that PEG.s-PHBMA,o undergoes morphological transitions
that resemble those reported for PHBA-based diblock copolymers.®> 5" %8 This is perhaps
surprising given the significantly greater hydrophobic character of the PHBMA block. More
specifically, TEM studies confirmed that PEGs-PHBMA, forms spheres at 25 °C, anisotropic
worms at 55 °C, vesicles at 65 °C and lamellae at 75 °C (see Figure 5.6). One key difference
between the PHBA- and PHBMA-based diblock copolymers is the preferred morphology at
ambient temperature. For example, Deane et al. reported that PNAEPss-PHBA2gs diblock
copolymer worms undergo a worm-to-sphere on cooling to 5 °C, whereas on heating to 34 °C
they undergo a worm-to-vesicle transition. In contrast, PEGss-PHBMA, forms spheres at
ambient temperature, which undergo a sphere-to-worm and a worm-to-vesicle transition on
heating up to 70 °C. Therefore, both diblock copolymers undergo the same thermal transitions,
but higher onset temperatures are required to generate worms and vesicles in the case of PEGus-
PHBMA.

4 (b) 55 °C §

SR sne il

(d) 75°C

200 nm

Figure 5.6. Representative TEM images obtained for a 0.1% w/w aqueous dispersion of PEGas-
PHBMAy at (a) 25 °C or after heating for 30 min to (b) 55 °C, (c) 65 °C or (d) 75 °C.
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DLS was used to determine the sphere-equivalent z-average diameter for a 0.10% w/w
aqueous dispersion of PEG4s-PHBMA nano-objects during a thermal cycle from 20 °C to 75 °C
to 20 °C (Figure 5.7). Initially, this dispersion comprises relatively small spheres (17 nm diameter,
PDI = 0.09). At 44 °C, the z-average diameter and DLS polydispersity both begin to increase
rapidly, which are characteristic features of a sphere-to-worm transition.** % A dramatic increase
in size and a concomitant reduction in DLS polydispersity occurs above 60 °C, suggesting the
formation of relatively small and well-defined vesicles (z-average diameter = 117 nm, DLS
polydispersity = 0.05). Very similar z-average diameters were recorded during the cooling cycle,

which indicates good thermoreversibility even at this relatively low copolymer concentration.
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Figure 5.7. Apparent sphere-equivalent z-average diameter determined by DLS as a function of
temperature for a 0.1% w/w dispersion of PEGs-PHBMA,, nano-objects. The red data represents
the heating cycle from 20 °C to 75 °C. The blue data represents the cooling cycle from 75 °C to
20 °C. The dispersion was equilibrated at each temperature for 5 min prior to DLS measurements.
The black dashed lines indicate the likely phase boundaries for the three copolymer morphologies
(spheres, worms and vesicles).

Small-angle X-ray scattering (SAXS) studies were conducted on a 1.0% w/w agqueous

dispersion of PEG4s-PHBMA nano-objects as a function of temperature. Figure 5.8 shows a
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series of plots of the scattered X-ray intensity I1(g) against g recorded for such nano-objects from

20 °C to 70 °C at a heating rate of 1 °C min.

Vesicles
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0.01 0.1
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Figure 5.8. SAXS patterns recorded for a 1.0% w/w aqueous dispersion of thermoresponsive
PEG.s-PHBMA, nano-objects between 20 °C and 70 °C using a heating rate of 1 °C min. The
horizontal dashed lines indicate the characteristic low g gradients (0, —1 and —-2), which are
indicative of the presence of spheres, worms and vesicles, respectively.

In each case, the gradient in the low q region is characteristic of the predominant copolymer
morphology, see Figure 5.9.1%° The low q gradient is close to zero at 20 - 40 °C, suggesting the
presence of spheres over this temperature range. At around 50 °C, the low g gradient tends
toward —1, indicating the formation of highly anisotropic worms. At around 65 °C, the low g

gradient is close to —2, which is characteristic of bilayer (or vesicle) formation. At 70 °C, the

broad structure factor observed at around 0.024 A indicates the presence of stacked lamellae
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sheets.* These SAXS observations are broadly consistent with the copolymer morphologies

observed by TEM.
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Figure 5.9. Variation in the low q gradient (0.006 < g < 0.015 A of the SAXS patterns shown
in Figure 5.8. as a function of temperature. The horizontal dashed lines indicate the characteristic
low g gradients (0, —1 and —2), which are indicative of the presence of spheres, worms and
vesicles, respectively.

Figure 5.10 shows selected SAXS patterns recorded at 20, 55, 65 and 70 °C that could be
satisfactorily fitted using well-known scattering models (see Chapter 7 for more information).1%*
105 In each case, the dimensions calculated from these SAXS fits were consistent with those
determined by DLS and TEM (see Table 5.1). SAXS analysis of the spheres formed at 20 °C
indicated a volume-average core diameter of 13.8 nm, which is consistent with the z-average
diameter of 17.6 nm indicated by DLS. For the anisotropic worms at 55 °C, the core cross-section

diameter T, was calculated to be 11.5 nm, which is in good agreement with the number-average

worm width estimated by TEM (11.2 = 1.9 nm).
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Figure 5.10. Representative double-logarithmic plots of SAXS patterns recorded for a 1.0 % w/w
aqueous dispersion of thermoresponsive PEG4s-PHBMA nano-objects at 20 °C (black), 50 °C
(blue), 65 °C (green) and 70 °C (red). The solid white line within each pattern indicates the data
fits obtained using appropriate scattering models.'® 12 The characteristic low g gradients
expected for spheres, worms and vesicles (0, —1 and -2, respectively) are included as a guide for
the eye. The mean distance, d, between the stacked lamellae was calculated from the diffraction
peak labelled g* using the equation shown in the inset.*

The gradual increase in the DLS diameter at around 40 °C (see Figure 5.7) indicates that the
formation of these PEGss-PHBMA, worms involves stochastic 1D fusion of multiple spheres,
which has been observed for other PISA formulations.?> 52 1% In principle, a small reduction in
cross-sectional radius is expected when a worm is formed from the fusion of multiple spheres.>
This can be rationalised by the change in cross-sectional core radius associated with a sphere-to-

cylinder (or worm) transition, while maintaining constant core volume (see Figure 5.11).% Under

such circumstances, the worm core radius divided by the sphere core radius is equal to
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f2/3 or = 0.82. There is good agreement for the worm/sphere radius ratio of ~0.83 calculated

for the PEG4s-PHBMAo nano-objects. At 65 °C, SAXS analysis indicated that relatively small
vesicles were formed with a volume-average diameter of 119 nm and a mean hydrophobic
membrane thickness of 5.5 nm; the former value is consistent with the z-average diameter of 117
nm reported by DLS. The membrane thickness indicates significant interdigitation of the
structure-directing hydrophobic chains,' which has been observed for thermoresponsive PHBA-
based nano-objects.*> 5 %8 Finally, a relatively broad diffraction peak (q"= 0.024 A) is visible at
75 °C, which suggests the presence of lamellar sheets.*® This is consistent with TEM studies of
the nano-objects that are formed at 75 °C (see Figure 5.6d). From the SAXS pattern, the mean
inter-sheet stacking distance was estimated to be 26 nm from the position of the diffraction peak

using the equation d = 2z /g*.*
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Figure 5.11. (a) Mean core-cross sectional radius for a sphere and cylinder of the same core
volume. (b) Reduction in mean cross-sectional radius associated with a sphere-to-worm
transition while maintaining a constant core volume.

