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ABSTRACT

Well-defined spherical diblock copolymer nanoparticles were synthesised by
reversible addition-fragmentation chain transfer (RAFT) aqueous emulsion
polymerisation of 2-ethylhexyl methacrylate using a water-soluble poly(methacrylic
acid) precursor as a steric stabiliser. These nanoparticles are homogenised with a
model oil (methyl myristate) under high shear with subsequent high pressure
microfluidisation leading to the formation of oil-in-water nanoemulsions. The relative
low glass transition temperature of the hydrophobic poly(2-ethylhexyl methacrylate)
block leads to in situ dissociation of the nanoparticles, with the resulting strongly
amphiphilic block copolymer chains acting as a polymeric surfactant for the oil droplets.
This wholly aqueous route to nanoemulsions represents a useful improvement on a
recent report that utilised RAFT dispersion polymerisation of lauryl methacrylate in
methanol (Y. Ning et al., Chem. Sci. 2019, 10, 8964-8972). The model oil was then
replaced with various hydrophobic multicomponent fragrances supplied by the
industrial sponsor of this project (Procter & Gamble). The poly(methacrylic acid) block
confers anionic character on the oil droplets, which enables their occlusion within
calcium carbonate (calcite) crystals prepared in situ by the ammonia diffusion method
at pH 9. Given the environmentally benign nature of the inorganic host matrix, such
oil-loaded crystals offer a potential new biocompatible matrix for fragrance
encapsulation/release in laundry applications. Systematic variation of the mean
degree of polymerisation of the hydrophobic block indicated that
poly(methacrylic acid)1ss-poly(2-ethylhexyl methacrylate)ss gave the best emulsifier
performance for the production of stable nanoemulsions in which the oil phase
comprised a multi-component fragrance. Scanning electron microscopy studies of oil-
loaded calcite crystals confirmed the successful occlusion of micron-sized droplets.
Thermogravimetric analysis indicated a maximum oil loading of 8.3% by mass for

optimised formulations.



TABLE OF CONTENTS

1. INFOAUCHION. ..., 1
2. Literature REVIEW .......oooiiiiiiiiiiii e, 3
21 Polymer ChemiSTrY .......oooiiiiiie et e e 3
2.2 Free radical polymeriSation............cooiiiiiiiiiie e 6
2.3 Living Anionic POlyMEriSation ............cooiiiiiiiiiiieeee e 9
24 Reversible Deactivation Radical Polymerisation (RDRP)...........ccccceiiiiiiiiiiienenns 11
25 Reversible Addition Fragmentation Chain Transfer (RAFT) Polymerisation ......... 12
2.6 Emulsion PolymeriSation ............ooooiiiiii e 14
2.7 Self-ASSEMDIY ... e 17
2.7.1 Surfactant self-assembIY ... 18
2.7.2 Block copolymer self-assembly ..o 19
2.7.3 Polymerisation-Induced Self-Assembly (PISA).......cccoiiiiiieiiiie e 20
2.7.4 PISA by RAFT aqueous emulsion polymerisation ............cccccoviuieeeiniieeeniiieee e 22
2.8 Diblock copolymer stabilised oil-in-water nanoemulsions...................eeveeeiieeieeeeee. 25
2.9 Biomineralisation and incorporation of guest species............cccccvviiieieiiiiiiciiieenn... 28
210 Flavour and Fragrance encapsulation ............ccccccoiiiiiiiiiiiiiiieeee e 36
211 ProjeCt ODJECHVES ....cciiiiie et 37

3 EXperimental ... 40
B MALErIAIS ... 40
B2 MEENOAS ... 40

4 RESUIS & DiSCUSSION.......uteiiiiiiiiiie ittt ettt et e e et e e e e aab e e e e e annneeeeanneeeeans 46
4.1 Amphiphilic diblock copolymers for stable fragrance nanoemulsion synthesis ........... 46
4.1.1 Scale-up of oil-occluded Crystals ...........ccuiiiiiiiiiii e 48
4.1.1.1. Ammonia diffusion Method..............cccoiiiiii i 49

4.2 Model deformable PartiCles............eiiii i 57

S TR O] o Tor 11 (] o TS SEERR S 71
B.  FUIUIE WOTK. .. 73
A =11 o] 1 o7 | £= T o] 1)V PP P PP PPPPPP PPN 75
Y o] 011 T [ USRS 85



ACKNOWLEDGEMENTS

| would firstly like to thank Prof. Steve Armes for giving me the opportunity to become
a member of his group for my postgraduate studies. His guidance, support and
understanding has been very much appreciated and | am incredibly grateful for all the
skills | acquired as an Armes Group member. | would also like to thank Dr. Yin Ning
for all the help, guidance and teaching he provided me with since | joined the group
and also for being a great friend to me. A big thank you goes to the members of the
Armes group for making my time in the office and the lab a very enjoyable one -
especially to Csilla, as working with her was one of my highlights in the Armes group.

My research project was funded by EPSRC and Procter & Gamble (P & G). | would
like to thank Dr. Johan Smets and An Pintens of P & G’s Research Center in Brussels
for supporting my project, for the time | spent in their laboratory in Brussels and for

kindly providing me with the necessary raw materials to conduct my experiments.

Thank you to my friends here in Sheffield, Hiseyin, Konstantina, Olympia and Sotiria
for their love and support during these two memorable years. | would also like to thank
my other friends that despite the distance, were always there for me, such as Maritina,

Christina, Sara and Marcel.

Last but not least, | want to express my greatest gratitude to my parents and my
brother for supporting me through this very valuable experience. | am so grateful for
having such a wonderful family, including my extended family from back home. | would
like to dedicate this Thesis to my parents, Dimos & Elena, as | would not have made
it this far without their support.



1. INTRODUCTION

The Fast-Moving Consumer-Goods (FMCG) sector is one of the largest global
industries, with international annual sales exceeding $66 billion." FMCG products such
as cosmetics, laundry formulations and fabric softeners are sold in more than 160
countries by many global companies such as Nestlé AG and Procter & Gamble. There
is no doubt that such household products have a huge beneficial impact on the daily
lives of millions of people. Nevertheless, there is plenty of room for improvement.
Government legislation regarding consumer product ingredients are becoming ever
stricter in terms of sustainability, with the aim of minimising long-term environmental
impact. For example, the European Union is becoming a leader in the reduction of
waste plastic, with a ban on up to 90% of microplastic pollutants starting in 2020.23
Microplastics are very commonly used in FMCG products, particularly laundry
formulations. For example, melamine formaldehyde (MF) resin is a versatile thermoset
copolymer that is widely used for the microencapsulation and release of volatile
fragrances.* An example of such MF capsules of approximately 40 ym diameter is
illustrated in Figure 1: Williams et al. recently prepared MF-coated Pickering emulsions
in collaboration with P & G.° However, the melamine and formaldehyde building blocks
are known to be both toxic and carcinogenic. Thus, alternative routes to
microencapsulation are urgently being sought, preferably involving minimal use of

synthetic polymers to avoid the new regulations governing the use of microplastics.

4 Melamine
Q) formaldehyde
A deposition

Magnafloc/ Laponite
stabilised Pickering
emulsion

Figure 1. Melamine formaldehyde-coated microcapsules derived from Laponite-based Pickering emulsions for
potential laundry formulation applications.®

Recently, formaldehyde-free microcapsules have been designed that are based on
less harmful polymers, such as polyurethanes, poly(methyl methacrylate) or poly(lactic

acid). However, such materials still fall foul of the microplastics ban that many
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countries are expected to introduce in the near future. Thus, the work described in this
Thesis focuses on developing an alternative environmentally friendly alternative
technology for the encapsulation of multicomponent fragrances to be used in laundry
products such as fabric conditioners. Ideally, such microcapsules require fragrance
retention for 12-18 months with triggered fragrance release being achieved on demand
via a pH switch or a change in temperature, or by mechanical action. In principle, using
inorganic crystals for fragrance encapsulation should avoid the use of toxic, non-
(bio)degradable polymers in home care formulations. For example, calcium carbonate
(CaCQg) is one of the most abundant naturally-occurring biominerals.® It exists in
various crystal polymorphs such as calcite, vaterite and aragonite and is of
tremendous significance for various living organisms.” It is also widely used for various
industrial applications, such as paints & coatings, paper manufacture, construction,?
the oil & gas industry ® and biomedical applications.™ In principle, synthetic polymers
can be used to improve the mechanical properties of CaCOs-based biominerals
provided they are used at relatively low concentrations (ca. 0.1 — 0.2% by mass) to
remain compliant with microplastics legislation. More specifically, anionic amphiphilic
diblock copolymer emulsifiers can act as emulsifiers to form oil-in-water
nanoemulsions. Then CaCOs can be grown in the presence of such microscopic oil
droplets to produce oil-loaded calcite crystals, see Figure 2. Ning et al. have shown
that pure oils such as methyl myristate, squalene or sunflower oil can be encapsulated
using this approach, but in principle it could be extended to include multicomponent

fragrances as well."
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Figure 2. Occlusion of oil droplets stabilised via amphiphilic diblock copolymer chains within growing calcite
crystals, as recently reported by Ning and co-workers."!
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2. LITERATURE REVIEW
21 Polymer Chemistry

Polymers are long-chain molecules, also known as macromolecules, that consist of
many repetitive sub-units, or monomers.'? Polymers can be either naturally-occurring
(e.g. DNA and cellulose) or man-made (e.g. polypropylene and polystyrene): they can
exhibit a remarkably diverse range of physical properties, making them essential to
modern life. Indeed, the field of polymer science has been advancing remarkably over
the past few decades. Applications for synthetic polymers now include textile fibres for
clothing and bed linen, latex binders for paints and coatings, fire-retardant materials
for electrical cable insulation, non-stick surfaces for kitchenware, highly transparent
materials for contact lenses and spectacles, and biomedical devices such as plastic
heart valves.'3-'® The mean number of monomer repeat units per polymer chain is
known as the mean degree of polymerisation, or DP. Polymers may consist of many
repeat units of the same monomer (homopolymers) or can comprise two or more
comonomers (copolymers).'® Various polymer architectures are known, such as linear
homopolymers, block copolymers, statistical (or random) copolymers, alternating
copolymers, and graft copolymers, see Figure 3.2° Non-linear examples include
branched copolymers and gel networks. This Thesis will focus on amphiphilic diblock
copolymers and their self-assembly to form sterically-stabilised nanoparticles in

aqueous media.

"WV AWV AV

A Homopolymer AB Block copolymer AB Random copolymer
AB Alternating copolymer ABC Triblock copolymer Graft copolymer

Figure 3. Examples of various polymer architectures.

Many polymer properties (e.g. fibre strength or latex film adhesion) depend on the DP
of the polymer chains. Unlike small molecules, polymers are polydisperse materials,

meaning that they do not exhibit a discrete molecular weight. Instead, they exhibit a
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molecular weight distribution. There are two common moments of such molecular
weight distributions. One is the number-average molecular weight (M, ), which is

calculated using equation (1):

__2niM;

M, (1)

in;

Here n; represents the number of polymer chains with i repeat monomer units and M,
is the molecular weight of these chains. Alternatively, the weight-average molecular
weight (M, ) can be used, as defined according to Equation 2.

_InM}

M. =
w IniM;

(2)

This parameter is more biased towards the longer chains within the molecular weight

distribution. A schematic representation of a molecular weight distribution curve is

shown in Figure 4 to illustrate the difference between M, and M, .

Number-average
molecular weight (M,)

Weight-average
molecular weight (M,,)

Number of molecules

Molecular weight

Figure 4. Schematic representation of the molecular weight distribution for a polymer, illustrating the difference
between M, and M,,.?"

The dispersity (D), or M, /M, ratio, is defined according to Equation 3.

_ Mw

p=
Mn

(3)

For some naturally-occurring polymers such as certain proteins or DNA, the dispersity
can be unity, which means that all the polymer chains have precisely the same length
and mass. However, for all synthetic polymers, D is greater than unity, indicating a
molecular weight distribution curve of finite width.?? In fact, the dispersity can be used
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as a crude measure of the width of the molecular weight distribution curve. Since the
1950s, various polymerisation techniques have been developed to prepare so-called
near-monodisperse polymers, for which D is less than 1.20.

Depending on the mechanism for their synthesis, polymers can be categorized as
either step-growth polymers or chain-growth polymers. Step-growth polymerisation
involves the gradual build-up of high molecular weight polymer chains over a
prolonged period of time via series of step-wise reaction between monomers,
oligomers etc.?> Examples include the synthesis of polyesters or Nylon for textile
applications. However, step-growth polymerisation is not relevant to this Thesis and
so will not be discussed further. Chain-growth polymerisations can produce high-
molecular weight polymers very rapidly via addition of multiple monomer units to the
growing chain-ends. Chain-growth polymerisation can be conducted using anions,
cations or free radicals. Only the latter species are relevant to this Thesis. There are
two types of free radical-based chain-growth polymerisations: one is uncontrolled
while the other is relatively well-controlled, see the red and blue curves respectively
shown in Figure 5.2* In this Thesis, a type of well-controlled chain-growth
polymerisation is used to control the molecular weight distribution and copolymer
architecture of the final product. In this case, the polymer molecular weight increases
linearly with the monomer conversion, see Figure 5. In the following section, various

chain-growth polymerisation techniques are discussed.

Free radical
polymerisation

Molecular Weight (MW)

Step-growth

— |

0% Conversion 100%

Figure 5. Evolution of molecular weight with monomer conversion for uncontrolled (red curve) and well-controlled
(blue curve) chain-growth polymerisations, and also step-growth polymerisation (green curve).
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2.2  Free radical polymerisation
Free radical polymerisation is a type of uncontrolled chain-growth polymerisation that
is widely used for the industrial manufacture of vinyl polymers.?> Many functional
monomers can be used and this technique is tolerant of protic solvents and the
presence of impurities.?® Free radical polymerisation can be performed in various
conditions, including in solution, under emulsion or dispersion conditions, or even in
the bulk.?’” The polymerisation mechanism comprises four main steps: initiation,

propagation, chain transfer and termination, see Figure 6.

A radical polymerisation is initiated once the initiator has undergone unimolecular
decomposition to produce primary radicals (I°). The initiator is typically a compound
possessing a bond with a relatively low dissociation energy, which can undergo
homolytic fission under mild conditions.?® Some examples of suitable initiators include
azo compounds, peroxides or persulfates.?® Thermal decomposition is usually used to
generate a radical flux. This step is relatively slow and normally dictates the overall
kinetics of polymerisation.

