The

University
Of

Sheffield.

Synthesis of Diblock Copolymer
Nanoparticles for Agrochemical

Applications

Derek H. H. Chan

A thesis submitted in partial fulfilment of the requirements

for the degree of Doctor of Philosophy

The University of Sheffield
Faculty of Science
Department of Chemistry

December 2021



Declaration

Declaration

The work described in this Thesis was carried out at the University of Sheffield under the
supervision of Professor Steven P. Armes between October 2017 and December 2021. It
has not been submitted, either wholly or in part, for this or any other degree. All the work

is the original work of the author, except where acknowledged by references.

Signature:

Derek H. H. Chan December 2021




Acknowledgements

Acknowledgements

I am very lucky to have had the support of many people over the last four years. Firstly, | would
like to say thank you to my supervisor Professor Steve Armes. Thank you for the opportunity to
carry out my PhD in your group. Your knowledge and attention to detail is incredible and | have
certainly learnt a lot from you. Thank you for all the advice, encouragement, and hours of proof
reading.

Thank you to my industrial sponsor Syngenta for funding and supporting my PhD. In particular,
a big thank you to my industrial supervisors Dr. Chris Lindsay, Dr. Phil Taylor and Dr. Emily
Kynaston. | appreciated their guidance throughout and making me feel welcome when visiting
Jealott’s Hill.

I would like to thank all the staff in the Chemistry Department who have been immensely helpful
during my PhD. Thank you to all the people who helped on the many analytical techniques: Dr.
Sandra van Meurs for her advice on NMR experiments; Dr. Tom Neal for his help with the SAXS
work; Dr. Chris Hill and Dr. Svet Tzokov for their support at the TEM facilities. Also thank you
to Dr. lan Ross and the team at the Sorby Centre for their help with SEM.

A massive thank you to the past and present Armes Group members. | have really enjoyed being
part of such a wonderful group who are always supportive. Going beyond work, the pints, pub
lunches, conferences, ArmesFest, BBQ, Christmas meals, football summer tournaments are just

a few highlights that I will always remember.

I would also like to thank my old housemate Joe for welcoming me to Sheffield. Our TV series

binge sessions and visits to the ice hockey were always a welcome distraction.

A huge thank you to my entire family for their support with everything over the years. My brother
Gary who is always up for doing something fun. | am grateful to you and Vivian for our regular
meetups in Yorkshire. Of course, thank you to my Mum and Dad. | know you are maybe still a
bit unsure on what | actually do, but | appreciate all your unconditional love and support with

everything. I am very lucky to have you both.

Finally, a special thank you to Xue. | have always been able to rely on your support and I am
extremely grateful for everything you do. Thank you for all the adventures over the last few years

and I look forward to many more.




Publications

Publications

Chan, D. H. H.; Cockram, A. A.; Gibson, R. R.; Kynaston, E. L.; Lindsay, C.; Taylor, P.; Armes,
S. P. RAFT Aqueous Emulsion Polymerization of Methyl Methacrylate: Observation of

Unexpected Constraints When Employing a Non-lonic Steric Stabilizer Block. Polym. Chem.
2021, 12, 5760-5769.

Chan, D. H. H.; Kynaston, E. L.; Lindsay, C.; Taylor, P.; Armes, S. P. Block Copolymer

Nanoparticles Are Effective Dispersants for Micrometer-Sized Organic Crystalline Particles. ACS
Appl. Mater. Interfaces 2021, 13, 30235-30243.

Chan, D. H. H.; Millet, A.; Fisher, C. R.; Price, M. C.; Burchell, M. J.; Armes, S. P. Synthesis
and Characterization of Polypyrrole-Coated Anthracene Microparticles: A New Synthetic Mimic
for Polyaromatic Hydrocarbon-Based Cosmic Dust. ACS Appl. Mater. Interfaces 2021, 13, 3175
3185.

Chan, D. H. H.; Deane, O. J.; Kynaston, E. L.; Lindsay, C.; Taylor, P.; Armes, S. P. Sterically-
Stabilized Diblock Copolymer Nanoparticles Enable Facile Preparation of Suspension

Concentrates Comprising Various Agrochemical Actives. Langmuir 2022, 38, 2885-2894.




Abstract

Abstract

In this Thesis, reversible addition-fragmentation chain transfer (RAFT) polymerization has been
used to prepare various types of sterically-stabilized diblock copolymer nanoparticles via
polymerization-induced self-assembly (PISA). These nanoparticles are then evaluated as putative
dispersants for a specific agrochemical formulation known as a suspension concentrate (SC).