SAXS analysis indicated that the water volume fraction of associated with the core-forming
PHBMA block xso remained constant at 0.001 on heating from 20 °C to 50 °C (see Table 5.1).
However, on heating further to 65 °C, Xsoi increased significantly to 0.18. This perhaps surprising
given that PHBMA block is relatively hydrophobic. Subtle increases in the hydration of core-
forming block have previously been shown to be responsible for a thermally-driven

morphological transitions observed for block copolymer nano-objects prepared via RAFT
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aqueous dispersion polymerisation.3 > For example, Deane et al. calculated that Xso associated
with HBA repeat units within the PHBA core of PEG113-PHBA260 hano-objects increased from
0.10 to 0.68 on heating on heating from 10 °C to 50 °C.%® These xsi Values are consistent with
those calculated for PEGs-PHBMAZ20 nano-objects in this Chapter, since PHBA is significantly
more hydrophilic than PHBMA.*® Therefore, PHBMA is expected to have less tendency to
become hydrated than PHBA. Nevertheless, the increase in hydration of the PHBMA core-
forming block on heating seems to be sufficient to drive morphological transitions.

Table 5.1. Summary of the various structural parameters calculated from SAXS analysis of a
1.0% w/w aqueous dispersion of PEG4s-PHBMAy hano-objects at 20, 50 or 65 °C.

Temperature / °C | Morphology Ds/nm? Dw/nm?® Dv/nm¢ Tm/nm Xsol
20 Spheres 13.8+2.2 - - - 0.001
55 Worms - 115+20 - - 0.001
65 Vesicles - - 119+46 | 10.7+0.6 | 0.18

®When fitted using a spherical micelle model, the sphere volume-average diameter, Ds, was
calculated using Ds = 2Rs +4Rg. "When fitted using a worm model, the worm cross-sectional
volume-average diameter Dy, was calculated using Dw = 2R +4Ry. “When fitted using a vesicle
model, the vesicle volume-average diameter Dy, was calculated using Dy = 2Rm + Tm + 4Rg. Rs
represents the mean sphere core volume-average radius; Ry is the mean worm micelle radius; Rm
is the mean radius from the centre of the vesicle to the centre of the membrane; Tr, is the mean
vesicle membrane thickness; Ry represents the radius of gyration of the PEGas stabiliser block;
Xsol 1S the volume fraction of water within the hydrophobic core/membrane.

Oscillatory rheological studies conducted on a 10% w/w aqueous dispersion of PEGus-
PHBMA, nano-objects confirmed that a low-viscosity fluid was obtained between 20 °C and 50
°C. Further heating of this dispersion resulted in a soft, highly transparent, free-standing gel. More
specifically, the storage modulus (G’) exceeds the loss modulus (G’”) at around 52 °C and a
maximum G’ value of around 45 Pa is attained at 58 °C (see Figure 5.12). According to Lovett
and co-workers, such macroscopic gelation is the result of multiple inter-worm contacts, which
leads to the formation of a 3D percolating network.'% It is perhaps noteworthy that this PEGas-
PHBMA2 worm gel is significantly weaker than the PEG113-PHPMA220 worm gel reported by
Warren et al.® (G> = 65 Pa at 11°C). However, a comparison between the PEGss-PHBMA2

worms reported herein and the previously reported PEGi13-based worms is problematic given the

different PEG stabiliser block lengths. This is in also part because the former worms are produced
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on heating spheres to around 50 °C, whereas the latter worms are observed at lower temperatures.
Furthermore, the PHBMA-based worms require a much shorter core-forming block to access a
worm morphology because PHBMA is significantly more hydrophobic than either PHBA or
PHBMA. Warming the PEGss-PHBMA, dispersion above 58 °C resulted in a significant
reduction in viscosity, suggesting a worm-to-vesicle transition.*s 1% Heating to 75 °C led to a
second, smaller increase in viscosity, which is likely to correspond to the formation of lamellae.*
These thermal transitions proved to be remarkably reversible, with relatively little hysteresis

being observed at heating/cooling rates of 1 °C min™=.
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Figure 5.12. Complex viscosity m*| as a function of temperature for a 20 °C to 75 °C to 20 °C
thermal cycle obtained for a 10% wi/w aqueous dispersion of PEG4s-PHBMA» nano-objects at an
applied strain of 1.0% and an angular frequency of 1.0 rad s™*. The dispersion was equilibrated at
20 °C for 10 min prior to a thermal cycle conducted at 1 °C min. The black dashed lines indicate
the sol—gel and gel-sol transitions that occur during this cycle.

Shear-induced polarised light imaging (SIPLI) studies were conducted from 20 °C to 75
°C to provide further evidence for the thermally-induced changes in copolymer morphology.

According to Mykhayklyk and co-workers, this optorheological technique enables the alignment

of anisotropic nano-objects such as block copolymer worms and lamellae to be visualised at a
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certain critical rate of applied shear.®* ® 197 At 20 °C, only a dark image was observed for the
10% wi/w aqueous dispersion of PEG4s-PHBMA2 nano-objects at an applied shear rate of 1.0 s

(see Figure 5.13).

Figure 5.13. Shear-induced polarised light images (SIPLI) obtained for a 10% w/w aqueous
dispersion of PEGus-PHBMA, nano-objects at an applied shear rate of 1.0 s during a
temperature ramp experiment conducted at a heating rate of 1.0 °C min™'. The initial dark image
recorded at 25 °C is consistent with the presence of isotropic spheres. In contrast, the highly
anisotropic worms formed at 60 °C exhibit a characteristic Maltese cross owing to birefringence
caused by their alignment in the direction of shear flow. This distinctive feature disappears at 63
°C, indicating the formation of isotropic vesicles. A second, weaker Maltese cross is observed at
70 °C, which is consistent with the presence of anisotropic lamellae (platelets).

This indicates the presence of non-birefringent isotropic spheres. At 60 °C, a Maltese cross is
observed, which is characteristic of anisotropic worm-like nano-objects.®? 1% This feature is the
result of birefringence produced by in situ shear alignment of anisotropic nano-objects.®® It
disappears above 60 °C, which is consistent with a worm-to-vesicle transition, while a new, albeit
weaker Maltese cross is observed at 70 °C. The latter feature indicates the presence of anisotropic
lamellae that have either a perpendicular or transverse orientation, with the lamellar normal

parallel to the neutral or velocity direction of the flow, respectively. However, the onset
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temperature required to produce lamellae is lower than that indicated by the oscillatory rheology
data shown in Figure 5.12. This is because the applied (continuous) shear is greater in SIPLI,