Once the primary radicals are formed, they react almost instantaneously with the vinyl
monomer to produce monomer-initiator radicals (M"). These species then react with
further monomer units to form a propagating polymer chain (P, "), which grows rapidly
(chain growth is typically complete within a fraction of a second). Throughout the
polymerisation, various chain transfer side-reactions can occur because the
propagating polymer radicals can react with the solvent or with dead polymer chains
or (occasionally) with unreacted monomer without causing propagation. In some cases,
a chain transfer agent (denoted as T) is added to regulate (i.e. lower) the mean degree
of polymerisation of the polymer chains. In this latter case, reinitiation can occur to

generate a second polymer chain.®®

A free radical polymerisation can be terminated by either combination or
disproportionation. In the former case, the molecular weight of the final ‘dead’ (non-
propagating) polymer is equal to the sum of the molecular weights of the two reacting
polymer radicals. In the latter case, two ‘dead’ polymer chains are formed, with one of
these chains containing an unsaturated chain-end (see Figure 6). Polymers prepared
via free radical polymerisation typically exhibit broad molecular weight distributions

(Mw/M;, > 2.0). This is partly owing to termination and partly because the rate of
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initiation is relatively slow compared to chain transfer and propagation, so new chains
continue to be formed even towards the end of the reaction (i.e. under monomer-
starved conditions). Chain transfer side-reactions also tend to broaden the molecular
weight distribution. Another well-known side-reaction involves the reaction of polymer
radical with oxygen, which leads to the formation of an unreactive peroxy radical
adduct. This is why free radical polymerisations have to be conducted in the absence

of aerial oxygen to avoid unwanted retardation or inhibition.

k
I, 7, 21 Initiator cleavage -
k. - |Initiation
" +M ——— M Chain initiation
. kP .
P, + M —— P, Propagation
. ktr .
P, +T — P, + T Transfer
ki, — Chain transfer
T"+M ——  T-M° Reinitiation -

kIC Pn+m
ktD I:)n= + I:)mH

Figure 6. The generally accepted mechanism for free radical polymerisation, showing the four stages of initiation,
propagation, chain transfer and termination.233

For unimolecular decomposition, the rate of formation of primary radicals via
unimolecular decomposition of the initiator is given by Equation 4, in which [I] is the
initiator concentration, R, is the rate of decomposition, and k, is the rate constant for

the initiator decomposition.

afl
—% = Rq = kall] 4)

The rate of initiator decomposition is typically much slower than the rate of reaction of
the monomer with the primary radical, which makes this the rate-determining step.
Moreover, an initiator efficiency (f) must be introduced to allow for the fact that not all
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of the primary radicals go on to generate polymer chains. The overall expression for
initiation of a polymerisation is given by Equation 5.

d[/-M']
dt

=R; = 2fk4[1] (5)

The monomer-initiator radical adduct can then react with further vinyl monomers to
produce a propagating polymer radical (P»"). The rate of propagation, Ry, is given by

Equation 6, where kp is the rate constant for propagation.

alm .
— I = R, = ky[M][P, ] ©)

As shown in Figure 6, termination can occur by either combination or
disproportionation. These two reactions have differing rate constants, kic and k. The
final rate expressions for each case are given by Equations 7 and 8, respectively. The
overall rate of termination can be expressed as shown in Equation 9, where the rate
constant, k;, is equal to the sum of these rate constants, kic + kip.

Ric = kec[Py 12 (7)
Rip = kp[Py *]? (8)
R, = 2k.[B, ']? 9)

Chain transfer can occur throughout the polymerisation, whereby the active radical
centre is transferred from the growing polymer radical to a different species within the
reaction mixture. The rate of chain transfer, Ry, can be expressed as shown in
Equation 10, where T denotes the species to which the radical centre is transferred

and k,, is the rate constant for the chain transfer.
Ri = ktr[Pn ] [T] (10)

To determine the overall rate expression for free radical polymerisation, the steady-
state approximation is invoked. This approximation states that the rate of initiation
equals the rate of termination, i.e. there is no net gain or loss in the concentration of
radical species.® It is further assumed that chain transfer reactions are negligible.
Thus, the overall rate equation only depends on the initiation, propagation and
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termination steps of the polymerisation. The final expression for the rate of

polymerisation, R,,ym » iS given by Equation 11:

Fkall
Rpolym = kp[M] ’i[ ] (11)

The main problem with free radical polymerisation is that it provides poor control over
both the molecular weight distribution and the copolymer architecture.3® In particular,
it is not possible to prepare well-defined diblock copolymers. In the following sections,
alternative polymerisation techniques are introduced that confer much better control
over the molecular weight distribution and, more importantly, the copolymer
architecture.

2.3 Living Anionic Polymerisation
Living anionic polymerisation was first reported by Szwarc in 1956.3* The
polymerisation is initiated by a carbanionic species and the polymerisation is termed
‘living’ because, unlike free radical polymerisation, there is no intrinsic termination step.
Once all the monomer has been consumed, the carbanionic end-groups remain active
and further chain growth can occur if a second monomer charge is added. This is
because, unlike radicals, carbanions cannot react with each other. 3% There is also
essentially no chain transfer during anionic polymerisation. Furthermore, the rate of
propagation is significantly slower than the rate of initiation.?”-3¢ This means that all the
polymer chains are formed immediately and there is no overlap between the initiation
and propagation steps. This leads to very narrow molecular weight distributions
(Mw/M; < 1.10). As indicated in Figure 5, the molecular weight of such polymers

increases linearly with monomer conversion.

In Szwarc’s pioneering studies, styrene was polymerised in dry THF using a
sodium-naphthalene complex as the initiator.3” The initial styrene radicals dimerise to
form a dianionic species, with electron transfer to styrene occurring during the initiation
step. Subsequent propagation leads to polystyrene chains comprising two anionic
end-groups. Szwarc noted that there was no colour change in the reaction mixture
once all the styrene had been consumed. Moreover, subsequent monomer addition
led to further polymer growth, thus confirming the so-called ‘living’ character of this

polymerisation. Introducing water into the reaction solution led to immediate
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termination because anionic polymerisations are highly intolerant towards protic

impurities.

An example of a living anionic polymerisation is depicted in Figure 7. An organolithium
complex, in this case n-butyl lithium, is used to initiate this polymerisation.?° In principle,
4-substituted styrenes can be polymerised instead of styrene.®® Other suitable vinyl

monomers include isoprene, butadiene, 2-vinylpyridine and 4-vinylpyridine.3°

CXC}
n-BuLi H H
2 2
H-C Y n-Bu—C_po o n-Bu C.Lo o
2 CH “CH Li “CH L
Nucleophilic >>
addition Propagation reaction
/\©
Y

Figure 7. Reaction mechanism for the polymerisation of 4-substituted styrene monomers via living anionic
polymerisation using n-BulLi as the initiator.2°

The discovery of living anionic polymerisation was an important breakthrough. Firstly,
this method affords precise control over the target molecular weight up to 10° g mol™,
simply by adjusting the monomer/initiator molar ratio.*° Secondly, the resulting
polymers have remarkably narrow molecular weight distributions, with dispersities
sometimes less than 1.05.4" A Poisson distribution can be used to describe the
molecular weight distribution.>> Moreover, as there is no termination step and
carbanions are highly reactive, sequential addition of a second monomer leads to the
formation of well-defined diblock (or triblock) copolymers, which cannot be prepared
using free radical polymerisation.*? Finally, very high monomer conversions (> 99%)
can be routinely achieved.

However, there are certain limitations to anionic polymerisation, which prevent its
widespread industrial use. Firstly, anionic polymerisation is highly intolerant towards
protic impurities such as water. Furthermore, many functional monomers containing
hydroxyl, primary amine or carboxylic acid groups are incompatible with carbanions
and so cannot be polymerised via living anionic polymerisation.*® Indeed, rather few

vinyl monomers are amenable to anionic polymerisation.
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2.4 Reversible Deactivation Radical Polymerisation (RDRP)

Free radical polymerisation and living anionic polymerisation each possess various
advantages and disadvantages. Free radical polymerisation is preferred for the
industrial manufacture of viny polymers owing to its ease of implementation and
tolerance of monomer functionality and protic sources.?* However, it offers very limited
control over the copolymer architecture, molecular weight and dispersity. In contrast,
living anionic polymerisation offers precise control over the target molecular weight,
produces a narrow molecular weight distribution and provides convenient access to
complex architectures. Nevertheless, it is only applicable to a rather narrow subset of
vinyl monomers and rather stringent reaction conditions are required to remove all
traces of water. In principle, combining the positive attributes from these two
techniques while minimising their limitations should enable the precise synthesis of
functional vinyl polymers with well-defined architectures. This general approach is now
known as Reversible Deactivation Radical Polymerisation (RDRP).

RDRP enables the synthesis of a wide range of functional polymers with
pre-determined molecular weights, narrow dispersities and complex architectures.*4
The general principle for such polymerisations involves the suppression of termination
relative to propagation. In principle, this can achieved either by rapid reversible
deactivation of polymer radicals to produce dormant polymer chains (see Figure 8) or
by rapid reversible chain transfer using highly efficient chain transfer agents (CTAs).*°

kact . .
R—Z - R + Z
k
deact Reactive Stable
radical radical

Figure 8. Generic reaction scheme for an RDRP equilibrium, with the dormant species shown on the left-hand
side of the equilibrium and the active polymer radical species on the right-hand side.?°

There are three main types of RDRP: nitroxide-mediated polymerisation (NMP), atom
transfer radical polymerisation (ATRP) and reversible addition-fragmentation chain
transfer (RAFT) polymerisation. All copolymers prepared in this Thesis were

synthesised using RAFT polymerisation, which is discussed in more detail below.
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2.5 Reversible Addition Fragmentation Chain Transfer (RAFT)
Polymerisation

RAFT polymerisation was first reported in 1998 by Moad et al. and has subsequently
revolutionised the field of polymer synthesis.*® It enables the synthesis of complex
copolymer architectures while providing good control over the molecular weight
distribution. As shown in Figure 9, the molecular weight distribution of a polymer
prepared by RAFT polymerisation is significantly narrower than that prepared by
conventional free radical polymerisation. Moreover, RAFT polymerisation introduces
functional end-groups that can be further modified.4’

X/\/\/\Z
RAFT /\/\/\/z

Polymerisation X
x/\/\/\z
|n/\/\/\ ) ; - . . - )

Free Radical /\/\/\/\/

Polymerisation In ]

n” NN DP

Figure 9. RAFT polymerisation produces near-monodisperse polymer chains of adjustable molecular weight. In
contrast, free radical polymerisation provides much less control over both the molecular weight distribution and
the target molecular weight. RAFT polymerisation also provides convenient access to complex copolymer
architectures and introduces functional end-groups that can be used for further derivatisation.*®

Over the past two decades or so, RAFT polymerisation has become widely recognised
as one of the most versatile types of controlled living polymerisation.*® This is in part
because of its applicability to many vinyl monomers and reaction conditions.® It
utilises an organosulfur chain-transfer agent (CTA) that mediates the polymerisation
via rapid reversible chain transfer.#® 51 This rapid exchange of end-groups between
the growing polymers is essential for achieving a narrow molecular weight distribution.
The choice of the type of RAFT agent and its R and Z groups depends on the type of
monomer being polymerised, as depicted in Figure 10. The S-R bond must be

sufficiently weak to fragment rapidly to form the radical leaving group R’, preferably

without undergoing any side reactions. The nucleophilic nature of the Z group ensures
activation of the thiocarbonyl bond and also stabilises the intermediate radical

adduct.5?

Page 12 of 92



O=wm

R
ZZ/’ ‘\\S;/’

Figure 10. Generic structure of a RAFT chain transfer agent.
Figure 11 shows the chemical structures of the most commonly used RAFT agents,
which are dithiobenzoates,®® trithiocarbonates,®-%3 trithiocarbamates® and
xanthates.®® In each case, the organosulfur end-groups enable post-polymerisation
modification reactions that can dictate potential applications for the resulting

polymers.56
S S
S /u\ S
R ”
R R
s” R /ﬂ\ R N7 87 R /ﬂ\ R
Ng S/ | No S/
R
A B C D

Figure 11. Chemical structures for four common RAFT agents: A) dithiobenzoate; B) trithiocarbonate; C)
dithiocarbamate; D) xanthate.

Figure 12 illustrates the mechanism by which RAFT-mediated polymer chains are
generated. In the initiation step, initiator radicals are formed by either thermal
decomposition or light irradiation,® initiate a propagating polymer radical. This
species reacts with the RAFT agent to afford a radical adduct. This then produces a
radical leaving group, which then reacts with further monomer to initiate a new growing
polymeric chain.® In the propagation step, the organosulfur chain-ends are shared
equally between the growing polymer chains. Termination is suppressed relative to
propagation but never eliminated; it proceeds by the same two mechanisms already
discussed for conventional free radical polymerisation.
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Figure 12. The RAFT polymerisation mechanism, which is composed of the following five main steps: (i) initiation
which is the formation of radicals; (ii) propagation of the growing polymer chains; (iii) reinitiation, where the
radical leaving group creates a new growing polymer radical; (iv) chain equilibration, where the organosulfur
chain-ends are shared equally between the growing polymer chains; (v) termination, where two radicals react
together and chain growth ceases.?®

One of the main advantages of RAFT polymerisation is that it can be employed in polar
solvents such as water and is applicable to many acrylates, methacrylates,
acrylamides, methacrylamides, vinyl esters and styrene.®® Moreover, the synthesis of
functional diblock and triblock copolymers can be readily achieved without recourse to
protecting group chemistry. Of particular relevance to this Thesis, amphiphilic diblock
copolymers have attracted significant industrial and academic interest owing to their
ability to self-assemble in aqueous solution to form various types of nano-objects.®’

2.6 Emulsion Polymerisation
Emulsion polymerisation was originally developed for the production of synthetic latex
rubber during World War 11.62 Because of its ease of implementation and flexible

processing conditions, emulsion polymerisation is utilised for the industrial
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manufacture of many vinyl polymers, such as paints, adhesives and paper coatings.®3-
65 A typical emulsion polymerisation formulation involves a water-insoluble monomer,
a water-soluble free radical initiator and a surfactant in water. The final product is a
stable colloidal dispersion of microscopic polymer particles, otherwise known as a
latex. Such polymerisations are environmentally friendly because they involve a cheap
non-toxic solvent (water) and typically proceed to very high monomer conversion, so
there is little waste and no volatile organic components (VOCs).

In his now seminal studies, Harkins outlined three distinct regimes for emulsion
polymerisation: Intervals I, Il and I11.88 As shown in Figure 13, Interval | usually occurs
at 0-5% conversion and involves particle nucleation. The rate of polymerisation
remains relatively constant during Interval I, which continues until all the monomer
droplets have been consumed. The rate of polymerisation is reduced during Interval
lIl, which proceeds until all the monomer has been consumed.
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Figure 13. The three main stages (Intervals |, Il and llI) for an aqueous emulsion polymerisation.®”

Figure 14 depicts a schematic representation of the three Intervals during an aqueous
emulsion polymerisation. Micron-sized monomer droplets are formed and remain
present during Interval [; this oil-in-water emulsion is stabilised by adsorbed surfactant
molecules. The water-soluble free radical initiator slowly decomposes to generate
radicals in the aqueous phase. Although the vinyl monomer is water-immiscible, it
nevertheless exhibits some limited solubility (typically 0.1 to 5 g dm) in the aqueous
continuous phase. This small fraction of monomer reacts with the initiator radicals to

form oligomeric radicals. As these oligomers grow beyond a critical chain length, they
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become more hydrophobic, which leads to either heterogeneous or homogeneous
nucleation.®® In the former case, oligomeric radicals are transferred into the surfactant
micelles located in the aqueous phase.®® In contrast, homogeneous nucleation occurs
when free surfactant adsorbs onto the oligomeric radicals to form new micelles.”

Interval | is complete when all micelles are converted into nascent growing particles.

Interval Il is characterised by the growth of monomer-swollen particles. During this
period the number of particles does not change but the existing particles grow larger
(see Figure 14).6” One significant difference between Intervals Il and Ill is the fact that
the monomer droplets act as reservoirs, which results in a constant rate of

polymerisation.”

Interval Il is characterised by a rate reduction under monomer-starved conditions.
There are no monomer droplets left during this final stage, only monomer-swollen

colloidally stable latex particles. The final monomer conversion is very high (>99%).
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Figure 14. Schematic representation of the three Intervals that constitute a conventional emulsion

polymerisation.”>7"3

Surfactant-free RAFT aqueous emulsion polymerisation has been developed over the

past two decades.” This formulation will be discussed in more detail in section 2.7.4.

Self-Assembly

It is well-known that amphiphilic molecules such as surfactants or block copolymers
self-assemble to form nanoparticles in aqueous media.”> A very common, naturally
occurring example of such a surfactant is a lipid. These typically consist of two long
hydrophobic chains and a zwitterionic head-group; they form bilayers in order to
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minimise energetically unfavourable hydrophobic interactions (this is known as the
hydrophobic effect).”® There are various definitions of self-assembly, but in this Thesis
it refers to the process in which a disordered system spontaneously forms an

organised structure without external intervention.””

2.7.1 Surfactant self-assembly
As briefly mentioned above, surfactants are amphiphilic molecules that are composed
of a hydrophilic (water-loving) head-group and a long hydrophobic (water-repelling)
tail, which typically comprises a hydrocarbon chain. These compounds are widely
used in industry due to their ability to reduce surface tension and stabilise emulsions,
which is useful in home and personal care applications.”® Surfactants are classified
according to the nature of their hydrophilic head-group: they can be neutral, anionic,

cationic or zwitterionic.

ANNANANNNS - NN + AN T AN

A B C D

Figure 15. Schematic cartoon to illustrate: (A) neutral, (B) anionic, (C) cationic and (D) zwitterionic surfactant
structures.

Surfactant self-assembly to form micelles is a thermodynamically-driven phenomenon,
for which the driving force is the minimisation of unfavourable interactions of the
hydrophobic tails with water. Various intermolecular forces can be involved, including
H-bonding, electrostatics and van der Waals interactions.”® Solution conditions such
as the surfactant concentration, pH and temperature dictate the aggregate size and
morphology.® The latter can be predicted using equation 12, which was introduced by
Israelachvili and co-workers in 1976. Here Cp, is the critical packing parameter, V,
denotes the volume occupied by the hydrocarbon chains, [ is the length of those
chains and a, is the surface area occupied by the hydrophilic head-group.’%:8'

Vo
C =
pp a’OlC

(12)

The most commonly observed morphologies are presented in Figure 16 below, along

with their associated numerical Cpp values.
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Figure 16. Schematic representation of surfactant self-assembly morphologies with their associated critical
packing parameters.®

2.7.2 Block copolymer self-assembly

In the late 1950s, the invention of living anionic polymerisation by Szwarc et al.
enabled the synthesis of well-defined diblock copolymer chains that underwent self-
assembly in selective solvents.®28% The self-assembly behavior of such chains can
easily be compared to that of surfactants. In AB type of diblock copolymers, one block
is hydrophilic and the other is hydrophobic, hence the ratio of thereof determines their
final morphology. Figure 17 below illustrates the accessible nanoparticle shapes;
spheres, rods (also known as worm-like micelles), bilayers (lamellae and vesicles),
hexagonally packed hollow hoops (HHH) and lastly large compound micelles.8+8%
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Figure 17. Transmission electron microscopy (TEM) images and schematic cartoons of the various morphologies
that can be formed from amphiphilic PSy-PAA, diblock copolymers.8+83

Self-assembly in solution was traditionally achieved by employing either a pH switch
or by the slow addition of a selective solvent to render one of the two blocks insoluble.
However, such post-polymerisation processing is typically restricted to dilute
copolymer solutions (< 1% w/v). This limitation has severe implications in terms of

scalability, which is a major issue for industrial applications.®”

2.7.3 Polymerisation-Induced Self-Assembly (PISA)
PISA enables the in situ self-assembly of diblock copolymers to produce nano-objects
with various morphologies. Typically, a soluble homopolymer precursor in a suitable
solvent is chain-extended using an appropriate monomer such that the growing
second block becomes insoluble at some critical DP.8" This drives in situ self-assembly
to produce various types of sterically-stabilised diblock copolymer nanoparticles.
Figure 18 illustrates this process and also indicates the main three morphologies that
can be obtained: spheres, worms or vesicles. The final copolymer morphology
depends mainly on the relative volume fraction of each block, with relatively long
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insoluble blocks favouring the formation of vesicles. However, various other
parameters such as the copolymer concentration and the presence of ionic charge
can also play important roles in this regard: it is well-known that many PISA

formulations are restricted to kinetically-trapped spheres.8

P<1/3 Spheres

M, .
RAFT PISA

Water-soluble 113<P<1/2

stabiliser block J—
=

1/2<P<1 Vesicles

Worms

Water-insoluble
core forming block

Increasing DP

<

Figure 18. Schematic representation of the nanoparticle synthesis and morphologies using PISA. P denotes the
packing parameter.8®

The Armes group has constructed pseudo-phase diagrams for various PISA
formulations that enable reliable PISA syntheses of the desired copolymer
morphology.®®? Typically, the DP of the insoluble block is plotted against the
copolymer concentration for a given (fixed) steric stabiliser DP.?3 However, in some
cases the DP of each block can be plotted with all PISA syntheses being conducted

at the same copolymer concentration.®*

PISA syntheses have been conducted using various types of controlled radical
polymerisation such as Nitroxide-Mediated Polymerisation®>-°" and Atom Transfer
Radical Polymerisation (ATRP).%-1% However, RAFT-mediated PISA remains the
most commonly used technique reported in the literature.'9'-"1% This chemistry is

applicable to a wide range of functional vinyl monomers under relatively mild
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conditions.’" Moreover, RAFT polymerisations can be conducted in a many different
solvents, including water,%"191.112 polar and non-polar solvents,'”113-123 and even
ionic liquids.'* Importantly, RAFT-mediated PISA can be used to produce

nanoparticles in the form of concentrated dispersions (i.e. 25-50% w/w).61:113.116,125

The versatility of the RAFT-mediated PISA approach makes it very suitable for many
industrial applications. A wide range of solvents and materials can be used to achieve
many nano-object morphologies in a relatively high solid concentration.

According to Hayward and Pochan, various parameters can dictate the final
morphology of self-assembled diblock copolymer nano-objects.’?® When employing a
polyelectrolytic steric stabiliser, it is well-known that strong electrostatic repulsion
between neighbouring stabiliser chains prevents the evolution of copolymer
morphology during PISA."?” More specifically, Semsarilar et al. examined the
synthesis of poly(potassium 3-sulfopropyl methacrylate)x—poly(2-hydroxypropyl
methacrylate), (PKSPMA,—PHPMA,) diblock copolymer nanoparticles and found that
the strongly anionic nature of the PKSPMA block led to kinetically-trapped spherical
nanoparticles ranging from 50 to 200 nm (as illustrated in Figure 19 below).'?’

Given the anionic nature of the steric stabiliser block,
only spherical nanoparticles could be obtained via
RAFT aqueous dispersion polymerisation. However,
this kinetically-trapped morphology is actually an
advantage for industrial scale because it ensures that
a relatively low dispersion viscosity can be
maintained. Moreover, the copolymer morphology is

g irrelevant for this particular application because the
initial spherical nanoparticles undergo in situ

Figure 19. Schematic cartoon depicting . Lo R .
PKSPMA, — PHPMA, spherical dissociation to form amphiphilic diblock copolymer

nanoparticles prepared by RAFT .
aqueous dispersion polymerisation.’?  chains (see later).

2.7.4 PISA by RAFT aqueous emulsion polymerisation
As described in Section 2.5, RAFT polymerisation enables the synthesis of various
copolymer architectures with good control over the molecular weight distribution.
However, unexpected problems were encountered for prototypical PISA formulations
based on RAFT aqueous emulsion polymerisation, including (i) poor control over the
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polymerisation resulting in broad molecular weight distributions,’® (ii) slow
polymerisation kinetics and incomplete conversion'? and (iii) poor colloidal
stability.?°

Ferguson et al. developed the first really successful surfactant-free RAFT aqueous
emulsion polymerisation formulation.’%3" An amphiphilic RAFT agent was used to
polymerise acrylic acid (AA) to produce a water-soluble precursor. Then a water-
insoluble monomer, n-butyl acrylate (BA), was slowly added to the reaction mixture.
When the hydrophobic block reaches a certain critical DP, micellar nucleation
occurs.’® These micelles become swollen with BA monomer, which allows the
emulsion polymerisation to proceed efficiently. Figure 20 illustrates the mechanism of
RAFT aqueous emulsion polymerisation. Gavena et al. extended this method by
adding an second hydrophobic monomer and thus preparing well-defined triblock

copolymers in the form of sterically-stabilised nanoparticles.'?®
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Figure 20. Particle formation process via ab initio RAFT aqueous emulsion polymerisation.'3’

RAFT aqueous emulsion polymerisation is a versatile technique that is applicable to
many water-immiscible vinyl monomers. Charleux and co-workers have published a
series of papers using various steric stabiliser blocks based on acrylic acid,’'2132
methacrylic acid,’3'3* acrylamides’® and ethylene oxide.’%'37 A range of
hydrophobic blocks have also been studied, such as methyl methacrylate,'3®
styrene'*138 and benzyl methacrylate'®'49. More recently, many more specialty
monomers have been examined, such as butyl acrylate,’® vinyl
acetate,'’ trifluoroethyl methacrylate,'#? isopropylideneglycerol methacrylate,'*® 2-
methoxyethyl methacrylate'4 and glycerol monomethacrylate, > which demonstrates
the structural diversity that is compatible with RAFT aqueous emulsion polymerisation.
Such polymerisations often require optimisation in terms of the solution pH."6.147 For
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example, Chaduc et al. examined the effect of pH on the RAFT aqueous emulsion
polymerisation of styrene using a PAA steric stabiliser.'’ In this case, the solution pH
was systematically varied from highly acid (pH 2.5) to weakly basic (pH 8.1). At low
pH, well-defined spherical nanoparticles were formed, whereas at high pH only poor
control over the polymerisation was obtained (see Figure 21). Presumably, this was
the result of partial hydrolysis of the RAFT end-groups. 148149
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Figure 21. Effect of varying the solution pH on the evolution of molecular weight distribution with monomer
conversion as determined by GPC analysis. For each PISA formulation, TEM studies of the final nanoparticles
reveal a spherical morphology.'#”

In many cases RAFT aqueous emulsion polymerisation produces only kinetically-
trapped spheres.!34135139,141-143,145 However, Boissé et al. reported that block
copolymer worms and vesicles can also be accessed using such PISA formulations.''?
In this seminal study, a series of steric stabilisers were prepared by statistically
copolymerising varying amounts of acrylic acid (AA) with poly(ethylene glycol) methyl
ether acrylate (PEGA) using 2-(dodecylthiocarbonothioylthio)-2-methylpropanoic acid
(TTC) as the RAFT agent. These water-soluble P(AA-co-PEGA) precursors were then
chain-extended with styrene to produce spheres, worms or vesicles depending on the
chemical composition of the stabiliser block. As shown in Figure 22, using a PAA-TTC
stabiliser only produced spheres, whereas P(AA-co-PEGA)-TTC enabled the
formation of worms. Finally, vesicles were observed when using a non-ionic PPEGA-
TCC stabiliser.
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Figure 22. TEM images recorded for various P(AA-co-EGA)-PS morphologies obtained via RAFT aqueous
emulsion polymerisation using statistical copolymers comprising AA and PEGA as the steric stabiliser block.'"?

The effect of varying the pH and salt concentration were also examined when using a
steric stabiliser block comprising 50 mol% AA. The AA repeat units became
increasingly ionised at higher pH, which led to a morphological transition from mainly
worms to predominantly spheres. The addition of salt at pH 8 induced a morphological
transition from spheres to worms or even vesicles. The same French group obtained
similar results when using steric stabilisers comprising methacrylic acid (MAA) and
poly(ethylene glycol) methyl ether methacrylate (PEGMA)."50-152

In summary, although worms and vesicles can be accessed via certain RAFT aqueous
emulsion polymerisation formulations, kinetically-trapped spheres are typically
obtained when employing anionic steric stabiliser blocks such as poly(methacrylic acid)
or poly(acrylic acid).'4®

2.8 Diblock copolymer stabilised oil-in-water nanoemulsions
Emulsions comprise a mixture of two (or more) immiscible liquids in which one liquid
(the dispersed phase) is dispersed in another liquid (the continuous phase) in the form
of droplets. Usually, one of the two liquids is water. There are two main types of
emulsions, oil-in-water (O/W) and water-in-oil (W/O)."®® Emulsions are classified
according to their droplet size, as well as their thermodynamic and kinetic stability.
Macroemulsions comprise droplets that range in size from 1 to 1000 ym. Typically,
high-shear homogenisation is required to produce such droplets, which may be
kinetically stable but are never thermodynamically stable. If high-pressure
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microfluidization is used to further process these micrometer sized droplets — and
there is sufficient excess emulsifier — then a nanoemulsion is obtained.
Nanoemulsions comprise droplets of 200-500 nm diameter and are also
thermodynamically unstable. In contrast, microemulsions are composed of very fine
droplets in the 10-100 nm range: they exhibit thermodynamic stability, tend to have
narrower droplet size distributions and hence can be formed spontaneously in the
absence of any shear.’™ Figure 23 illustrates the relative size ranges for a

macroemulsion, a nanoemulsion and a microemulsion, respectively.
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Figure 23. lllustration of the difference in size between a macroemulsion, a nanoemulsion and a
microemulsion. %5

The main destabilisation mechanisms'® for emulsions are: i) droplet coalescence; (i)
aggregation, where multiple droplets stick together; (iii) sedimentation or creaming,
where the dispersed phase either sediments or creams owing to gravitational forces
(if there is a sufficiently large density difference between the two immiscible liquids);
(iv) Ostwald ripening, which is the gradual diffusion of liquid from smaller droplets into
larger droplets driven by the pressure difference.'>* Figure 24 summarises these four
destabilisation mechanisms.
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Figure 24. Schematic representation of the four main destabilisation mechanisms for emulsions.

Droplet coalescence tends to be the main reason for destabilisation in relatively
unstable emulsions, whereas Ostwald ripening and either creaming or sedimentation
tend to occur for more stable emulsions. Emulsifiers are used to prepare emulsions.
They can be surfactants, amphiphilic copolymers or proteins, or colloidal particles.®”
Soluble emulsifiers are typically amphiphilic: for example, a surfactant comprising a
hydrophilic head-group and one or more hydrophobic chains.'® Adsorption of such
molecules at the oil-water interface lowers the oil/water interfacial tension, which aids
droplet formation and stabilisation.

As discussed in Sections 2.1 and 2.2, RAFT-mediated PISA enables the convenient
synthesis of functional diblock copolymers in the form of sterically-stabilised
nanoparticles.61.86.159-166 The amphiphilic nature of some of these copolymer chains
allows them to act as polymeric surfactants and hence stabilise either o/w emulsions
or w/o emulsions, depending on the diblock composition.'®” Initially, the nanoparticles
are dispersed in either the aqueous phase or the oil phase. High-shear
homogenisation generates micron-sized droplets, which are stabilised by the
adsorption of the diblock copolymer nanoparticles at the oil-water interface. Here the
hydrophilic stabiliser block interacts with the aqueous phase and the hydrophobic
core-forming block interacts with the oil phase. In order to form a nanoemulsion, high-
pressure microfluidization is required to generate additional oil-water interface and
excess nanoparticles must be present to adsorb at this fresh interface. If the original
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diblock copolymer nanoparticles remain intact, a Pickering nanoemulsion is
obtained.'®” However, it is also known that the diblock copolymer nanoparticles can
undergo in situ dissociation under such conditions to produce molecularly-dissolved

copolymer chains, which then act as a soluble emulsifier."