which promotes the transition from vesicles to lamellae.*
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Figure 5.14. Variable temperature *H NMR studies of thermoresponsive PEGss-PHBMA2o
diblock copolymer nano-objects. (a) Chemical structure of the PEGas-PHBMA, diblock
copolymer showing both the 2- and 4-isomers as HBMA repeat units and the pyridine external
standard. (b) Normalised (relative to pyridine) *H NMR spectra recorded from 25 °C to 75 °C for
a 10% w/w aqueous dispersion of PEGs-PHBMA 2o nano-objects prepared in D20. (c) Overlaid
partial spectra recorded between 25 °C (purple) and 75 °C (red) for the oxymethylene protons
(m,n) assigned to the PEG4s chains. This signal clearly becomes broader and weaker at higher
temperatures, suggesting that the stabiliser block becomes less hydrated. (d) Overlaid partial
spectra recorded between 25 °C (purple) and 75 °C (red). The signal at around 0.95-1.15 ppm
assigned to the methacrylic backbone protons (b,h,j,k) of the PHBMA block becomes visible at
higher temperatures, indicating partial solvation of the PHBMA block. In addition, a broad signal
at around 3.70-3.75 ppm can be observed as a shoulder on the oxymethylene protons (m,n)
assigned to the PEGas chains at or above 65 °C. This new signal is assigned to the HO-CH,-
protons (f,1) of the HBMA repeat units.
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Variable temperature 'H NMR spectroscopy studies were conducted to examine the
molecular mechanism driving the thermoresponsive behaviour observed for PEGss-PHBMAZo
nano-objects. A subtle change in the degree of hydration of the core-forming block has been
shown to be responsible for the ‘shape-shifting’ behaviour exhibited by various thermoresponsive
block copolymers prepared by RAFT aqueous dispersion polymerisation.®® 44 45 For example,
thermoresponsive PHPMA-based worms undergo a worm-to-sphere transition on cooling owing
to the hydration of the HPMA repeat units close to the block junction.®® 4 This ‘LCST-like’
behaviour has been described as surface plasticisation. In contrast, PHBA-based nano-objects
exhibit ‘UCST-like’ behaviour: an increase in (partial) solvation of the hydrophobic block occurs

on heating, which corresponds to uniform plasticisation.*

Variable temperature *H NMR spectroscopy studies were conducted between 20 and 75 °C
on a 10% w/w aqueous dispersion of PEG4s-PHBMA, nano-objects prepared in D,O. The full tH
NMR spectra normalised relative to an external standard (pyridine) are shown overleaf in Figure
5.14, along with partial spectra highlighting regions of particular interest. *H NMR signals
assigned to the PEG4s stabiliser chains become broader and less prominent at higher temperature,
indicating a progressively lower degree of hydration for this water-soluble block. In contrast, *H
NMR signals assigned to the oxymethylene and methacrylic backbone signals of the structure-
directing PHBMA chains at around 3.7 ppm and 1.0 ppm respectively become progressively more
intense on heating (see Figures 5.14c and d). This indicates that this weakly hydrophobic block
becomes more hydrated, particularly at higher temperatures. Interestingly, these observations are
not inconsistent with the SAXS studies, which indicate a significant increase in the solvent
volume fraction, Xsq, associated with the PHBMA chains between 55 °C and 65 °C (see Table
5.1). However, it is rather surprising that such spectral changes only become apparent above 65
°C, whereas the sphere-to-worm and worm-to-vesicle transitions occur at significantly lower
temperatures. Unfortunately, such spectral changes cannot be easily quantified owing to overlap
between the PEG and PHBMA signals at 3.7-3.8 ppm. Nevertheless, these *H NMR studies

provide direct evidence for significant changes in the degree of hydration of the PEG4s-PHBMA2o
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chains on heating. One plausible interpretation of the *H NMR spectra shown in Figure 5.14 is
that the sphere-to-worm and worm-to-vesicle transitions are mainly driven by (partial)
dehydration of the PEG stabiliser block, whereas the vesicle-to-lamellae transition is driven by a
greater degree of (partial) hydration of the PHBMA block. This hypothesis is explored below in
the context of the packing parameter originally introduced by Israelachvili and co-workers to
account for the micellisation of small-molecule surfactants®® and latterly applied to the self-

assembly of amphiphilic diblock copolymers.%®

It is well-known that aqueous solutions of PEG exhibit LCST-type behaviour.1®®12 |n
principle, partial dehydration of the PEG stabiliser chains at higher temperatures should lead to
an increase in the packing parameter P (see Figure 5.15 and Equation 5.1), which would account
for the observed sphere-to-worm and worm-to-vesicle transitions. However, variable temperature
SAXS and *H NMR studies both confirm that there is also a subtle change in the (partial) degree
of hydration of the structure-directing PHBMA block between 65 °C and 75 °C. The packing

parameter P is given by the following equation:

%4
P= 5.1
a,l,

For the PEG4s-PHBMAy diblock copolymer, V is the volume occupied by the hydrophobic
PHBMA block, a, is the optimal area occupied by the head-group (in this case, the PEG stabiliser),
and I is the length of the PHBMA block (see Figure 1.8). Since spheres are formed when P < 1/3
and worms are favoured when 1/3 < P <%, an increase in P must occur to account for the observed
sphere-to-worm and worm-to-vesicle transitions. Thus either V must increase and/or a, must
decrease. If surface plasticisation of the PHBMA block occurred at 75 °C, the HBMA residues
near the block junction would become hydrated and V would decrease, which would lead to a
concomitant reduction in P. However, this is not consistent with the experimental observations.
In contrast, uniform plasticisation of the PHBMA block increases V and hence leads to the desired
increase in P. Hence uniform plasticisation most likely accounts for the vesicle-to-lamellae

transition exhibited by the PEG4s-PHBMA diblock copolymer. Similar ‘UCST-like’ behaviour
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has been reported for PHBA-based diblock copolymers.*>-57-%8 |t is perhaps also worth noting that
further dehydration of the PEG stabiliser chains would also lead to an increase in the relative

volume fraction of the hydrophobic PHBMA block.

Spheres Worms Vesicles

| Partial
dehydration

- Uniform
plasticisation

P<% “BsPs<sVh “B<sPs<1

Figure 5.15. Schematic representation of the partial hydration of the PEG4s-TTC stabiliser block
and the uniform plasticisation of the core-forming PHBMA block (depicted in red) that occurs on
heating an aqueous dispersion of PEGs-PHBMA spheres resulting in both sphere-to-worm and
worm-to-vesicle transitions.

5.4 Conclusions

Amphiphilic PEGss-PHBMA,, diblock copolymer nano-objects have been prepared by
chain-extending a water-soluble PEG4s-TTC precursor via RAFT aqueous emulsion
polymerisation of HBMA at 50 °C. A high monomer conversion was achieved within 1 h and
efficient extension of the PEG4s-TTC precursor with HBMA was confirmed by THF GPC
analysis. Heating a transparent free-flowing 10% wi/w dispersion of PEGs-PHBMA 2 nano-
objects up to 50 °C resulted in a sol-gel transition, which indicates the formation of a worm
phase. At 65 °C, this dispersion became opaque and free-flowing, which suggests a worm-to-
vesicle transition. Oscillatory rheology studies of these PEG4s-PHBMA, hano-objects as a
function of temperature indicated a critical gelation temperature (CGT) of approximately 52 °C
and the complex viscosity n*| attained its maximum value at 58 °C. Furthermore, these shape-
shifting nano-objects exhibit excellent thermoreversibility. As expected, SIPLI studies

confirmed the presence of isotropic nano-objects at ambient temperature, the formation of
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highly anisotropic nano-objects at around 58 °C and the re-emergence of isotropic nano-objects
on further heating. Moreover, SIPLI studies indicated that anisotropic character is regained at 75

°C, which suggests a lamellar phase at this temperature.