These amphiphilic diblock copolymer chains not only stabilise nanoemulsions - they
can also be designed to interact with growing inorganic crystals.'®® The prerequisite
here is that the steric stabiliser chains should possess anionic character.6°

2.9 Biomineralisation and incorporation of guest species
Living organisms are widely known for constructing complex, tailor-made organic-
inorganic hybrid materials for specific functions that vary considerably in terms of their
composition, morphology and mechanical properties.’”® In this context, the most
abundant naturally occurring mineral is calcium carbonate or CaCOs. It is primarily
produced by marine organisms such as sea urchins, molluscs, sponges, corals and
crustaceans.'”% Although the aforementioned organisms each produce CaCOs-based
composite materials, they are used for different purposes. For example, they can offer
structural support and protection (in some cases an organism’s entire exostructure
can be made up of CaCOz-based materials), or provide remarkable mechanical
strength.’”" There are three main anhydrous crystalline polymorphs of CaCOs: calcite,
vaterite and aragonite. Figure 25 below illustrates these three structures, with calcite
being the most commonly formed owing to its higher thermodynamic stability under

ambient conditions.72
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Figure 25. The four main polymorphs of CaCOs: (A) amorphous calcite; (B) rhombohedral and/or layered calcite;
(C) spherical vaterite; D) needle aragonite.'”®

Depending on its specific function, biogenic calcite is normally produced in the form of
single crystals that can vary in size from micrometers up to millimetres. For a crystal
to be suitable for use as a skeletal material, it must be hard and durable without being
brittle. Pure calcite is very brittle along its {10.4} plane, so it is an unsuitable skeletal
material.’’4 Certain organisms have evolved to tackle this limitation by occluding
proteins within calcite crystals, particularly in the planes where cracks would be likely
to propagate.'”® Figure 26 below provides an illustration of the calcite unit cell. Proteins
are primarily occluded parallel to the c-axis as part of an effective crack suppression

mechanism.
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Figure 26. Hexagonal unit cell and c-axis configuration for crystalline calcite.'”®

As a result of introducing anisotropic fracture behaviour into this material, its
propensity towards embrittlement is significantly reduced. Such protein occlusion by
naturally-occurring organisms has inspired various synthetic studies focused on the
fabrication of inorganic-organic hybrid materials.'®®177.178 The aim here is to be able to

enhance the mechanical properties of the final crystals for a wide range of applications.

Since there are many naturally-occurring inorganic crystals, there has been
considerable interest in the occlusion of guest species within such biocompatible
inorganic hosts. A significant body of work is concerned with the occlusion of
nanoparticles. For example, in 2005 Lu et al. prepared porous calcite crystals using
copolymer latex particles as templates: in this case, the copolymer chains comprised
styrene (St), methyl methacrylate (MMA) and acrylic acid (AA) in various
proportions.'”” This Chinese team investigated the effect of various functional groups
on the surface of the latex particles, the latex and calcium concentrations and the
solution temperature on the crystal morphology and latex loading. Rhombohedral
crystals with uniform porosity could be obtained and the pore size could be adjusted
by varying the latex particle diameter. A three-stage crystallisation mechanism was
suggested: (i) nucleation of CaCOs nanocrystals onto the latex particles; (ii)
intermediate crystal growth and (iii) calcite occlusion of the latex particles. In order to
obtain porous calcite crystals, the latex was removed either via dissolution in
tetrahydrofuran (THF) or by calcination at 500°C. Figure 27 shows four SEM images

obtained for such calcite-latex composite materials.
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Latexes comprising various
functional surface groups, including
phosphates, sulfates, carboxylates,
and ammonium cations, were
examined. Empirically, it was found
that surface-carboxylated latex
particles produced the highest
extents of occlusion and gave the

most promising composite material.

Moreover, employing high

Figure 27. a) P(St-MMA-AA) latex particles via SEM imaging, concentrations of either the latex
b-d) SEM images of the composite material of latex-calcite.s” . . .
) 9 P particles and/or calcium ions

yielded non-rhombohedral crystals, as depicted in Figure 27. Conducting occlusion
experiments at lower temperatures also slightly affected the crystal morphology, but
primarily this led to surface occlusion as opposed to uniform occlusion. This could be
related to the slower rate of crystallisation under such mild conditions. This early study
provided some useful insights with regard to the design of inorganic-organic
nanocomposites with complex morphologies and provided a new perspective on

biomineralisation.

More recently, Ning et al. studied the effect of varying the anionic surface density of
the stabiliser block on the occlusion of sterically-stabilised diblock copolymer
nanoparticles within calcite crystals.'®® Poly(ammonium 2-sulfatoethyl methacrylate)-
poly(benzyl methacrylate) [PSEM—PBzMA] nanoparticles were prepared via RAFT-
mediated PISA. Importantly, the surface density of the PSEM stabiliser chains could
be varied simply by using either RAFT alcoholic dispersion polymerisation (high
surface density) or RAFT aqueous emulsion polymerisation (low surface density),
respectively. Figure 28 illustrates the two reaction schemes used to synthesise such
PSEM-PBzMA nanoparticles. A schematic representation of the resulting nanoparticle
morphologies is also shown for clarity. The ‘high surface density’ nanoparticles had a
relatively high aggregation number of 224 whereas the ‘low surface density’
nanoparticles had a much smaller aggregation number of 40 for identical diblock
copolymer compositions. This difference is a consequence of the polarity of the
continuous phase: the more polar aqueous phase leads to greater electrostatic
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repulsion between neighbouring anionic PSEM blocks, which inevitably leads to a
significantly low aggregation number (and surface density of PSEM chains) when
using RAFT aqueous emulsion polymerisation.
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Figure 28. Schematic illustration of the differing PSEM-PBzMA diblock copolymer nanoparticles formed via
RAFT alcoholic dispersion polymerisation and RAFT aqueous emulsion polymerisation, respectively.'6®

The aim of this study was to understand the synthesis parameters that influence the
extent of occlusion in order to maximise the organic content of the final synthetic hybrid
crystal. Ning et al. found that negligible nanoparticle occlusion occurred when
employing PSEM-PBzMA nanoparticles prepared via RAFT alcoholic dispersion
polymerisation. In contrast, TGA studies indicated more than 7% occlusion by mass
could be achieved when using the nanoparticles prepared via RAFT aqueous
emulsion polymerisation. Thus, perhaps counter-intuitively, greater occlusion was
achieved when using nanoparticles bearing a lower surface density of sulfate groups
for calcium ion binding. Ning et al. hypothesised that the lower surface density of
PSEM chains enabled different interactions between the anionic nanoparticles and the
growing crystal surface, see Figure 29.
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Figure 29. LHS: High anionic surface density PSEM-PBzMA nanoparticles formed via RAFT dispersion
polymerisation and the intermolecular binding via the divalent calcium ions. RHS: Low anionic surface density
PSEM-PBzMA nanoparticles formed via RAFT emulsion polymerisation and the binding of the sulfate group to

the crystal surface via the divalent calcium ions.®°

Similarly, Douverne et al. systematically varied the composition of well-defined anionic
statistical copolymers in order to tune the anionic charge density of the steric stabiliser
block and study how this affected the extent of nanoparticle occlusion within calcite
crystals.’®8 In this case, anionic 2-(phosphonooxy)ethyl methacrylate (POEMA) was
statistically copolymerised with non-ionic glycerol monomethacrylate (GMA) to
produce the steric stabiliser chains, while targeting a constant DP of 300 for the core-
forming PBzMA block, see Figure 30.

HO OH

x=0;y=51;z=300 x=9to45;y=37to7;z=300 x=51,y=0;z=300

Figure 30. (A) purely non-ionic PGMA stabilizer chains; (B) statistically copolymerised P(GMA-POEMA) stabiliser
chains; (C) purely anionic POEMA stabiliser chains.'68

As expected, increasing the proportion of anionic phosphate groups (x) produced
higher levels of uniform occlusion (as judged by TGA). The phosphate groups in the
steric stabiliser chains enable the nanoparticles to bind strongly to the surface of the
growing crystals, resulting in their engulfment. The morphology of the final single
crystals can also provide an indication regarding the interaction between the inorganic
and organic components. More strongly interacting nanoparticles led to abnormal
morphologies, particularly when employed at higher nanoparticle concentrations.
More specifically, the calcite morphology remained almost unchanged when using
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nanoparticles containing a relatively low level of anionic phosphate groups, whereas
unusual flower-like morphologies were observed at higher phosphate contents.

In 2019 Ning et al. reported the efficient occlusion of oil droplets of 250 - 500 nm
diameter within calcite single crystals via the ammonia diffusion method.!" First,
sterically stabilised nanoparticles are used to prepare a relatively coarse precursor
Pickering emulsion via high-shear homogenisation, which is then subjected to high-
pressure microfluidisation to create the nano-sized oil droplets. At some point during
these two processing steps, in situ nanoparticle dissociation occurs to generate highly
amphiphilic diblock copolymer chains, which then act as a polymeric surfactant or
emulsifier for the oil phase. More specifically, PMAAx-PLMAy diblock copolymer
nanoparticles were prepared via RAFT alcoholic dispersion polymerisation of LMA in
methanol, as shown in Figure 31. No doubt the relatively low T4 of the PLMA block
aids in situ nanoparticle dissociation during either high-shear homogenisation or high-
pressure microfluidisation. The maximum extent of oil occlusion achieved under
optimised conditions was 11% by mass when using methyl myristate as the oil
phase.! This is quite remarkable given the significant difference in surface energy

between such an oil and calcite.

:gzo Hydrophlllc block Hydrophoblc block
2 C Hz +1
s s
HO x y
ACVA, methanol, o
N o s 64°C for 24h J  °®
\

HO HO

CHyy Diblock copolymer

Poly(methacrylic acid) precursor nanoparticles

n=6,12, 18 or 22

Figure 31. Reaction scheme for the RAFT dispersion polymerisation of lauryl methacrylate in methanol using a
poly(methacrylic acid)-based precursor to produce PMAA,-PLMA, diblock copolymer nanoparticles via PISA."!

In order to identify the optimum conditions required for oil occlusion within calcite
crystals, Ning et al. examined the nanoparticle concentration used to stabilise the oil
droplets, as well as a series of DPs for the stabiliser and core-forming blocks of the
PMAA-PLMA, diblock copolymer nanoparticles. The findings of this prior study were
used as the benchmark for the work carried out in this Thesis. The copolymer
concentration used to prepare the nanoemulsion was systematically varied from 0.10
to 0.80% by mass. As a result, the nanoemulsion droplet diameter was reduced from
approximately 500 to 250 nm, as judged by analytical centrifugation. The morphology
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of the resulting calcite crystals was studied using SEM. It was found that the
rhombohedral crystal morphology became increasingly perturbed when using higher
nanoparticle concentrations.’’ As suggested by Kim et al. in their nanoparticle
occlusion studies,’”® higher concentrations of smaller oil droplets tend to interference
with the crystallisation process and hence exert a greater influence over the final
crystal morphology. Empirically, the most suitable nanoparticle concentration was
found to be 0.10 — 0.20% w/w. However, minimal occlusion was observed by SEM
and TGA when using the lowest concentration, perhaps owing to the relatively large
droplet diameter. Hence, 0.20% w/w was used by Ning et al. for all subsequent

experiments.

In order to maximise the extent of oil droplet occlusion, the amphiphilic character of
the diblock copolymer emulsifier was varied to determine which composition was most
effective. Firstly, the DP of the hydrophobic PLMA block was varied from 15 to 150.""
This parameter had an effect on the mean diameter of the resulting oil droplets.
Fluorescence microscopy and SEM studies indicated that relatively high extents of
occlusion with minimal effect on the crystal morphology could be achieved when using
lower PLMA DPs. Above a PLMA DP of 80, lower extents of occlusion were observed
and occlusion became primarily surface-confined. Therefore, a DP of 45 for the PLMA
block was chosen for further study. The effect of varying the DP of the anionic stabiliser
block was also examined. Three PMAA blocks were prepared with mean DPs of 40,
82 or 156. Empirically, it was found that longer stabiliser blocks produced finer oil
droplets.’ SEM images indicated some variation in the morphology of the resulting
calcite crystals. Nanoparticles with shorter PMAA blocks did not significantly interact
with the crystals, with resulted in lower levels of occlusion and a rhombohedral
morphology. In contrast, the crystals possessed truncated edges when employing
PMAA1s6. This observation is consistent with a related study by Ning et al., whereby
longer anionic stabiliser blocks promoted stronger interactions with growing calcite
crystals, hence promoting higher levels of occlusion for block copolymer vesicles.'®
Hence a diblock copolymer composition of PMAA156-PLMA4s was found to be most
efficient for the occlusion of oil droplets within calcite.’ This copolymer composition

was used as a starting point for this Thesis.

In summary, the effective occlusion of various types of nanoparticles - and even nano-

sized oil droplets - within calcite has been achieved to produce a range of new
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composite materials. According to the literature, various synthetic parameters can be
adjusted to aid occlusion, such as the type and density of anionic groups within the
steric stabiliser chains, particle size and morphology, and the concentration of both

the calcium ions and the occluding species.

210 Flavour and Fragrance encapsulation
The use flavours and fragrance compounds is fundamental in many industries
attempting to beautify people’s lives. However, due to the very sensitive and volatile
compounds in their compositions, they are often very difficult to preserve and endure
the rough industrial processes.'®! The use of an encapsulation technique has been
widely used in recent years in order to create a physical barrier that will retain the
physiochemical properties of flavours and fragrances.'® The ability to successfully
encapsulate these volatile compounds and precisely control the mechanism and rate
of their release can dramatically expand their application window and improve their
efficiency.'83184 Qver the years, several materials have been considered for the
storage, delivery and release of volatile compounds, such as naturally occurring or
synthetic polymers, with inorganic crystals being the hot spot in latest research
activities. Figure 32 below illustrates the main applications for which these capsules

are used.

The wall materials used to encapsulate flavours
and fragrances need to meet a few
requirements in order to be successfully utilised.
Although most compounds share the same
volatile nature, each oil has a unique
composition, thus the appropriate encapsulation
material must be able to preserve a wide range

of compounds. To be maintained, they must be

encapsulated entirely in order to avoid any
Figure 32. The three main routes of aroma

encapsulation, as well as the most common reactions with the external environment. The
applications of the resulting capsules. '8 _ _ _ _
material of choice must be biocompatible and
inert, thus unable to interact and alter the composition of the flavours and
fragrances.® The recent need arising in greener, safer, healthier and more economic
materials have made inorganic host crystal a very attractive route in fragrance

encapsulation and release.
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Inorganic crystals are thought to offer exceptional physical and chemical stability when
relatively unstable compounds are occluded.'® Research activities investigated the
use of SiO2 capsules via two main fabrication methods, sol-gel'®”'8 and Pickering
nanoemulsion'®1%0 pathways, both offering controllable morphology and narrow
dispersity.’®' Despite SiO, capsules being chemically inert with good mechanical
properties, the research focus has recently been shifted to calcium carbonate, CaCOs,
as the release of encapsulated aroma compounds can be triggered by pH and
mechanical forces (eg. mechanical fracture on fabric), which makes them desirable
for home care applications.® Wang et. al published their ground-breaking results on
synthesising oil-in-water emulsions (with fragrance as the oil phase) where calcium
carbonate microcrystals (15-20 nm) stabilised the droplets via Pickering emulsion
template.’®? The fact that they managed to achieve approximately 90% efficiency with
a triggered release at a pH of 2 revolutionises the field of volatile compound
encapsulation within biocompatible and bio-inspired inorganic crystals. Figure 33
below illustrates the synthetic pathway for the synthesis of core-shell CaCOs3 capsules

via an O/W Pickering emulsion.