TEM studies of a 0.1% w/w aqueous dispersion of PEG.s-PHBMA, nano-objects
indicated the presence of spheres, worms, vesicles and lamellae at 25, 55, 65 and 75 °C,
respectively. Variable temperature DLS studies confirmed that these morphological transitions
are thermoreversible at copolymer concentrations as low as 0.1% w/w. SAXS analysis indicated
a significant increase in the degree of hydration of the PHBMA core-forming block above 65
°C. This was confirmed using variable temperature *H NMR spectroscopy. Consideration of the
packing parameter suggests that the vesicle-to-lamellae transition is driven by an increase in the
degree of hydration of the hydrophobic PHBMA block according to a uniform plasticisation
mechanism, which is similar to the thermoresponsive behaviour reported for PHBA-based nano-
objects.*> 5758 |n contrast, *H NMR observations suggest that the sphere-to-worm and worm-to-
vesicle transitions appear to be driven by dehydration of the PEG stabiliser chains, rather than

any discernible changes associated with the hydrophobic PHBMA chains.

This is the first example of any thermoresponsive diblock copolymer nano-objects
prepared via RAFT aqueous emulsion polymerisation. Moreover, this particular PEGas-
PHBMA, diblock copolymer exhibits three thermoreversible transitions in agqueous solution.
No doubt such behaviour is related to the relatively short DP targeted for the hydrophobic
PHBMA block. Furthermore, the aqueous solubility of HBMA is relatively high at 25 g dm=,
which suggests that the PHBMA block cannot be strongly hydrophobic. Clearly, further studies
are warranted to examine whether comparable thermoresponsive behaviour can be achieved
when targeting higher DPs for the PEG stabiliser and PHBMA blocks, respectively. However, it
seems highly unlikely that such thermoresponsive behaviour could ever be observed for more

hydrophobic water-immiscible monomers such as styrene or nBA.
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6.1 Conclusions and Outlook

Nanoemulsions is a mature area of research that is of considerable and broad interest.* 2
Perhaps the most appealing application is their potential use as nanocarriers for hydrophobic
drugs and other therapeutics.® Furthermore, their high surface area means that they exbibit
superior activity when used in cosmetic,* food,® and agrochemical® formulations. However, such
nanoemulsions must exhibit good long-term stability. One strategy to improve the stability of
nanoemulsions is to employ particulate emulsifiers. However, such particles must be
sufficiently small to coat droplets with mean diameters of less than 200 nm. Given this
constraint, there are relatively few reports of Pickering nanoemulsions and the various
parameters that can affect their long-term stability.”° The revival of academic interest in
Pickering emulsions over the past twenty years or so has led to significant advances in this
field.X® Such particle-stabilised emulsions are attractive because they possess several advantages
over surfactant-stabilised emulsions.™ These include, but are not limited to, lower toxicity,
enhanced long-term stability and reduced foaming during preparation. The underlying
mechanism of Pickering stabilisation is well-understood and has been applied to many different
types of inorganic and organic particles.!! Block copolymer nanoparticles are an example of
such an emulsifier that offers the possibility of fine-tuning, especially with regard to particle
size'?and wettability.'®> Moreover, the efficient synthesis of a wide range of hydrophilic and
hydrophobic block copolymer nanoparticles via PISA over the past decade has undoubtedly

provided new opportunities within the field of Pickering nanoemulsions.

Prior to this Thesis, Thompson et al.* published the first example of a Pickering
nanoemulsion stabilised by block copolymer nanoparticles. This study was originally inspired
by silica-stabilised nanoemulsions reported by Persson and co-workers.® To prepare
nanoparticles small enough to stabilise nanoemulsions, a relatively low DP of 50 was targeted
for the core-forming block.* In order to ensure that the spherical nanoparticles survived high-
pressure microfluidisation, a relatively hydrophobic PTFEMA core was selected.® Block

copolymer nanoparticles that meet these criteria could be conveniently prepared by RAFT
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aqueous emulsion polymerisation.’® The first half of this Thesis focused on examining the
various parameters that affect the stability of either o/w or w/o Pickering nanoemulsions

prepared using block nanoparticles.

Chapter 2 examined how the introduction of charged end-groups on the steric stabiliser
chains of block copolymer nanoparticles affected the formation and long-term stability of
Pickering nanoemulsions. Thus three PGMAus precursors were prepared using non-ionic CPDB,
carboxylic acid-functional PETTC or morpholine-functional MPETTC in turn as the RAFT
agent to confer neutral, anionic or cationic end-groups, respectively. Pickering nanoemulsions
were then prepared at an aqueous solution of either pH 3 or pH 7. These solution conditions
were selected to provide nanoparticles with highly cationic (protonated morpholine end-groups)
or highly anionic (ionised carboxylic acid end-groups) surface character, respectively. In
principle, intermediate solution pH values could be explored in the future to investigate the
effect of systematically varying the degree of surface charge on the formation and long-term
stability of Pickering nanoemulsions. In this Thesis, it is shown that the presence of charged
end-groups significantly reduces the nanoparticle adsorption efficiency. This was attributed to
electrostatic repulsions between neighbouring copolymer nanoparticles, which suppresses their
interfacial adsorption and reduces their packing efficiency at the oil/water interface. The latter
was confirmed by using a two-population model to analyse SAXS patterns recorded for the
Pickering nanoemulsions.'® The mean apparent thickness of the shell of adsorbed nanoparticles
calculated for Pickering nanoemulsions was significantly lower for those prepared using
nanoparticles with charged end-groups. This indicates lower surface coverage of the oil droplets
when employing such nanoparticles. Nanoemulsions prepared using nanoparticles with charged
end-groups exhibited inferior long-term stability compared to those prepared with nanoparticles
possessing neutral end-groups. Literature precedent indicates that surfactant micelles can
mediate the transport of oil between droplets through the aqueous phase.'” 18 Preparing
Pickering nanoemulsions using nanoparticles with charged end-groups leads to an excess of

non-adsorbed block copolymer micelles in the aqueous phase. Such excess micelles most likely
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facilitate oil diffusion through the continuous aqueous phase. In principle, this explains the
enhanced rate of Ostwald ripening observed for nanoemulsions stabilised by nanoparticles
bearing charged end-groups. This hypothesis could be explored by addition of varying amounts
of nanoparticles to the aqueous phase of Pickering nanoemulsions. Measuring the evolution in
the droplet diameter over time should enable assessment as to whether the presence of excess

nanoparticles adversely affects the long-term stability of nanoemulsions.

In Chapter 3, w/o nanoemulsions stabilised by block copolymer nanoparticles were
prepared for the first time. In this case, the RAFT dispersion polymerisation of TFEMA was
utilised to prepare hydrophobic sterically-stabilised nanoparticles in n-dodecane. The addition
of salt to the aqueous phase prior to emulsification was required to ensure the formation of
aqueous droplets with a mean diameter of less than 200 nm. Various studies reported in the
literature have similarly shown that the addition of salt is essential for preparing surfactant-
stabilised nanoemulsions.*® For the Pickering nanoemulsions reported in this Thesis, Ostwald
ripening was inhibited if sufficient added salt was present within the aqueous droplets. In the
absence of any added salt, DLS studies indicated that the initial emulsion droplets became
unstable within a few hours of their preparation. Such instability may also prevent the formation
of droplets of less than 200 nm diameter when employing NaCl concentrations below 0.11 M.
To confirm this hypothesis, the effect of varying the salt concentration on the mean droplet
diameter of squalane-in-water Pickering nanoemulsions could be examined. Squalane has a
significantly lower aqueous solubility than n-dodecane so such nanoemulsions should exhibit a
much lower rate of Ostwald ripening. Thus increasing the salt concentration should have much

less influence on the aqueous droplet diameter when squalane is used for the continuous phase.