Nucleation sites

Water
CaCl, / CO, CaCl, / CO,
Nucleation Further
crystallisation
Oil-in-water

Pickering emulsion CaCO; capsules

New CaCO; crystals

Figure 33. lllustration of the CaCQOj3 capsule synthesis. 192

211 Project Objectives
The encapsulation of multi-component fragrances within calcium carbonate crystals is
a very promising biocompatible alternative to current laundry product formulations.
The synthesis of various strongly amphiphilic diblock copolymers will be explored to
identify a ‘universal’ emulsifier for oil-in-water nanoemulsions that can be prepared
using a wholly aqueous formulation. This is likely to involve optimisation of both the
stabiliser and core-forming block DPs. Once identified, this diblock copolymer

emulsifier should enable the encapsulation of various fragrances within the inorganic
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host crystal. Furthermore, the gram-scale synthesis of fragrance-loaded crystals will
be attempted via the ammonia diffusion method, with alternative pathways also being
explored. Such scale-up should enable various analytical techniques to be deployed
to assess the parameters that enable efficient fragrance occlusion. Scale-up will also
aid examination of the rate (and mechanism) of fragrance release. Since the potential
application of the fragrance-loaded crystals will be in fabric conditioner formulations,
the mechanism by which the fragrance is deposited onto the fabric during a wash cycle
will be examined. Finally, to maximise oil encapsulation within the crystals and their
subsequent deposition onto the fabric, an alternative approach will be examined
whereby a relatively thick CaCO3 coating will be deposited onto fragrance emulsion
droplets stabilised by either surfactants or amphiphilic diblock copolymer chains. The
overall aim of this MPhil project is shown in Figure 34. The RAFT aqueous emulsion
polymerisation of 2-ethylhexyl methacrylate (EHMA) is conducted using a
poly(methacrylic acid) (PMAA) precursor to prepare strongly amphiphilic PMAA-
PEHMA diblock copolymers, which self-assemble in situ to form sterically-stabilised
spherical nanoparticles. These nanoparticles are then used as an emulsifier to
produce 200-600 nm diameter nanoemulsions by (i) high-shear homogenisation and
(ii) high pressure microfluidisation of an oil-water mixture, where the hydrophobic oil is
a multi-component fragrance supplied by P & G. The nanoparticles undergo in situ
dissociation during generation of the nanoemulsion. Hence the oil droplets are
stabilised by individual PMAAx-PEHMA, diblock copolymer chains, rather than the
original nanoparticles. In principle, the calcite crystals can serve as a highly
biocompatible matrix for fragrance encapsulation and release in fabric conditioner

products.
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Figure 34. Schematic representation of the synthesis of an amphiphilic diblock copolymer in the form of
sterically-stabilised nanoparticles, its use as an emulsifier for the formation of microscopic oil droplets and the
subsequent encapsulation of such oil droplets within calcite crystals. In this project, the hydrophobic oil is a
multicomponent fragrance supplied by P & G and the calcite crystals serve as a highly biocompatible, cost-

effective matrix.
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3 EXPERIMENTAL

3.1 Materials

Methacrylic acid (MAA) and 4,4'-azobis(4-cyanovaleric acid) (ACVA; 99%) were
obtained from Wako Pure Chemical Industries, Ltd (Osaka, Japan) and used as
received. Benzyl methacrylate (BzMA) was purchased from Alfa Aesar (UK) and was
passed through an inhibitor remover prior to use. 2-Ethylhexyl methacrylate (EHMA),
lauryl methacrylate (LMA), benzyl acrylate (BzA), methyl myristate (MM), Nile Red,
4-cyano-4-(phenylcarbonothioylthio)pentanoic acid (CPCP), 2-cyano-2-propyl
dithiobenzoate (CPDB), calcium chloride hexahydrate (CaCl2¢6H20) and ammonium
carbonate [(NH4)2COs3] were all purchased from Sigma-Aldrich (UK) and used as
received. Deionised water was obtained from an in-house Elgastat Option 3A water
purification unit. All solvents were obtained from Sigma-Aldrich (UK). The fragrances
used (Voyager Zen, APEX, Apple Burst 2, X-Ray 6) and the forced-deposition
experimental kit were kindly supplied by P & G Belgium.

3.2 Methods

Synthesis of poly(methacrylic acid)x (PMAA,) by RAFT solution
polymerisation of MAA

The synthesis of a PMAA13s precursor is representative and was conducted as follows.
ACVA initiator (86.9 mg; 0.31 mmol) and CPCP RAFT agent (0.43 g; 1.53 mmol;
[CTAJ/[ACVA] molar ratio = 5.0) were added in turn to a 100 mL round-bottomed flask.
Ethanol (30.6 g) was then added to the flask, followed by methacrylic acid (20.0 g;
0.232 mol; target DP = 150 at 40% solids). The flask was sealed using a rubber
septum wrapped in parafilm. Then the reaction mixture was degassed using a stream
of nitrogen gas for 30 min by immersing the flask in an ice bath to minimise evaporation
during purging. Once degassing was complete, the sealed flask was immersed in a
preheated oil bath set at 70 °C for 5 h. The flask was allowed to cool to room
temperature and the reaction mixture was diluted using methanol prior to precipitation
into a ten-fold excess of diethyl ether. This precipitation protocol was performed three
times to remove traces of methacrylic acid, RAFT agent and initiator residues. The
resulting purified PMAA precursor was dissolved in water and isolated by freeze-drying
for 48 h. The mean DP of the final PMAA homopolymer was calculated to be 138 using
"H NMR spectroscopy (the integrated signal intensity assigned to the aromatic protons
at 7.2 — 8.1 ppm was compared to that of the methacrylic polymer backbone protons
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at 0.5 — 2.7 ppm). GPC studies required exhaustive methylation to convert the PMAA
into PMMA to ensure that there are no interactions between the polymer and the GPC
column. Other examples of PMAA, precursors were prepared using the same protocol

by adjusting the MAA/CPCP molar ratio in order to target lower molecular weights.

Synthesis of poly(methacrylic acid)x—poly(lauryl methacrylate)y (PMAAx—
PLMA,) diblock copolymer nanoparticles by RAFT alcoholic dispersion
polymerisation of LMA

The synthesis of PMAA13s—PLMA4s diblock copolymer nanoparticles via RAFT
alcoholic dispersion polymerisation of lauryl methacrylate is representative and was
conducted as follows. ACVA (3.4 mg, 12.2 ymol), PMAA13s macro-CTA (500 mg, 36.5
pumol) and methanol (8.3 g) were added in turn to a 50 mL glass vial, followed by LMA
(417.7 mg, 1.6 mmol). A [macro-CTA)/[ACVA] molar ratio of 3 was used for all
syntheses. The vial was sealed using a rubber septum wrapped in parafilm and the
reaction mixture was purged with a stream of nitrogen gas for 20 min while immersed
within an ice bath to minimise evaporation. After degassing, the vial was immersed in
a preheated oil bath set at 70 °C and the reaction mixture was stirred for 24 h. The
resulting diblock copolymer nanoparticles were dialysed against deionised water using
dialysis tubing (molecular weight cut-off = 3,500 Da) for 7 days. The resulting solids
content was determined using a moisture analyser and "H NMR spectroscopy was
used to assess the final monomer conversion (>99%). The vinyl signals at 5.6 and 6.5

ppm were compared relative to that of the aliphatic backbone protons at 0.9 — 2.5 ppm.

Synthesis of poly(methacrylic acid)x—poly(2-ethylhexyl methacrylate)y
(PMAA,—PEHMA,) diblock copolymer nanoparticles via RAFT aqueous emulsion
polymerisation of EHMA

PMAA13s—PEHMA45 diblock copolymer nanoparticles were prepared via RAFT
aqueous emulsion polymerisation of 2-ethylhexyl methacrylate using the following
protocol. ACVA (3.4 mg, 12.2 ymol), PMAA13s macro-CTA (200 mg, 16.5 ymol) and
water (3.135 g for a 10 w/w% solution) were added in turn to a 50 ml glass vial, followed
by EHMA (146.8 mg, 740.4 uymol). The vial was sealed using a rubber septum wrapped
in parafilm and the reaction mixture was purged using a stream of nitrogen gas for 20
min while immersing the flask in an ice bath to minimise evaporation. After degassing,

the vial was immersed in a preheated oil bath set at 70 °C and the reaction mixture
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was stirred for 24 h. '"H NMR spectroscopy was used to assess the final monomer
conversion (>99%). The vinyl signals at 5.5 and 6.2 ppm were compared relative to
that of the aliphatic backbone protons at 0.8 — 2.3 ppm, in CD3OD. The resulting
10% w/w aqueous dispersion of nanoparticles was used to prepare nanoemulsions

without further purification.
Preparation of diblock copolymer-stabilised nanoemulsions

Various oils such as methyl myristate and P&G multi-component fragrances were
investigated for the generation of nanoemulsions. A typical protocol used for the
preparation of a methyl myristate-in-water nanoemulsion was as follows. Methyl
myristate (0.50 mL) was added to water (5.0 mL) and the desired mass of diblock
copolymer nanoparticles (0.1 — 0.3 w/w%) was added to this oil-water mixture prior to
processing. High shear homogenisation was conducted for 3 min at 20 °C using an
IKA Ultra-Turrax T-18 homogeniser operating at 20 000 rpm. The resulting primary
emulsion (mean droplet diameter >> 1 ym) was then further processed using an LV1
low-volume Microfluidiser (Microfluidics, USA). The emulsion was passed through the
LV1 ten times at an applied pressure of 30,000 psi to obtain a nanoemulsion (mean
droplet diameter ~ 200—-600 nm depending on the mass of diblock copolymer
nanoparticles used). The mean droplet diameter was determined by analytical
centrifugation using a LUMiSizer instrument. To assist fluorescence microscopy and
confocal microscopy imaging, Nile Red was added to the oil phase (0.25 mg dye per
gram of oil). The same protocol was followed when using the multi-component
fragrances.

Occlusion of oil droplets within calcium carbonate crystals

Ammonia diffusion method: A fresh nanoemulsion was used to conduct occlusion
experiments at 20 °C. A glass slide was placed in a vial containing an aqueous CaCl>
solution (1.5-50 mM) and 0.20% v/v oil-in-water nanoemulsion. The oil phase was
either methyl myristate or one of the multicomponent fragrances provided by P&G.
Calcite crystals were formed on exposure to ammonium carbonate vapor (2-20 g,
placed at the bottom of a sealed dessicator). After 24 h, the glass slide was removed,
rinsed three times with deionised water and allowed to dry in air. The vials were also
washed three times with deionised water and, after air-drying overnight, the
oil-occluded crystals were collected for further analysis.
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Direct mixing method: In a typical experiment, equal volumes of 0.33 M CaClz*6H20
and 0.33 M Na2COs were used. Initially, CaCl>*6H20 (7.23 g) was dissolved in
deionised water (100 mL). 50 mL of the resulting solution was placed in a 250 mL
beaker containing a magnetic stirrer. A temperature probe was employed to maintain
the solution temperature at 25 °C. A second solution was prepared by dissolving
Na2C03(3.498 g) in deionised water (100 ml). A syringe pump was used to add 50 mL
of this aqueous Na2COs solution to the CaCl; solution at a rate of 0.20 mL min-! while
stirring at 300-400 rpm. The reaction mixture was then stirred for 50-60 min. The
resulting CaCO3z powder was isolated via centrifugation at 10 000 rpm for 15 min
followed by redispersion, with this clean-up protocol being repeated three times. The
purified calcite crystals were dried at 60 °C overnight.

Synthesis of vaterite crystals: The synthesis of spherical vaterite crystals was
attempted in a glass beaker at 25 °C. The temperature was monitored by placing a
temperature probe inside a glass vial on the hot plate next to the reaction mixture.
Na2COs3 (1.59 g, 0.50 M) was dissolved in deionised water (15 ml) along with NaOH
(55 mg, 0.05 M). A second solution was made up by dissolving CaCl»+6H20 (6.57 g,
1.0 M) and sodium citrate (0.221 g, 0.025 M) in water (15 mL). The second solution
was added to the first solution with vigorous stirring at 500 rpm for 5 min. The resulting
suspension was centrifuged at 10 000 rpm for 10 min (three times) and the resulting
white powder was dried at 60 °C overnight.

Characterisation

Dynamic light scattering (DLS): A Malvern Zetasizer NanoZS instrument was used
to conduct DLS measurements by detecting back-scattered light at an angle of 173°.
Aqueous dispersions were diluted to 0.10% v/v using deionised water prior to analysis.
This technique reports the z-average diameter, which is biased towards larger droplets.

Scanning electron microscopy (SEM): A field emission scanning electron
microscope (Inspect F instrument) was used to examine the CaCOs crystal
morphology. Crystals were studied on the same glass slide on which they were grown
during the ammonia diffusion method. In order to examine whether occlusion was
uniform, a clean glass slide was placed on top of the glass slide containing the calcite
crystals and the crystals were fractured by pressing down lightly and twisting one slide
relative to the other. The resulting fractured calcite crystals were gold-coated (15 mA,
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1 min) and sample charging was further minimised by using a relatively low
accelerating voltage (5 kV).

Transmission electron microscopy (TEM): TEM images were obtained using a FEI
Tecnai G2 Spirit instrument, operating at 120 kV. The copolymer nanoparticles were prepared
for imaging by adsorbing a 0.15 % w/w aqueous dispersion of thereof onto palladium-copper
grids (Agar Scientific, UK) coated with carbon film. The grids were treated with a plasma glow
discharge for approximately 30 seconds to create a hydrophilic surface prior to addition of the
aqueous nanoparticle dispersion (5 pL). Excess solvent was removed via blotting and uranyl
formate was used to stain the grid for ca. 30 seconds. Excess stain was removed via blotting

and the grid was carefully dried under vacuum.

Analytical Centrifugation (LUMiSizer): A LUMiSizer analytical photocentrifuge
(LUM GmbH, Berlin, Germany) was used to assess the droplet size distribution of each
nanoemulsion at 20 °C. Nanoemulsions were diluted to 2.0 v/v%, placed in 2 mm path
length polyamide cells and centrifuged at 2,000 rpm for 1,000 profiles (allowing 10 s
between profiles). The density of each oil was determined by weighing a known
volume using a four-figure balance and this value used as an input parameter. This

sizing technique reports the volume-average diameter.

Thermogravimetric analysis (TGA): A Perkin-Elmer Pyris 1 TGA instrument was
used to determine the extent of occlusion by heating CaCOs3 crystals from 30 °C up to
900 °C in air at a heating rate of 10 °C per min.

Forced deposition test (P & G): The forced deposition test is used to compare the
activity of fragrance-loaded calcite crystals against P & G microcapsules and a non-
encapsulated fragrance. A formulation was made up comprising 303 mg of fragrance-
loaded calcite crystals containing 10 wt% oil and 10.86 g of heavy-duty liquid (HDL)
detergent to target a fragrance concentration of 0.30% w/w, assuming an extent of
occlusion of 10% by mass. Formulations containing 0.30% w/w fragrance were also
prepared using the P&G capsules and the non-encapsulated oil. The components
were mixed thoroughly for 5 min. In a conventional washing machine test, 58.47 g of
HDL and 15 L of water are used. For these deposition tests, these quantities were
scaled down to 0.97 g of HDL and 250 ml of tap water (thus mimicking household
conditions). Three cotton cloths were used per sample (9 in total). Each cloth was fully
wetted using 100 ml of tap water. Then 100 ml of the wash liquor was placed onto
each cloth via pipette and the cloths were hand-washed prior to being hung to dry
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overnight. The following day, these samples were evaluated to compare their
fragrance intensity before and after physical wrinkling of the cloth. Such mechanical
agitation is designed to rupture the microcapsules (or CaCOs crystals) and hence
release the encapsulated fragrance that is deposited onto the cloth.
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4 RESULTS & DISCUSSION
4.1 Amphiphilic diblock copolymers for stable fragrance nanoemulsion

synthesis
Nanoparticle occlusion within inorganic host crystals has been extensively studied in
the last few years.'®® However, the various parameters that influence the extent of
occlusion are still not well understood. Of particular relevance to this Thesis, Ning et
al. studied the occlusion of oil droplets within calcite crystals, as described in Section
2.4." A series of diblock copolymer nanoparticles was synthesised by RAFT
dispersion polymerisation of lauryl methacrylate using various poly(methacrylic acid)
precursors. Empirically, it was found that poly(methacrylic acid)ise — poly(lauryl
methacrylate)ss (PMAA156-PLMA4s5) formed the most stable (and relatively uniform) oil
droplets. It was postulated that the spherical diblock copolymer nanoparticles undergo
in situ dissociation to form individual copolymer chains under high shear. These
strongly amphiphilic copolymer chains then act as a polymeric surfactant and adsorb
at the oil-water interface to produce the nanoemulsion. Such copolymers must contain
appropriate functional groups that can interact strongly with the growing calcite
crystals. Ning et al. demonstrated that poly(methacrylic acid) is well-suited for this
purpose.’! It was hypothesised that the relatively low glass transition temperature (Tg)
of the PLMA block aids in situ nanoparticle dissociation under high shear."" The

reaction scheme for the synthesis of PMAAx-PLMAy is illustrated in Figure 35 below.

c12H25

o
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Figure 35. Reaction scheme for the RAFT dispersion polymerisation of lauryl methacrylate in methanol at 70 °C
using a poly(methacrylic acid)-based precursor to produce PMAAx-PLMAYy diblock copolymer nanoparticles.

Ning et al. reported remarkably high levels of occlusion, with thermogravimetry studies
indicating up to 11% w/w oil droplets being incorporated within calcite crystals.' This
observation led to the intriguing question of whether the model oil (methyl myristate)
could be replaced by a hydrophobic multicomponent fragrance, for which the calcite
crystals could serve as a cost-effective, environmentally-friendly encapsulating matrix.
In principle, the dense crystalline nature of calcite should lead to relatively low
permeability, and hence allow excellent long-term retention of the fragrance molecules

- unless mechanical fracture of the crystals occurs or there is a change in the solution
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pH. In this section, the aim was to examine whether a single diblock copolymer
emulsifier could act as a ‘universal’ emulsifier for a range of oils and fragrances.
Moreover, the reproducibility of the occlusion process was to be examined. A
schematic representation of the generation of the diblock copolymer-stabilised

nanoemulsion is shown in Figure 36.

Droplet
—— disruption
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water phases. form primary emulsion size from macro to stabilised oil-in-water
emulsions nano nanoemulsion

Figure 36. An immiscible mixture of oil and an aqueous dispersion of anionic PMAA+s6-PLMA4s diblock copolymer
nanoparticles is subjected to high-shear homogenisation to generate a relatively coarse oil-in-water macroemulsion.
Subsequently, this primary emulsion is subjected to high-pressure microfluidisation to produce a much finer
nanoemulsion that comprises submicron-sized oil droplets stabilised by amphiphilic diblock copolymer chains
acting as a soluble emulsifier. In situ dissociation of the anionic PMAA+s6-PLMA4s diblock copolymer nanoparticles
to produce individual copolymer chains almost certainly occurs, but it is not clear whether this happens during the
first step or the second step.

The effect of varying the PMAA156-PLMA4s concentration from 0.10 to 0.30% w/w on
the droplet size, long-term stability and occlusion efficiency of nanoemulsions was
examined using four multicomponent fragrances in turn as the oil phase. These
commercial fragrances were Voyager Zen, Apple Burst 2, APEX and X-Ray 6 and
were supplied by P & G. The volume-average droplet diameter obtained for oil-in-water

nanoemulsions prepared using 0.20% w/w fragrance are summarised in Table 1.

Table 1. Volume-average droplet diameter determined via analytical centrifugation (LUMiSizer) analysis of oil-in-
water nanoemulsions prepared using 0.20% w/w PMAA+ss-PLMA4s nanoparticles and various commercial
multicomponent fragrances as the oil phase.

Fragrance Droplet diameter (nm)
Voyager Zen 311+ 76
Apple Burst 2 262 £ 51
APEX 315+ 71
X-Ray 6 322 £ 65
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Clearly, the mean droplet diameter does not vary significantly for each fragrance. For
comparison, the model oil, methyl myristate, forms droplets of 352 + 54 nm diameter
under the same conditions. These observations confirm that PMAAs6-PLMA4s can
indeed act as a ‘universal’ emulsifier to produce o/w nanoemulsions of an appropriate

size for a wide range of oils.

As shown in Figure 37, relatively dense, uniform occlusion can be achieved when
using 1.5 mM CacClz for the occlusion of nanoemulsions prepared using three of the
four multicomponent fragrances shown in Table 1 (for further SEM images, see
Figures A1-A3 in the Appendix).

Figure 37. SEM images of ruptured calcite crystals prepared in the presence of o/w nanoemulsions comprising
the following commercial fragrances: (A) Apple Burst 2, (B) APEX and (C) X-Ray 6. Occlusion conditions: 1.5 mM
[Ca?*]; 11.9 mg PMAA1s6-PLMA4s; pH 9; 20 °C.

Clearly, this occlusion protocol is not only applicable to simple model oils, but also to
multicomponent fragrances. However, this microencapsulation process requires
substantial scale-up for it to become commercially viable. Nevertheless, it is certainly
encouraging that a single amphiphilic diblock copolymer can be used to prepare o/w

nanoemulsions of comparable size when using a range of oils/fragrances

4.1.1 Scale-up of oil-occluded crystals

The maximum extent of oil occlusion that has been achieved to date is approximately
11% w/w."" However, the isolated mass of oil-occluded calcite crystals remains very
low (5-10 mg), which hinders multi-technique analysis using destructive techniques
such as thermogravimetry. To better understand the various parameters that influence
the extent of occlusion, a reliable scale-up protocol must be established. The two main
methods considered here are the ammonia diffusion method (which produces calcite
crystals deposited on a glass slide) and the direct mixing method (which generates
calcite crystals in the form of an aqueous suspension).
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4.1.1.1. Ammonia diffusion method
One of the most commonly used techniques for the laboratory-scale synthesis of
calcium carbonate is the so-called ammonia diffusion method.'®* This involves using
ammonium carbonate and calcium chloride hexahydrate for the synthesis of calcite
crystals and is described in detail in Chapter 3.2. Figure 38 illustrates the experimental
protocol, as well as an example of the resulting oil-occluded calcite crystals prepared
using an oil that contains Nile Red, which confers a pink colouration (for further details

see Figure A4 in the Appendix).

This ammonia diffusion method works well for the preparation of small quantities of
calcite crystals. The standard protocol involves using 1.5 mM [Ca?*] to produce ca. 10
mg oil-occluded crystals. However, scale-up is somewhat problematic because the
nanoemulsion becomes unstable at higher CaCl. concentrations. Thus, an attempt
was made to identify the maximum CaClz concentration that did not cause
nanoemulsion instability. The CaCl> concentration was systematically varied in a
series of experiments conducted at 1.5, 3, 5, 10, 20, 30 and 50 mM. Unfortunately, the
latter two concentrations proved to be too high because sedimentation of the calcite
crystals was observed (see Figure 39).

Desiccator\

1.5 - 50 mM [Ca?7]

]
)

——

(NH,4),CO;5

\

Figure 38. Schematic representation of the ammonia diffusion method, using a desiccator containing a 1.5 — 50
mM CaCl; solution mixed with the nanoemulsion and (NH4),CO3 powder as a source of carbonate for the
synthesis of calcite. Oil-occluded CaCOs precipitates on the sides of the glass vial over the course of 24 h.
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Figure 39. Gravitational sedimentation of pink calcite crystals observed after 24 h when using the ammonia
diffusion method at 50 mM CacCl,. The pink colouration arises from the presence of Nile Red dye dissolved in the
oil phase (methyl myristate in this case).

No oil occlusion was achieved when growing calcite crystals using either 30 or 50 mM
CaCl. Moreover, these crystals were much larger (up to 150-200 um) than those
formed when using lower CaClz concentrations. The fact that no occlusion took place
was initially indicated by optical microscopy studies and subsequently confirmed by
SEM analysis and thermogravimetry measurements. SEM images are shown in
Figure 40 for the 50 mM CaCl. experiment. The oil droplets become unstable under
such conditions. Owing to their in situ coalescence, not even surface occlusion could

be achieved.

-

mode| HV ND |mag O] -
SE | 5.00 kV 1 mm| 300 x

mode| HV |spot mag O
SE 5.00kV |35 13.3 mm, 140 x

Figure 40. SEM images recorded for calcite crystals produced using 50 mM [Ca?*], 11.9 mg PMAA135-PLMA45
copolymer and the multicomponent fragrance Voyager Zen as the oil phase at pH 9 and 20 °C.

There is a strong correlation between the extent of oil occlusion and the crystal
morphology. As shown in Figure 40, the resulting single crystals exhibit a distinctive
rhombohedral structure. In contrast, crystals with rounder edges and a sponge-like
porous structure were obtained when using 20 mM CaCl2 solution (see Figure 41).
These images were obtained using a benchtop SEM (FLEX-SEM instrument) at P&G.
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Figure 41. FLEX-SEM images of an X-RAY 6-occluded calcite crystal prepared at 20 mM [Ca?*] using 11.9 mg
PMAA13s-PLMAys at pH 9and 20 °C

Figure 42. LHS: Calcite crystals collected after
crystallisation using 50 mM [Ca?*], 11.9 mg

PMAA13s-PLMA4s and X-RAY 6 as the oil phase.

White appearance indicates unsuccessful
occlusion. RHS: Calcite crystals collected after
crystallisation using 10 mM [Ca?*], 11.9 mg

PMAA3s-PLMA4s and X-RAY 6 as the oil phase.

The pink hue indicates successful oil occlusion
within these crystals.

In principle, adding an oil-soluble dye such
as Nile Red to the oil phase should facilitate
fluorescence microscopy studies. It also
indicates immediately whether occlusion
has been successful or not simply by
inspecting the colour of the resulting calcite
crystals. Thus, oil droplet incorporation
should lead to pink crystals, whereas if the
crystals remain white — as when employing
higher CaCl. concentrations — this indicates
minimal or zero occlusion. This principle is
illustrated in Figure 42, which shows digital
photographs recorded for calcite crystals
prepared using 11.9 mg of PMAA1ss-

PLMAuss to stabilise oil droplets comprising the multi-component fragrance X-RAY 6 at

either 10 or 50 mM CaCls.

At the lower CaCl> concentration, the nanoemulsion remained stable during

crystallisation. This results in successful oil occlusion within the host crystal lattice, as

indicated by the distinctly pink crystals. On the other hand, only white crystals —

signifying no detectable occlusion — were obtained at the higher CaCl. concentration.

Optical microscopy studies of calcite crystals prepared at 10 or 20 mM CaClz

suggested a high level of occlusion because the distinctive rhombohedral morphology

was lost. However, SEM studies of the ruptured crystals indicated that only surface
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occlusion was achieved, rather than uniform occlusion throughout the crystals. Such
observations are perhaps surprising because uniform occlusion of up to 11% w/w oil
droplets could be achieved when using 1.5 mM CacCl. to occlude the same fragrance
(see Figure A5 in the Appendix). No oil occlusion was observed within calcite when
employing either 10 mM CaCl. (APEX fragrance) or the 20 mM CaCl; (X-RAY 6
fragrance) in combination with the PMAA13s-PLMA4s diblock copolymer.

Figure 43. FLEX-SEM images recorded for a multi-component fragrance (X-RAY 6) within occluded calcite
crystals prepared by the ammonia diffusion method using 11.9 mg PMAA13s-PLMAss. (A, B) 20 mM CaCly; (C, D)
10 mM CaCls,..

Raman spectroscopy and TGA studies were also undertaken. The former technique
enables us to study individual crystals and offers sufficient spatial resolution (ca. 1 x 1
um?) to enable spectra to be recorded for the oil-rich regions within the calcite. Thus,
in principle this enables the spatial distribution of fragrance within the crystal to be
mapped. Based on the SEM images, it was expected that the near-surface of each
crystal would be fragrance-rich, whereas its interior would be calcite-rich. This
hypothesis was confirmed by Raman mapping experiments. The spectra used to
conduct the following mapping experiment are shown in Figure A6 (see Appendix).
The carbonyl band at ca. 1700 cm™ and an intense aliphatic C-H stretch at ca. 2900

cm-! were assigned to fragrance molecules and hence used to identify fragrance-rich
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regions within the crystal. Similarly, strong bands at ca. 700 cm~"and 1100 cm" were
assigned to the calcite component. Figure A7 (see Appendix) shows the overlayed
spectra of the APEX and X-RAY 6 occluded crystals, both synthesised at 20 mM [Ca?*],
showing that the peaks for X-RAY 6 are predominating when compared to APEX. The
reason for the difference in peak intensity could be due to different extents of occlusion,
or purely due to structure differences of the fragrances. Figure 44 shows the Raman
map recorded for a single oil-occluded calcite crystal. On the LHS, the red area
indicates fragrance-rich areas - which are confined to the outer surface of the crystal
- while the blue area indicates an almost pure calcite region within the interior of the
crystal. The more complex cursor images show the three main bands in three different
colours for clarity; pure CaCQOs is denoted in red, the carbonyl band at ca. 1700 cm™’
is shown in green and the 2900 cm™' C-H stretch is indicated in blue. Again, most of
the fragrance droplets are confined to the crystal edges/ surfaces, as indicated by SEM
studies. Clearly, the crystal morphology has been significantly affected, yet the overall
extent of occlusion remains relatively low owing to inefficient droplet engulfment during

calcite formation.

| Fragrance
rich area

Figure 44. Raman mapping experiment conducted on an individual X-RAY 6-occluded calcite crystal. Occlusion
conditions: 20 mM [Ca?*]; 11.9 mg PMAA33-PLMAys; pH 9; 20 °C.

Finally, thermogravimetry was used to confirm the relatively low level of occlusion for
the calcite crystals prepared using 20 mM CaClz, X-RAY 6 and 11.9 mg PMAA13s-
PLMAuss, as seen in Figure 45 below.
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Figure 45. TGA curves recorded for X-RAY 6-loaded calcite crystals prepared using 20 mM CaCl. (red curve)
pure calcite (green curve) and the PMAA133-PLMAy5 diblock copolymer alone (blue curve).