The greater understanding gained from the preparation of such w/o Pickering
nanoemulsions could be applied to design non-aqueous nanoemulsions. Rymaruk et al. recently
demonstrated that block copolymer nanoparticles can be used to stabilise oil-in-oil (0/0)
Pickering macroemulsions.®® More specifically, poly(3-[tris(trimethylsiloxy)silyl]propyl

methacrylate)-poly(benzyl methacrylate) block copolymer nanoparticles were prepared in a
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low-viscosity silicone oil via RAFT dispersion polymerisation of benzyl methacrylate. These
nanoparticles were then homogenised with various immiscible natural oils to generate o/0
emulsions. In principle, it should be possible to prepare non-aqueous o/o Pickering

nanoemulsions by subjecting such macroemulsions to microfluidisation.

The second half of this Thesis focuses on preparing block copolymer nano-objects with
spherical, worm-like or vesicular morphologies by RAFT aqueous emulsion polymerisation of
HBMA. Chapter 4 explored the RAFT aqueous emulsion polymerisation of HBMA using a
non-ionic PGMA4; precursor. This system is the third example of a methacrylic monomer that
exhibits sufficient agueous solubility to avoid the problem of kinetically-trapped spheres that is
observed for so many RAFT aqueous emulsion polymerisation formulations.?® ?* Recently,
Hatton et al. demonstrated that the mean DP of the steric stabiliser block is an important
parameter to consider when targeting a specific copolymer morphology.?* 2 In an initial study,
only kinetically-trapped spheres could be prepared when using a PGMAus precursor. This is
because only kinetically-trapped spherical nanoparticles are accessible owing to inefficient
sphere-sphere fusion, which is a prerequisite for the formation of higher-order morophologies.?*
However, using a shorter PGMA.s precursor enabled access to worms and vesicles. In this
Thesis, a pseudo-phase diagram was constructed for a series of PGMA41-PHBMA nano-objects
at varying concentrations to enable the reproducible preparation of the full range of copolymer
morphologies. Thus a significantly longer PGMA4: precursor can be used to prepare PHBMA-
based worms or vesicles compared to the analogous PGMA2s-PGlyMA, formulation reported by
Hatton and co-workers.?? 2 In this context, it would be useful to determine the highest PGMA

DP at which higher-order morphologies can still be accessed.

Recent studies have shown that block copolymer vesicles undergo an ‘inward growth’
mechanism during in situ SAXS studies of RAFT dispersion polymerisations conducted in
either mineral 0il® or water.?® More explicitly, the overall vesicle diameter remains essentially
unchanged during the final stages of such polymerisations, while the vesicle membrane

continues to thicken. This eventually leads to vesicle instability if a sufficiently high core-
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forming block DP is targeted.?” Given that a pure vesicular morphology can be accessed when
using relatively high PGMA stabiliser DPs compared to methacrylic monomers with similar
aqueous solubility,?> 21 PHBMA should be a good candidate for examining the vesicle growth
mechanism during RAFT aqueous emulsion polymerisation. This is because using shorter
PGMA blocks may well lead to colloidal instability (incipient flocculation) due to insufficient

steric stabilisation.?

TEM studies were conducted on aliquots taken at regular intervals during the preparation
of PGMAu1-PHBMA 15 Vesicles. Such sampling of the reaction mixture at intermediate
monomer conversions indicated that the mechanism by which these vesicles are formed is
strikingly similar to that for PGMA47-PHPMAq vesicles prepared via RAFT aqueous
dispersion polymerisation.? Recently, Brotherton et al. utilised in situ synchrotron SAXS to
monitor to the formation of PGMA2-PMOEMA7, vesicles.?’ This technique is statistically
much more robust than TEM and also provides structural information for the block copolymer
nanoparticles in their native wet state. Moreover, the excellent temporal resolution offered by
synchrotron SAXS provided detailed insight into the evolution in copolymer morphology during
the MOEMA polymerisation.?® 2 Similar synchrotron SAXS studies could also be undertaken

during the RAFT aqueous emulsion polymerisation of HBMA to complement the TEM studies.

Mable et al. demonstrated that relatively hydrophobic core-forming blocks are required to
ensure survival of block copolymer nano-objects during high-shear homogenisation.* For
example, linear PGMAGs3-PHPMAss; vesicles did not withstand high-shear homogenisation but
instead stabilised oil droplets in the form of molecularly-dissolved amphiphilic diblock
copolymer chains.®! However, chain-extending such diblock copolymers with BzMA to form
linear PGMAg3-PHPMA350-PBzMAs triblock copolymer vesicles was sufficient to prevent
vesicle dissociation during emulsification. Similar findings have also been reported for spherical
and worm-like copolymer morphologies.® In Chapter 4, it was demonstrated that linear
PGMAu.1-PHBMA 10 vesicles could survive homogenisation conditions without requiring a more

hydrophobic third block. This was attributed to the greater hydrophobic character of PHBMA
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compared to PHPMA, which leads to stronger inter-chain attractive forces. It would be
interesting to determine the minimum PHBMA DP required for the diblock copolymer nano-
objects to survive homogenisation, not least because using either spheres'* or worms®? as
Pickering emulsifiers is likely to offer advantages over vesicles. For example, spheres would be
required to produce the analogous Pickering nanoemulsions (if this is technical feasible),**
whereas worms provide a comparable specific surface area to that of spheres while adsorbing

much more strongly at the oil/water interface.®

In Chapter 5, the first thermoresponsive block copolymer to be prepared by RAFT
aqueous emulsion polymerisation is reported. Remarkably, a single PEG4s-PHBMAy diblock
copolymer can form sphere, worms or vesicles simply by varying the solution temperature,
despite the relatively hydrophobic nature of the PHBMA core-forming block. Over the past two
years, there has been several reports of similar ‘shape-shifting’ thermoresponsive block
copolymers that can form sphere, worms or vesicles.*-% However, the insoluble structure-
directing block of such copolymers is more weakly hydrophobic (e.g. PHPMA or PHBA). In
this Thesis, variable temperature *H NMR studies indicated significant dehydration of the PEG4s
block on heating. Furthermore, partial hydration of the PHBMA core-forming block is observed
above 60 °C. Thus it seems that, for this particular system, subtle changes in the degree of
(partial) hydration of both the hydrophilic block and the hydrophobic block are responsible for
the morphological transitions that are observed on heating. It is well-known that aqueous
solutions of PEG homopolymer can exhibit an LCST-type transition on heating.®” Moreover,
this LCST shifts to lower temperatures for longer PEG chains.® On the other hand, increasing
the DP of the PEG stabiliser block should increase the degree of steric stabilisation conferred to
the PEG-PHBMA nano-objects. Therefore, it would be interesting to examine the effect of
varying the PEG stabiliser DP on the thermoresponsive nature of a series of PEG-PHBMA
diblock copolymers. Furthermore, the presence of salt is known to reduce the solvent quality for

PEG in aqueous solution.® In principle, adding salt to the PEG4s-PHBMA nano-objects should
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enable the transition temperatures to be tuned so that they are more suitable for biological

applications.4% 4

In this Thesis, SAXS has proven to be an invaluable characterisation technique for the
analysis of Pickering nanoemulsions and block copolymer nano-objects. In Chapter 2, a two-
population model was used to analyse SAXS patterns recorded for Pickering nanoemulsions
stabilised by nanoparticles with either charged or neutral end-groups. Although TEM studies
provided useful insights with regards to the structure of the droplets, SAXS enabled the
nanoemulsions to be quantified in terms of their mean droplet diameter, shell thickness and
particle packing efficiency. Similarly, in Chapter 3, SAXS studies confirmed that a loosely-
packed monolayer of adsorbed nanoparticles surrounded the aqueous droplets. This was
especially useful for such w/o Pickering nanoemulsions, since the particulate nature of the shell
was not obviously apparent from electron microscopy studies. In Chapter 4, the importance of
characterising block copolymer nano-objects using SAXS was highlighted. More specifically,
SAXS readily enabled discrimination between block copolymer spheres and relatively small
vesicles. Since the latter did not collapse under ultrahigh vacuum conditions, they could be
incorrectly assigned as spheres based on TEM analysis alone. Finally, in Chapter 5, SAXS
studies enabled the quantitative analysis of multiple thermally-driven morphological transitions

exhibited by a single block copolymer.