A control experiment performed using pure calcite confirmed the expected 44% mass
loss owing to release of CO2 during its thermal decomposition, with the remaining solid
residue being 56% CaO. If oil droplet occlusion within the CaCOs crystals occurs, this
reduces the CaO content to less than 56%, which enables the extent of occlusion to
be calculated. This is because both the oil and the diblock copolymer emulsifier are
completely pyrolysed at ca. 550 °C, thus only CaO remains as an incombustible
residue at 900 °C. In this particular example the remaining residue after heating the
fragrance-occluded calcite crystals was 53.3%, hence the oil content was calculated

to be equal to 4.8% by mass.

For comparative purposes, a second sample prepared with 20 mM CaCl2 and using
the APEX fragrance as the oil phase was studied by Raman microscopy. The purpose
here was to determine whether the same crystallisation behaviour occurs regardless
of the chemical nature of the fragrance. The same four vibrational bands were used to
analyse this sample. The resulting 2D mapping of the single crystal is shown in
Figure 46. Again, the interior of the crystal is calcite-rich, with fragrance-rich regions
observed at its near-surface. The X-RAY 6 fragrance exhibited stronger aliphatic C-H
and carbonyl stretches than the APEX fragrance, indicating a significant difference in
the fragrance composition (comparative spectra can be found in the Appendix, see
Figure A7).
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Figure 46. Raman microscopy map recorded for an individual APEX fragrance-loaded calcite crystal. Occlusion
conditions: 20 mM [Ca?*]; 11.9 mg PMAA33-PLMAss; pH 9; 20 °C.

Preliminary Forced Deposition Tests

P & G uses well-established experimental protocols to assess the performance of their
new laundry formulations and compare them to established products. Their in-house
forced deposition test is used to screen microcapsule leakage when mixed with
laundry detergent, after deposition onto a fabric and subsequent fragrance release
after fracture of the microcapsules. However, it is only a relative test that is based
solely on an individual’s perception of smell.

X-RAY 6-loaded calcite crystals prepared using 20 mM CaClz and 11.9 mg PMAA3g-
PLMA4s were examined. The fragrance encapsulation efficiency of such crystals was
compared against (i) the unencapsulated fragrance and (ii) X-RAY 6-loaded polymer-
based microcapsules provided by P & G that are currently used in commercial
products. Due to the limited amount of X-RAY 6-loaded calcite crystals available,
formulations with a theoretical 0.30% w/w fragrance loading were made up. The three
samples were deposited onto water-soaked white cloths that were then left to dry
overnight. In principle, the unencapsulated fragrance formulation should initially exhibit
an intense aroma both during fragrance deposition and after the washing step.
However, given the volatile nature of the fragrance molecules, little or no aroma should
be detected after drying owing to their evaporation overnight. In contrast, effective
fragrance-loaded microcapsules should not be leaky when placed in the detergent
formulation and should not release any fragrance during either the perfume deposition
or the washing step. The fragrance should only be detectable after rubbing (or
abrasion) of the cloth because this fractures the microcapsules and so releases their
payload, see Figure 47. This test is used to demonstrate the importance of
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microencapsulation technology for proving a consumer cue. Ideally, the commercial
microcapsules provided by P & G capsules and the fragrance-occluded calcite crystals
should behave similarly. However, this was not the case. The former microcapsules
performed well: there was no leakage on mixing with the laundry formulation, but an
intense aroma was evident upon their fracture. The fragrance-loaded calcite crystals
did not meet the criteria for a successful forced deposition test. As expected, no
fragrance was detected on mixing with the laundry detergent, but unfortunately no

‘burst’ release could be detected after vigorous abrasion of the deposited cloth.

)
Step 1 Step 2 Step 3

Figure 47. Schematic cartoon to illustrate the forced deposition protocol conducted at P&G. 1) Preparation of a
0.3 wt% fragrance formulation and deposition onto a water saturated cloth; 2) Replication of hand-washing
conditions of the fragrance-deposited cloth; 3) Hanging of the cloth to let dry overnight. Three formulations were
compared: (i) Unencapsulated X-RAY 6; (ii) P&G commercial X-RAY 6 capsules; (iii) X-RAY 6 — occluded calcite
crystals prepared via the ammonia diffusion method.

If the calcite crystals had partially dissolved when immersed in the detergent liquid or
during the washing step, then the fragrance should be detected. However, since no
fragrance could be detected either during mixing or upon fracture, it was concluded
that the amount of oil encapsulated within the crystals must be relatively low (less than
10% w/w). Thus the actual amount of oil in the formulation was less than 0.30% w/w,
making it very difficult to detect. This hypothesis was confirmed by TGA, see Figure 45.
Better occlusion performance is required to achieve higher fragrance loadings within
the calcite crystals. So far, the CaClz concentration has been varied with the fragrance
volume fraction in the nanoemulsion being kept constant at 2.0% v/v. Presumably,
there are simply too few droplets present in this dilute nanoemulsion for efficient
occlusion. Thus, to increase the extent of fragrance occlusion within calcite, the oil
volume fraction should be increased substantially, perhaps up to 30% v/v. Further

fragrance occlusion experiments are described below.
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4.2 Model deformable particles
For an experimental protocol to be industrially relevant, it should be both robust and
readily scalable and preferably also as simple as possible. One obvious disadvantage
to the oil occlusion protocol reported by Ning et al.’ is that the amphiphilic diblock
copolymer emulsifier had to be initially prepared in methanol before being transferred
into aqueous solution for the occlusion studies. Given the cost and toxicity of this
solvent, it would be much more convenient if the diblock copolymer emulsifier could
be prepared directly via RAFT aqueous emulsion polymerisation.’®® This would be
more environmentally-friendly and also eliminate the relatively slow dialysis step.
Unfortunately, lauryl methacrylate is not amenable to via aqueous emulsion
polymerisation because this monomer does not possess sufficiently high aqueous
solubility for its efficient mass transport from the monomer droplets to the locus of the
polymerisation.’®® Instead, 2-ethylhexyl methacrylate (EHMA) was chosen as the
hydrophobic comonomer. This was because we had recently successfully performed
the RAFT aqueous emulsion polymerisation of n-hexyl methacrylate'®” and we
hypothesised that EHMA should also possess sufficient aqueous solubility to be

suitable for such a formulation.

Three anionic PMAA precursors were prepared via RAFT solution polymerisation of
MAA in ethanol with differing mean DPs: PMAAes2, PMAA133 and PMAA22., see

Figure 48.
[o)
)k/\i/s
HO
CN s o
X CPCP S
(o) > HO X
HO ACVA, ethanol, 70 °C, 3 h eN o s
HO
MAA PMAA macro-CTA

Figure 48. Reaction scheme for the RAFT solution polymerisation of methacrylic acid in ethanol using a CPCP
RAFT agent and ACVA initiator to produce PMAA precursors with x = 62, 138 or 222.

All three PMAA precursors were characterised using THF GPC. Prior to GPC analysis,
each precursor was reacted with excess trimethylsilyldiazomethane to methylate all
the carboxylic acid groups. 'H NMR spectra recorded for the unreacted and
methylated PMAAes2 are shown in Figure 49. The degree of methylation can be
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determined by integrating the new proton signal g at 3.4 — 3.9 ppm assigned to the
methoxy group and comparing this to the integrated methacrylic backbone signals at
0.50 — 2.2 ppm. By this method, the mean degree of esterification was calculated to
be 99%. This was sufficiently high to enable GPC analysis to be conducted.
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a) — —

i e d c b water CD;0D
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Chemical shift (ppm)

b) a b, C, d, e, f
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Figure 49. "H-NMR spectra recorded for (a) PMAAs2in CD30D and (b) methylated PMAAs; in CDCls. The peaks
at ca. 0 ppm on spectrum (b) arise from the trimethylsilyldiazomethane methylating agent.

Each methylated PMAA precursor was analysed by THF GPC, see Figure 50. In each
case, a relatively narrow molecular weight distribution is obtained (Mw/Mn < 1.25).
However, a high molecular weight shoulder is also observed, which may be related to

the incomplete methylation of the carboxylic acid groups.
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Figure 50. THF GPC curves recorded for three PMAA precursors with mean DPs of 62, 138 or 222.

Each anionic PMAA precursor was then chain-extended via RAFT aqueous emulsion
polymerisation of EHMA at 70°C with various PEHMA DPs being targeted, see
Figure 51.

ACVA, water, 70 °C, 24 h

Figure 51. Reaction scheme for the RAFT aqueous emulsion polymerisation of 2-ethylhexylmethacrylate (EHMA)
to afford sterically-stabilised PMAA-PEHMA, diblock copolymer nanoparticles.

The optimum pH and solids content was also investigated for this aqueous PISA
formulation. According to the literature, PMAA is best chain-extended at pH 5.0."%"
However, this pH was unsuccessful for the RAFT aqueous emulsion polymerisation of
EHMA. DLS measurements indicated that no nanoparticles were formed, which
suggests a substantially incomplete polymerisation. Thus this heterogeneous
polymerisation was also performed at pH 2.7 and pH 8.0, see Figure 52. The latter pH
led to a change in colour that suggested premature deactivation of the dithiobenzoate-
based RAFT agent. A similar problem has been reported by McCormick and co-
workers, who observed end-group hydrolysis under similar conditions.'® Fortunately,
the former pH enabled the formation of uniform spherical nanoparticles. The target
solids content was varied from 10 to 25%, see Figure 52. At 25%, the resulting
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dispersion proved to be too viscous, with the resulting free-standing gel leading to

inefficient stirring. Therefore, the remaining RAFT aqueous emulsion polymerisations

conducted in this Thesis were performed at 20% w/w solids and pH 2.7.

2.7

55 8.0

Concentration (wt%)

o

10 15 20 25

Figure 52. Digital photographs showing the effect of varying the dispersion pH and copolymer concentration
during the synthesis of PMAA,-PEHMA, diblock copolymer nanoparticles via RAFT aqueous emulsion
polymerisation of EHMA at 70°C.

For each of the three PMAA precursors, PEHMA DPs of 30, 50, 100, 200, 300 and
400 were targeted under otherwise identical reaction conditions. The resulting

nanoparticles were characterised by DLS, which reports the hydrodynamic z-average

diameter. The evolution in nanoparticle diameter when varying the PEHMA DP is

shown in Figure 53. For the PMAAs2 and PMAA:2, series, larger nanoparticles are

obtained up to a PEHMA DP of 200, with an almost constant size being observed

thereafter. A similar trend is observed for the PMAA13s series, except in this case the

nanoparticle diameter becomes more or less invariant above a PEHMA DP of 100. In

all cases, the DLS polydispersity remains below 0.10, which indicates reasonably

narrow particle size distributions.
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Figure 53. Variation in DLS z-average diameter and DLS polydispersity observed for the RAFT aqueous
emulsion polymerisation of EHMA when systematically increasing the PEHMA DP when employing three different

PMAA, precursors (x = 62, 138 or 222).
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The diblock copolymers were analysed by GPC to assess their molecular weight
distribitions.  Initially, the same methylating protocol was followed:
thimethylsilyldiazomethane was used to convert PMAA into PMMA and hence
minimise interactions with the GPC column when using a THF eluent. However, this
technique proved to be inappropriate for these PMAA-PEHMA diblock copolymers
since it led to inter-chain branching. Presumably, the highly reactive ketene diradical
intermediate can abstract hydrogen atoms from the branched alkyl groups, which
leads to radical-radical coupling. Certainly, the GPC curves recorded for a series of
PMAAe2-PEHMA, diblock copolymers exhibit bimodal molecular weight distributions
and hence relatively high dispersities (see Figure 54).

PMAAg,-PEHMAA (4
M, = 32,4 kg mol
M,/M,=1.15

PMAAg,-PEHMAA 5,
M, = 39,9 kg mol
M,/M,=1.53

PMAA,-PEHMAA,
M, = 15,7 kg mol
M,/M,=1.28

PMAAg,-PEHMAA,
M, = 57,5 kg mol
M,/M,=1.53

PMAA,,-PEHMAA,
M, = 10,7 kg mol!
M,/M,=1.32

PMAAg,
M, = 17,7 kg mol
MM, =1.22

12 14 16 18
Retention time (min)

Figure 54. THF GPC traces recorded for a series of PMAAs>-PEHMA, diblock copolymers prepared via RAFT
aqueous emulsion polymerisation of EHMA at 70°C when targeting 20% w/w solids at pH 2.7

Since selective methylation was unsuccessful for this particular diblock copolymer, an
alternative method was employed whereby 4.0% v/v glacial acetic acid was added to
the THF eluent. This acid protonates the carboxylic acid groups on the PMAA blocks
and hence minimises unfavourable interactions with the GPC column. GPC traces
obtained for the three series, PMAAs2-PEHMAy, PMAA133-PEHMAy and PMAA22,-
PEHMA, are shown in Figure 55. The GPC traces remain unimodal and are gradually
shifted to higher molecular weight when targeting higher PEHMA DPs. However,
longer diblock copolymer chains always exhibited higher dispersities, with dispersities
exceeding 1.50 for DP > 200. In each case, '"H NMR spectroscopy studies indicated
that the EHMA polymerisation had proceeded to essentially full conversion.
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Figure 55. GPC traces recorded for PMAAs>-PEHMAy, PMAA+33-PEHMA, and PMAA,2>-PEHMA, diblock
copolymers using THF eluent containing 4.0% v/v acetic acid.

Given the overall aim of this Thesis, the diblock composition chosen for the oil (and
fragrance) occlusion experiments is PMAA13s-PEHMA4s. This is because this diblock
composition most closely resembles PMAA156-PLMA4s, which was reported to be the
best-performing amphiphilic diblock copolymer by Ning et. al.'" Its unimodal GPC trace
is shown in Figure 56: this particular diblock copolymer has an M, of 10,000 g mol™’

and a relatively low dispersity (Mw/Mn = 1.26).

PMAA ;35-PEHMA
M,= 10,0 kg mol-!
M,/M,=1.26

12 14 16 18
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Figure 56. GPC trace recorded for the PMAA+33-PEHMAs diblock copolymer using THF eluent containing 4.0%
v/v acetic acid.
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The z-average particle diameter was found to be 63 nm (+ 0.062 nm) according to
DLS analysis and 34 nm according to transmission electron microscopy (TEM) studies.
The latter technique indicated reasonably uniform spheres, which could be imaged
successfully despite the relatively low Ty of the PEHMA block (-10 °C)."98

PMAA ;55 — PEHMA,; | ?g’ A
e q

200 nm

Figure 57. Representative TEM image recorded for PMAA3s-PEHMA,s5 diblock copolymer nanoparticles
prepared by RAFT aqueous emulsion polymerisation of EHMA when targeting 20% w/w solids at pH 2.7.

RAFT aqueous emulsion polymerisations tend to have relatively fast kinetic
characteristics.'3%1%7 In order to determine the time required for the polymerisation to
reach completion, kinetic studies were undertaken. Aliquots were extracted at regular
time points throughout the polymerisation and the EHMA conversion was determined
using "H NMR spectroscopy by monitoring the attenuation of the vinyl signals at 5.5
and 6.2 ppm relative to that of the aliphatic backbone protons at 0.8 — 2.3 ppm, see
Figure 58. These experiments indicated that at least 4 h are required for more than

99% conversion.
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Figure 58. '"H NMR spectra recorded during the synthesis of PMAA13s-PEHMA,5 diblock copolymer nanoparticles
via RAFT aqueous emulsion polymerisation of EHMA at pH 2.7. Essentially full conversion is achieved within 4 h
at 70 °C.

The PMAA133-PEHMA4s5 diblock copolymer nanoparticles could only be successfully
prepared at pH 2.7. However, aqueous electrophoresis studies indicated only very
weakly anionic nanoparticles under such conditions (zeta potentials below -5 mV). As
the dispersion pH was increased, the nanoparticles became strongly anionic,
exhibiting a zeta potential of around —35 mV at (and above) pH 6. Similar results were
reported by Cockram et al.’®® This is because the carboxylic acid groups on the PMAA
stabilizer chains become increasingly ionised. Accordingly, the nanoparticle diameter
increases slightly owing to electrostatic repulsion between the highly anionic PMAA

chains, which leads to a thicker stabiliser layer.
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Figure 59. (a) Zeta potential vs. pH curve recorded for PMAA3s-PEHMA4s nanoparticles. (b) Z-average
nanoparticle diameter (and DLS polydispersity) vs. pH plot observed for the same nanoparticles.

The PMAA133-PEHMA45 diblock copolymer was used to prepare a methyl myristate-
in-water nanoemulsion with a volume-average droplet diameter of 512 + 96 nm (as
judged by analytical centrifugation). Since the solution pH can vary during occlusion,
a zeta potential vs. pH curve was constructed for these nanoemulsion droplets, see
Figure 60. A typical occlusion experiment occurs at around pH 9. Under such
conditions, the PMAA chains are fully ionised, which leads to a zeta potential of —40
mV. Thus, they can bind strongly to the Ca?* cations located within the growing calcite
lattice, which is essential for successful occlusion of the oil droplets.”
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Figure 60. (a) Zeta potential vs. pH curve constructed for a methyl myristate—in—water nanoemulsion stabilised
using PMAA3s-PEHMA5 diblock copolymer chains. (b) Droplet size distribution recorded for the same methyl
myristate -in-water nanoemulsion (volume-average droplet diameter = 512 + 96 nm) using analytical
centrifugation (LUMiSizer instrument).

Ideally, the amphiphilic diblock copolymer emulsifier used to stabilise nanoemulsions

should have universal applicability, i.e. it should be suitable for a range of
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multicomponent fragrances. Accordingly, PMAA13s-PEHMA4s was evaluated as an
emulsifier for four commercial fragrances: Voyager Zen, Apple Burst 2, Apex and X-
RAY 6. As shown in Figure 61, similar mean droplet diameters and standard deviations
are obtained in each case. Moreover, the nanoemulsion droplet diameter does not
change significantly after ageing for three days at 20 °C. However, there is a
discernible increase in the standard deviation (or breadth of the droplet size
distribution), which has been reported to be an indication of Ostwald ripening by

Thompson and co-workers.2%°
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Figure 61. Droplet size distribution determined using the analytical centrifuge for nanoemulsions prepared using
the four commercial multi-component fragrances employed in this study: (a) freshly-prepared nanoemulsions and
(b) The same nanoemulsions aged for three days at 20 °C.

Table 2. VVolume-average droplet diameter determined via analytical centrifugation analysis of o/w nanoemulsions
prepared using the four multicomponent fragrances used in this study. Conditions: 6.19 mg PMAA13s-PEHMAs.
30,000 psi, 5 passes, 20 °C

Fragrance Droplet diameter (nm) Droplet diameter (nm)
Day 1 Day 3
Voyager Zen 451 £ 257 451 £ 381
Apple Burst 2 364 + 207 387 + 142
APEX 450 + 213 470 + 387
X-Ray 6 476 + 171 463 + 206

Optical microscopy studies were consistent with conversion of the initial
macroemulsion into a nanoemulsion because droplets could no longer be observed
after the microfluidisation step, see Figure 62. This is because this imaging technique
has limited resolution (~1 uym).
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Figure 62.Optical microscopy images obtained for: (a, b) o/w macroemulsion droplets formed after high-shear
homogenisation of methyl myristate using 0.10% w/w PMAA13s-PEHMA45 recorded at low and high magnification,
respectively; (c, d) o/w nanoemulsion droplets formed after microfluidisation (applied pressure = 30,000 psi, 5
passes) of this precursor macroemulsion recorded at low and high magnification, respectively. The visual
absence of any emulsion droplets is consistent with their submicron dimensions.

We hypothesise that the initial sterically-stabilised diblock copolymer nanoparticles
undergo in situ dissociation during either high-shear homogenisation or (more likely)
high-pressure microfluidisation to form molecularly-dissolved diblock copolymer
chains. These strongly amphiphilic chains then act as a polymeric surfactant to
stabilise the nanoemulsion droplets. The relatively low T4 exhibited by the hydrophobic
PEHMA block facilitates such nanoparticle dissociation by conferring high chain

mobility at ambient temperature.

To assess whether PMAA,-PEHMA, diblock copolymers can be used as an
environmentally-friendly alternative to PMAAx-PLMA, a series of oil droplet occlusion
experiments were undertaken. Figure 63 shows a series of SEM images acquired for
X-RAY 6-occluded crystals at various magnifications. Clearly, the crystal morphology
is significantly affected even at just 0.1% PMAA13-PEHMA4s. Such occlusion
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behaviour resembles that shown in Figure 43, where the fragrance droplets were was
predominantly located at the near-surface of the crystals.

Figure 63. SEM images recorded for calcite crystals obtained after occlusion using the multicomponent fragrance
X-RAY 6 as the oil phase. Conditions: 1.5 mM [Ca?*], 6.19 mg PMAA3s-PEHMAs diblock copolymer emulsifier,
at pH 9 and 20 °C

Owing to the relatively rough crystal morphology, it was difficult to determine whether
oil droplet occlusion was confined to the crystal surface. Figure 64 shows a series of
SEM images obtained from fractured calcite crystals in order to examine whether there
was uniform occlusion. Clearly, there are fewer occluded oil droplets within the centre
of the crystals, with occlusion appearing to be confined to within the first few microns

of the crystal surface.
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Figure 64. SEM images recorded for fractured calcite crystals obtained after occlusion using the multicomponent
fragrance X-RAY 6 as the oil phase. Conditions: 1.5 mM [Ca?*], 6.19 mg PMAA13s-PEHMAs5 diblock copolymer
emulsifier, at pH 9 and 20 °C

When the calcium concentration was increased to 10 mM, surface-confined occlusion
of large, micron-sized droplets was observed by SEM. As shown in Figure 65, such
occlusion was observed for all multicomponent fragrances at higher calcium
concentrations. It seems likely that the high salt concentration causes the initial nano-
sized oil droplets to undergo partial coalescence, forming micron-sized emulsion
droplets that become engulfed within the calcite crystals during crystallisation. This
observation is very promising in terms of encapsulating fragrances for laundry
applications, as it may be possible to encapsulate larger emulsion droplets within
inorganic host crystals.

Figure 65. SEM images recorded for fractured calcite crystals obtained after occlusion using the multicomponent
fragrance X-RAY 6 as the oil phase. Conditions: 10 mM [Ca?*], 6.19 mg PMAA3s-PEHMA,5 diblock copolymer
emulsifier, pH 9, 20 °C
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The same occlusion conditions were used for all four multicomponent oils and the
extent of oil occlusion achieved was comparable in each case. Owing to the
malfunctioning TGA instrument, Apple Burst was used to indicate the occlusion
behavior using various calcium concentrations. As shown in Figure 66, the extent of
occlusion was found to be 8.3% by mass when using 1.5 mM CaCl,, whereas only
4.3% occlusion was achieved when using 10 mM CaCl,. Presumably, the faster rate
of formation of the calcite crystals meant that there was less time for the nano-sized
oil droplets to diffuse to and adsorb at the surface of the growing crystals, which is a

prerequisite from occlusion.
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Figure 66. TGA curves recorded for Apple Burst-loaded calcite crystals prepared using 10 mM CaCl. (red curve)
pure calcite (green curve) and 1.5 mM CaCl; (blue curve).

As shown previously in Figure 45, the extent of occlusion at 10 mM [Ca?*] using
PMAA138-PLMA4s was 4.8% by mass. Thus, PMAA13s-PEHMA4s can be used as an
alternative emulsifier for the occlusion of nanoemulsion droplets within calcite crystals,
although the crystal morphology is severely affected. Further optimisation of the
experimental protocol should improve this fragrance loading, with significantly higher
levels being required for laundry applications.
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5. CONCLUSION
Strongly amphiphilic PMAA1s6-PLMA4s and PMAA13s-PLMA4s diblock copolymers

enable the stabilisation of oil-in-water nanoemulsions and the efficient occlusion of

such anionic droplets within calcite host crystals. The highest extent of occlusion
achieved to date is ca. 11 wt% using the ammonia diffusion method at 1.5 mM [Ca?*].""!
A wide range of oils can be occluded within calcite, including multicomponent
fragrances, at reasonably high extents of occlusion. These findings are potentially
useful in the context of fragrance encapsulation for laundry and other home care
applications. However, there are two main issues that still need to be overcome:
scalability and higher fragrance occlusion efficiency. It was shown that the ammonia
diffusion method can be scaled up to 300 mg, but lower extents of occlusion were
observed under such conditions. Using more concentrated nanoemulsions and
addition of a highly hydrophobic oil each had a negative impact on the droplet size and
stability, thus reducing the extent of occlusion. As a result, this crystal growth protocol
appears to be ill-suited for industrial scale-up. Therefore, a new method is required to
produce oil-occluded crystals. A direct mixing method was attempted using aqueous
solutions of sodium carbonate and calcium chloride but this approach only produced
amorphous precipitates. A direct mixing protocol reported in the literature for the
formation of spherical vaterite crystals at 25 and 40 °C was briefly investigated but this
also proved to be unsuccessful. Lastly, preliminary attempts have been made to coat
micron-sized oil or fragrance droplets with a relatively thin shell of calcite. In principle,
the Ca?* cations should bind to the anionic stabiliser block, which should aid the
deposition process. However, proof-of-concept for this synthetic route has not yet
been achieved. In summary, occlusion of fragrance droplets within inorganic host
crystals is feasible using an anionic amphiphilic diblock copolymer as an emulsifier.
However, scalability and occlusion efficiency remain formidable technical barriers.

Alternative PMAAx-PEHMA, diblock copolymer nanoparticles were successfully
prepared via RAFT aqueous emulsion polymerisation. In principle, this new PISA
formulation should enable a wholly aqueous route to oil-loaded calcite crystals to be
devised. Reaction conditions were optimised for the synthesis of a PMAA13s-PEHMA45
diblock copolymer because broader MWDs were observed when targeting higher
PEHMA DPs. PMAA13s-PEHMAu5 stabilised nanoemulsion droplets when using a

range of oils, including multicomponent fragrances. Thus, this particular diblock
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copolymer can be considered to be a ‘universal’ emulsifier. Mean oil droplet diameters
did not differ significantly from those obtained when using PMAA13s-PLMA4s. However,
differing occlusion behaviour was observed for these two diblock copolymer
emulsifiers. At high calcium concentrations, PMAA13s-PEHMA4s-stabilised oil droplets
became unstable, forming micron-sized droplets that were only incorporated into the
surface of the growing host crystals. Interestingly, such droplets are the largest guests
to be occluded within calcite. If more efficient occlusion could be achieved, this system
could yet prove to be promising for fragrance encapsulation in the context of laundry

applications.

Page 72 of 92



6. FUTURE WORK

The two main aims of this project were to significantly increase the extent of occlusion
and to establish a method that would be amenable to industrial scale-up. However, as
shown by the Flex-SEM images, droplet occlusion is no longer uniform when
conducted at higher Ca?* concentration. A reliable protocol is required to prepare more
concentrated nanoemulsions that comprise oil volume fractions of at least 0.30. In
principle, the deposition of CaCOs, or possibly Casz(POs4)2, as a relatively thick
overlayer around micron-sized oil droplets could produce microcapsules containing up
to 70-80% oil. There is some literature evidence to suggest that such controlled
deposition may be feasible. However, optimum CaCl, and Na>CO3 concentrations
would need to be established, as well as the best rate of mixing for these two aqueous

solutions.

The calcite form of CaCO3 is the most widely explored morphology owing to its
superior stability. However, targeting either vaterite or aragonite may offer some
advantages in terms of droplet occlusion. For example, vaterite typically exhibits a
spherical morphology, which may aid the deposition of an outer shell or coating layer.
Alternatively, CaSO4 and Cas(POa)2 could be suitable host crystals, although they
might require the design of either sulfate or phosphate-functionalised diblock

copolymer emulsifiers, respectively.

A fragrance release mechanism for the oil-loaded CaCOs crystals (or CaCOs-coated
oil droplets) is essential for laundry product applications. Ideally, the rate and mode of
release must be at least comparable to the microcapsules currently being utilised in

commercial formulations. The following three aspects are expected to be important.

(i) Leak resistance under various conditions. The host matrix must be able to retain

most of its fragrance for at least two years to ensure an acceptable product shelf-life.

(i) The host matrix must be mechanically strong enough to withstand washing
machine and drying conditions but be sufficiently brittle to undergo rupture via
mechanical action after deposition onto fabrics to achieve consumer-activated ‘burst’

release.

(iii) The final product must be resistant to low pH (for fabric conditioners) or high pH

(for laundry wash formulations).
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In summary, increasing the fragrance loading within the host matrix while examining
the scalability of the experimental protocol remain the main technical priorities. From
a purely scientific perspective, scaling up the synthesis of the host calcite crystals (or
CaCOgs-coated oil droplets) should facilitate the deployment of destructive analytical

techniques such as thermogravimetric analysis.
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APPENDIX

Figure A1. SEM images recorded for fractured calcite crystals obtained after occlusion
using the multicomponent fragrance Apple Burst 2 as the oil phase. Conditions:
1.5 mM [Ca?*], 5.07x107 mol of PMAA1s56-PLMAu4s diblock copolymer emulsifier, pH 9,

20°C

Figure A2. SEM images recorded for fractured calcite crystals obtained after occlusion
using the multicomponent fragrance APEX as the oil phase. Conditions: 1.5 mM [Ca?"],
5.07x10" mol of PMAA156-PLMA4s5 diblock copolymer emulsifier, pH 9, 20 °C
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Figure A3. SEM images recorded for fractured calcite crystals obtained after occlusion
using the multicomponent fragrance X-RAY 6 as the oil phase. Conditions:
1.5 mM [Ca?*], 5.07x107 mol of PMAA1s56-PLMAu4s diblock copolymer emulsifier, pH 9,
20°C

Figure A4. Calcite crystals collected after crystallisation using 10 mM [Ca?*], 11.9 mg
PMAA13s-PLMA4s and X-RAY 6 as the oil phase. The pink hue indicates successful oil
occlusion within these crystals.
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TGA studies
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Figure A5. TGA curves recorded for Apple Burst 2-loaded calcite crystals prepared
using 1.5 mM CaCl. (green curve) using 5.07x107 mol of PMAA1s6-PLMA4s, pure
calcite (red curve) and the PMAA133-PLMAys diblock copolymer alone (blue curve).

Green spectrum is showing mainly Calcite
Blue spectrum is showing calcite + Fragrance peaks (carbonyl, C-H stretching and Aromatic Ar-H str)
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Figure A6. IR spectra indicating the peaks used for the Raman mapping experiment,
both for calcite and the organic peaks of the fragrance.
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Comparison APEX 20 mM Ca vs X-Ray6 20 mM Ca

Spectrum - X-Ray 6 20 mM Ca x100 638 nm mapping spectrum 1
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Figure A7. Comparative IR of APEX and X-RAY 6 occluded crystals, both synthesised
at 20 mM [Ca?*], showing that the peaks for X-RAY 6 are more intense and strong
when compared to APEX. This could be due to higher extent of occlusion or purely
due to structural differences between the fragrances.
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