6.2 References
1. A. Gupta, H. B. Eral, T. A. Hatton and P. S. Doyle, Soft Matter, 2016, 12, 2826-2841.

2. A. Naseema, L. Kovooru, A. K. Behera, K. P. P. Kumar and P. Srivastava, Adv. Colloid
Interface Sci., 2021, 287.

T. J. Ashaolu, Environmental Chemistry Letters, 2021, 19, 3381-3395.

4, O. Sonneville-Aubrun, J. T. Simonnet and F. L'Alloret, Adv. Colloid Interface Sci., 2004,
108-109, 145-149.

5. D. J. McClements, Soft Matter, 2011, 7, 2297-2316.
Z. Du, C. Wang, X. Tai, G. Wang and X. Liu, ACS Sustain. Chem. Eng., 2016, 4, 983-
991.

7. D. J. Kang, H. Bararnia and S. Anand, ACS Appl. Mater. Interfaces, 2018, 10, 21746-
21754.

8. Z. Yang, W. Wang, G. Wang and X. Tai, Colloids Surf., A, 2020, 585, 124098.

214



Chapter 6: Conclusions and Outlook

9.

10.
11.
12.

13.

14.

15.

16.

17.
18.
19.
20.

21.
22.
23.

24,
25.

26.
27.

28.
29.

30.

31.

32.

33.

34,

K. H. Persson, I. A. Blute, I. C. Mira and J. Gustafsson, Colloids Surf., A, 2014, 459, 48-
57.

B. P. Binks, Langmuir, 2017, 33, 6947-6963.
B. P. Binks, Curr. Opin. Colloid Interface Sci., 2002, 7, 21-41.

V. J. Cunningham, A. M. Alswieleh, K. L. Thompson, M. Williams, G. J. Leggett, S. P.
Armes and O. M. Musa, Macromolecules, 2014, 47, 5613-5623.

M. J. Rymaruk, V. J. Cunningham, S. L. Brown, C. N. Williams and S. P. Armes, J.
Colloid Interface Sci., 2020, 580, 354-364.

K. L. Thompson, N. Cinotti, E. R. Jones, C. J. Mable, P. W. Fowler and S. P. Armes,
Langmuir, 2017, 33, 12616-12623.

B. Akpinar, L. A. Fielding, V. J. Cunningham, Y. Ning, O. O. Mykhaylyk, P. W. Fowler
and S. P. Armes, Macromolecules, 2016, 49, 5160-5171.

J. A. Balmer, O. O. Mykhaylyk, A. Schmid, S. P. Armes, J. P. A. Fairclough and A. J.
Ryan, Langmuir, 2011, 27, 8075-8089.

Y. De Smet, L. Deriemaeker and R. Finsy, Langmuir, 1999, 15, 6745-6754.
J. Weiss, C. Canceliere and D. J. McClements, Langmuir, 2000, 16, 6833-6838.
J. Kizling and B. Kronberg, Colloids Surf., 1990, 50, 131-140.

E. E. Brotherton, F. L. Hatton, A. A. Cockram, M. J. Derry, A. Czajka, E. J. Cornel, P.
D. Topham, O. O. Mykhaylyk and S. P. Armes, J. Am. Chem. Soc., 2019, 141, 13664-
13675.

F. L. Hatton, M. J. Derry and S. P. Armes, Polym. Chem., 2020, 11, 6343-6355.
F. L. Hatton, J. R. Lovett and S. P. Armes, Polym. Chem., 2017, 8, 4856-4868.

F. L. Hatton, A. M. Park, Y. Zhang, G. D. Fuchs, C. K. Ober and S. P. Armes, Polym.
Chem., 2019, 10, 194-200.

A. Blanazs, A. J. Ryan and S. P. Armes, Macromolecules, 2012, 45, 5099-5107.

M. J. Derry, L. A. Fielding, N. J. Warren, C. J. Mable, A. J. Smith, O. O. Mykhaylyk and
S. P. Armes, Chem. Sci., 2016, 7, 5078-5090.

A. Czajka and S. P. Armes, Chem. Sci., 2020, 11, 11443-11454.

N. J. Warren, O. O. Mykhaylyk, A. J. Ryan, M. Williams, T. Doussineau, P. Dugourd, R.
Antoine, G. Portale and S. P. Armes, J. Am. Chem. Soc., 2015, 137, 1929-1937.

N. J. W. Penfold, J. R. Whatley and S. P. Armes, Macromolecules, 2019, 52, 1653-1662.

A. Blanazs, J. Madsen, G. Battaglia, A. J. Ryan and S. P. Armes, J. Am. Chem. Soc.,
2011, 133, 16581-16587.

C. J. Mable, N. J. Warren, K. L. Thompson, O. O. Mykhaylyk and S. P. Armes, Chem.
Sci., 2015, 6, 6179-6188.

K. L. Thompson, P. Chambon, R. Verber and S. P. Armes, J. Am. Chem. Soc., 2012, 134,
12450-12453.

C.J. Mable, K. L. Thompson, M. J. Derry, O. O. Mykhaylyk, B. P. Binks and S. P. Armes,
Macromolecules, 2016, 49, 7897-7907.

K. L. Thompson, C. J. Mable, A. Cockram, N. J. Warren, V. J. Cunningham, E. R. Jones,
R. Verber and S. P. Armes, Soft Matter, 2014, 10, 8615-8626.

L. P. D. Ratcliffe, M. J. Derry, A. laniro, R. Tuinier and S. P. Armes, Angew. Chem. Int.
Ed., 2019, 58, 18964-18970.

215



Chapter 6: Conclusions and Outlook

35.

36.

37.
38.
39.
40.

41.

S. J. Byard, C. T. O'Brien, M. J. Derry, M. Williams, O. O. Mykhaylyk, A. Blanazs and
S. P. Armes, Chem. Sci., 2020, 11, 396-402.

O. J. Deane, J. Jennings, O. M. Musa, A. Fernyhough and S. P. Armes, Chem. Mater.,
2021, in the press.

E. E. Dormidontova, Macromolecules, 2002, 35, 987-1001.
S. Saeki, N. Kuwahara, M. Nakata and M. Kaneko, Polymer, 1976, 17, 685-689.
F. E. Bailey and R. Callard, J. Appl. Polym. Sci., 1959, 1, 56-62.

L. Romero-Azogil, N. J. W. Penfold and S. P. Armes, Polym. Chem., 2020, 11, 5040-
5050.

I. Canton, N. J. Warren, A. Chahal, K. Amps, A. Wood, R. Weightman, E. Wang, H.
Moore and S. P. Armes, ACS Cent. Sci., 2016, 2, 65-74.

216



Chapter 7: Appendix

Chapter 7:

Appendix

217



Chapter 7: Appendix

7.1 Structural Models for Small-Angle X-ray Scattering

Analysis

In general, the intensity of X-rays scattered by a dispersion of nanoparticles [usually

represented by the scattering cross section per unit sample volume, %(q)] can be expressed as:

n o0 oo

dx

E(Q) = ZSL(CI) le f Fi(q, rli, ...,rki)zwi(rli‘ ""rkl')drli dii 7.1
i=1 0 0

where n is the number of different populations of particles in the dispersion, N; is the number
density of scattering particles of ith population, F;(q, ry;, ..., ;) 1S the form factor that describes
the particle morphology of the ith population using ki number of parameters (including contrast
and volume parameters of the particles), ¥; (Tu, ...,r,a-)is the probability distribution function of
parameters describing scattering particle model corresponding to the ith population, and Si(q) is

the structure factor arising from interparticle interactions.

Following our prior study of the characterisation of core-shell nanocomposite particles
comprising polymer latex cores and particulate silica shells,* the SAXS data recorded for o/w and
w/o Pickering nanoemulsions were analysed using a two-population model (n = 2). Population 1
(i =1) is represented by core-shell spheres (described in 7.1.1), where the cores comprise the oil
or water droplets and the adsorbed layer of nanoparticles form the shell. The particulate nature of
the shell is described by small homogeneous spheres (described in 7.1.2) or spherical micelles

(described in 7.1.3), which corresponds to population 2 (i = 2).

7.1.1 Core-Shell Particle Model

The following functions and parameters were used for the core-shell particle (i = 1)

model:
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Fl (q; rll) = Vtotal(fshell - Esol)q)[Q(rll + Tshell)] + szore(fcore

— Eehen) P (qT11)
7.2
where

3[sin(x) — xcos (x)]

) 7.3

d(x) =

and rq is the core radius and Tshen is the shell thickness. Vg = gn(rll + Tepe)® and Vg o =

4 . . .
EW131 are volumetric parameters for the core-shell particles, while &. e, & @nd &, are the

scattering length densities for the droplet core (&n-dodecane = 7.63 x 10'° cm2 or &qpo = 9.42 x 10%
cm?), for the particulate shell [volume-averaged scattering length density of spherical micelles
&p = (&Vs + EV2)/ (Vs + V) and for the surrounding medium (&nzo = 9.42 x 10 cm™2 or & dodecane
= 7.63 x 10%° cm), respectively. Here, & and &, are the X-ray scattering length densities of the
core and corona blocks, respectively, and ; and V.. are the volumes of the core-forming block and
the corona block, respectively. Dispersity of only one parameter (the particle core radius) was

considered in the SAXS analysis. It was expressed by a Gaussian distribution:

1
Wi(ryp) = 1 €Xp
(2mog, )z

7.4

where Rc is the mean core radius and orc is the standard deviation of the droplet core radius. The

number density for the 1% population is expressed as:

_ q’droplet 75
fooo V(ryq) W1 (ri)driy

where garoplet 1S the relative volume fraction of the core-shell nanoemulsion droplets. In all cases,

Ny

a dilute dispersion (1% v/v) of nanoemulsions has been used, so the structure factor is set to unity

[S«(@)=1].
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7.1.2 Homogenous Spherical Particle Model

The PGMA-PTFEMASs, spherical nanoparticles forming the emulsion droplet shell can
be represented by a single population (second population) of spherical particles with the following

functions and parameters describing the model:

Fy(q,112) = V(r12)AS f(qri2)
7.6
where

3[sin(x) — grcos (x)]
(x)3 7.7

flx) =

is the form factor of a spherical particle, V(ry,) = mrd,/3 is the volume of the particles and A&
is the scattering contrast between the scattering length density of the PGMAus-PTFEMASso
nanoparticles & = [(&V; + &.V.)/(V; + V)] and the surrounding medium & Dispersity of the

particle size was expressed only by a Gaussian (hormal) distribution in the SAXS analysis:

1
Y(ryp) = T exp
(2mog ?)?

where R;s is the mean particle radius of PGMA4s-PTFEMAs, and ors is the standard deviation of

—(r2 — Rs)zl 7.8

the sphere radius.

In some cases, an effective structure factor expression proposed for interacting spherical
particles has been used in Equation 7.1.2 This is a hard-sphere structure factor based on the on the
Percus-Yevick approximation, Spy(q, Rpy, fpy) Where Rpy is the interaction radius and fev is the

hard-sphere effective volume fraction.

7.1.3 Spherical Micelle Model
The spherical micelle form factor is given by:®

Fs mic(q) = Ns*Bs*As*(q, Rs) + NsB*Fo(q, Rg) + Ns(Ns — DB2AL2 (@)

7.9
+ 2Ns?BsBeAs(q, Rs)Ac(q)
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where r is the radius of the spherical micelle core and R, is the radius of gyration of the coronal
steric stabiliser block. The R, values of the coronal blocks from all data fitting are comparable to
the estimated value. For example, the latter can be calculated from the total contour length of the
PGMAu; block, Lpgma,,= 41 x 0.255 nm = 10.45 nm (since the projected contour length per
GMA monomer repeat unit is defined by two carbon bonds in an all-trans conformation, or
0.255 nm) and the Kuhn length of 1.53 nm [based on the known literature value for poly(methyl
methacrylate)] results in an approximate R, of (10.45 x 1.53/6)Y2 = 1.63 nm. The X-ray scattering
length contrasts for the core and corona blocks are givenby B = V(&5 — &so1) and B = V.(&. —
&so1), respectively. Here, &, &. and &, are the X-ray scattering length densities of the core block
(&prrEMA= 12.76 X 10'° cm or &ppgma= 10.61 x 10'° cm2), corona block (Epgma= 11.94 x 10%°
cm?, Epgma= 9.24 x 101 cm? or épge=10.85 x 10%° cm?) and solvent (&,ater= 9.42 X 10'° cm
Of & _dodecane= .63 X 10'° cm), respectively. V; and V, are the volumes of the core-forming

block (Vprrema OF Vpuema) and the corona block (Vpgma, Vpsma or Vpgg), respectively. These

Mn,pol

volumes were calculated using V = Nap
A

where the mass density p of the core-forming blocks

were taken to be ppypma = 1.15 g cm32 preema = 1.47 g cm>* and the density of stabiliser
blocks was taken to be ppgma= 1.31 g cm™° ppgma= 0.97 g cm?, ppgg= 0.97 g cm>.° My o
corresponds to the number-average molecular weight of the diblock copolymer chains determined

by 'H NMR spectroscopy.

The sphere form factor amplitude is used for the amplitude of the core self-term:

q20.2
As(q, 1) = P(qrs)exp <— > ) 7.10

3[sin(qrs)—qrscos (qrs)]

where ®(qry) = )

. A sigmoidal interface between the two blocks was

assumed for the spherical micelle form factor (Equation 7.10). This is described by the exponent
term with a width ¢ accounting for a decaying scattering length density at the micellar interface.

This o value was fixed at 0.25 nm during fitting.
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The form factor amplitude of the spherical micelle corona is:

frrs+25llc(r)81nq#r2dr qzo_z

A(Q) = —=% ex <— ) 7.11
L2 pe(myrdr 2
The aggregation number, Ny, of the spherical micelle is given by:
3
§77.'T'1
Ng(ry) = (1 = Xs01) v 712
S

where x4 IS the volume fraction of solvent within the micelle core. A dispersity for one
parameter (rs) is assumed for the micelle model, which is described by a Gaussian distribution.

Thus, the dispersity function can be represented as:

Y(r) =

e
——exp| — >
2mop ? 20%

where R is the mean spherical micelle core radius and og_ is its standard deviation. The number

_ 2
(s — Ry) ) 7.14

density per unit volume for the micelle model is expressed as:

Ne
fo V(rs)‘}’(rs)drs

7.15

where ¢ is the total volume fraction of copolymer in the spherical micelles and V (ry) is the total
volume of copolymer in a spherical micelle V (r;) = (V; + V)N (7). For a single population
model or the two-population model rs was assigned to i1 or riz, respectively (Equation 7.1).

An effective structure factor expression proposed for interacting spherical micelles® around

the droplets has been used in Equation 7.1:

Ag;iC(Q)Z[SPY(CI' Rpy, fpy) — 1]
Fs i (@)

S(q) =1+ 7.16

Herein the form factor of the average radial scattering length density distribution of micelles is
used as ASY. (q) = Ns[BsAs(q,Rs) + BcAc(q)] and Spy(q, Rpy, fpy) is a hard-sphere

interaction structure factor based on the Percus-Yevick approximation,® where Rpy is the

interaction radius and fpy is the hard-sphere effective volume fraction.
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7.1.4 Worm-like Micelle Model
The worm-like micelle form factor is given by:3
2 2 2
meic (CI,T'W) = Ny“ (rw)Bs Fy(q, 1) + Ny (1) B Fc(q: Rg)
+ Nw(rw) [Nw(rw) - 1].3c25cc(q) 7.16

2
+ 2Ny (1) BsBcSsc(q, Tw)
where all the parameters are the same as in the spherical micelles model unless stated otherwise.

The self-correlation term for the worm core with cross-sectional radius r,, is:

7.17
Fu(q, 7)) = Fyorm (@, Lw, bw)Acsworm2 (@, 7rw)

where

J1(ara)1? 7.18
AcswormZ(Q»rw) = [2 qrww

and J; is the first-order Bessel function of the first kind, and a form factor F,orm (g, Lw, byw) for

self-avoiding semi-flexible chains represents the worm-like micelles, where b,, is the Kuhn
length and L,, is the mean contour length. A complete expression for the chain form factor can

be found elsewhere.°

The mean aggregation number of the worm-like micelle, Ny, (1), is given by:

Ty ?L 7.19
Ny (1) = (1 = X501) WV =
s

where x4, IS the volume fraction of solvent within the worm-like micelle core. The possible

presence of semi-spherical caps at the two ends of each worm is neglected in this form factor.

A dispersity of one parameter (r;,,) is assumed for the micelle model, which is described

by a Gaussian distribution. Thus, the polydispersity function can be represented as:
(rw - Rw)2>

1 <
250 2
/ZHGRWZ ORw

where R, is the volume-average cross-sectional radius and og  is its standard deviation. The

¥(r,) = 7.20

number density per unit volume for the micelle model is expressed as:
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= ¢ 7.21
Jo V¥ (r)dry
where ¢ is the total volume fraction of copolymer in the worm-like micelles and V() is the

total volume of copolymer in a worm-like micelle [V (1) = (Vs + Vo) Ny ()]

7.1.5 Vesicle Model
The vesicle form factor is expressed as:**
Foes(@, 10, To) = No* (1, T)Bs A (@, 70, To) + Ny, T) B Fe(q, Re)
+ Ny (1, T [Ny (1, T,) = 118" Ave” () 7.22

+ 2NVZ (rV' Tv)ﬁsﬁcAm (q’ rV’ TV)AVC (CI)

where all the parameters are the same as in the spherical micelle model unless stated otherwise.

The amplitude of the membrane self-term is:

Voutq)(qRout) - Vinq)(qRin) exp <_ q201n2>
Vout = Vi 2

An(q, 1, T,) = 7.23

where Ry, = 1, — %TV is the inner radius of the membrane and Ry, = 7, + §TU is the outer
radius of the membrane (7, is the radius from the centre of the vesicle to the centre of the

membrane and T, is the membrane thickness), and V;,, = %nRirf and V= gnRouf. It should

be noted that Equation 7.23 differs from the original work in which they were first described.®
The exponent term in Equation 7.23 represents a sigmoidal interface between the blocks, with a
width gy, accounting for a decaying scattering length density at the membrane surface. The value
of a;, was fixed at 0.25 nm during fitting. The mean vesicle aggregation number, Ny (7, Ty), is
given by

Voue — Vi
Ny (1, Ty) = (1 = o) = 7.24
S

where x,,; is the volume fraction of solvent within the vesicle membrane. Assuming that there is
no penetration of the hydrophilic coronal blocks into the hydrophobic membrane, the amplitude

of the vesicle corona self-term is expressed as:
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1 Sin[q(Rout + Rg)] sin [q (Rin - Rg)]

4 _w(gr)1 7.25
ve(q) =¥(qRy) 7 q(Rout + Ry) q(Rin — Rg)

where the term outside the square brackets is the factor amplitude of the corona block polymer

chain such that:

1—exp (—ng)
Y(qRy) = @Ry’ 7.26

For the vesicle model, it was assumed that two parameters are disperse: the radius from the centre
of the vesicle to the centre of the membrane and the membrane thickness (7, and Ty,
respectively). Each parameter is considered to have a Gaussian distribution of values, hence the
dispersity function can be expressed in each case as:

ex _ (rv - Rm)z 1 ex _ (Tv - Tm)z
P 205 2 P 207, 2 7.27

/ZnaTmZ

where R, is the mean radius from the centre of the vesicle to the centre of the membrane and T,

LIJ(TV' Tv) =

is the mean membrane thickness. og  and or_ are the standard deviations for Ry, and T,
respectively. The number density per unit volume for the vesicle model is expressed as:

_ 4 7.28

Iy Iy V@, T) W, T)dr AT,
where ¢ is the total volume fraction of copolymer in the vesicles and V(r, Ty) is the

total volume of copolymer in a vesicle [V (ry, Ty) = (Vs + V.)Ny (1y, T)].

Programming tools within the Irena SAS Igor Pro macros!? were used to implement the

scattering models
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7.2 UV GPC Calibration Plots

UV chromatograms recorded for known concentrations of the original aqueous PGMA -

PTFEMAs, nanoparticle dispersions to construct a linear calibration plot.

(0) PGMA,,;-PTFEMA,,

¥=6687. 7
R® =0.9975

20000

-
wn
]
=]

Peak area/ mVs
g

5000

1 2 3 4 5 1)
Copolymer concentration / %w/w

s

¥ =3842.4
R? =0.9982

6000 5

p—
9)
—

Peak area/ mVs
8 - 8 2
g g g g

=
El

1 2 3 4 5 B
Copolymer concentration / %w/w
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Q. y=B867.52
. R* =0.9936

Figure 7.1. UV GPC calibration plot constructed for (a) (0) PGMAs-PTFEMAug, (b) (-)

1 2 3 a s 5
Copolymer concentration / %w/w

PGMAs-PTFEMAg, and (c) (+) PGMA4s-PTFEMAggrecorded at a fixed UV wavelength of

305 nm, which corresponds to the absorption maximum assigned to the dithiobenzoate or

trithiocarbonate RAFT end-groups.
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