Firstly, RAFT aqueous emulsion polymerization of methyl methacrylate (MMA) was conducted
at 70 °C using poly(glycerol monomethacrylate) (PGMA) as a water-soluble precursor block.
Targeting a mean degree of polymerization (DP) of 20 to 100 for the PMMA block led to colloidal
dispersions of kinetically-trapped spheres with z-average diameters ranging from 17 nmto 31 nm.
However, targeting DPs above 100 only produced aggregates comprising flocculated spheres.
This unexpected constraint appears to be related to the relatively high glass transition temperature
(Tg) of the PMMA block. In contrast, colloidally stable dispersions could be obtained when
targeting similar (or higher) PMMA DPs simply by switching from a non-ionic PGMA stabilizer
to either an anionic poly(methacrylic acid) stabilizer or a cationic poly(2-(methacryloyloxy)ethyl
trimethylammonium  chloride)  stabilizer. RAFT  end-groups  from  PGMAso-
PMMAGg, nanoparticles were cleaved by visible light irradiation using a blue LED source (4 = 405
nm). UV GPC studies indicated that 87% dithiobenzoate end-groups were removed within 12 h
at 80 °C. This approach proved to be more effective than using excess H,O, under the same
conditions, presumably because such water-soluble reagents suffer from restricted access to the
hydrophobic PMMA cores.

PGMAso-PMMAg, nanoparticles were evaluated as a dispersant for the preparation of organic
crystalline microparticles of a widely-used fungicide, azoxystrobin, via ball milling. Stable SCs
were readily obtained at 20% wi/w solids after milling for 10 min. Laser diffraction and optical
microscopy studies indicate the formation of ~2 um azoxystrobin microparticles, which is
comparable to that obtained using commercial water-soluble dispersants such as Morwet D-425.
Nanoparticle adsorption onto the surface of the azoxystrobin microparticles was confirmed by
electron microscopy studies. An adsorbed amount of approximately 5.5 mg m=2 was estimated
using a supernatant assay based on solution densitometry. Moreover, further evidence for
nanoparticle adsorption was provided by aqueous electrophoresis and X-ray photoelectron
spectroscopy (XPS) studies. Similar data were obtained when changing the nature of the core-
forming block from PMMA to poly(2,2,2-trifluoroethyl methacrylate) (PFTFEMA). Fractional
nanoparticle surface coverages were 0.24 to 0.28 by XPS.

Follow-up studies examined the effect of varying the nature of the steric stabilizer block, the mean
nanoparticle diameter and the T, of the core-forming block on the particle size and colloidal
stability of the nanoparticle-coated azoxystrobin microparticles. Diblock copolymer nanoparticles
prepared using a non-ionic steric stabilizer — rather than a cationic or an anionic steric stabilizer
— were demonstrated to be more effective dispersants. Furthermore, nanoparticles of up to 51 nm
diameter enabled efficient milling and produced stable SCs, whereas larger nanoparticles proved
to be less effective. Moreover, crosslinking the nanoparticle cores and lowering the Tq of the core-
forming block had little effect on the formation of azoxystrobin microparticles. This versatile
approach was also shown to be applicable to five other organic crystalline agrochemicals,
suggesting generic behaviour.

Finally, ball milling was used to produce anthracene microparticles of 2 to 4 um diameter in the
presence of an anionic commercial polymeric dispersant (Morwet D-425) using two different ball
milling techniques. These anthracene microparticles were then coated with a thin overlayer of
polypyrrole (PPy), which is an air-stable organic conducting polymer. The uncoated and PPy-
coated anthracene microparticles were characterized using optical microscopy, scanning electron
microscopy, laser diffraction, aqueous electrophoresis, FT-IR spectroscopy, Raman microscopy,
and XPS. Moreover, our collaborations with space scientists at U. Kent confirmed that both types
of microparticles can be accelerated up to hypervelocities (~ 6 km s*) using a light gas gun. Thus,
these PPy-coated anthracene microparticles are expected to serve as the first useful synthetic
mimic for understanding the behaviour of polyaromatic hydrocarbon-based cosmic dust.
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Chapter 1: Introduction

1.1 Polymer Science

Polymers are high molecular weight molecules made up of many individual repeat units known
as monomers.t Their long-chain structure was originally proposed by Staudinger in 1920.2
Polymers are essential to everyday life and have been developed for a remarkably wide range of
applications since the mid-20" century. Examples include textiles, paints and coatings,
lightweight transportation, biomaterials, home and personal care products and packaging.® Certain
polymers are also found in nature, e.g. deoxyribonucleic acid (DNA), all proteins and various

carbohydrates such as cellulose.

In 1929, Carothers distinguished between addition and condensation polymers depending on the
chemical structure of the initial monomer and final polymer. In the case of addition polymers,
individual monomer units add to growing polymer chains, whereas for condensation polymers a
small molecule (condensate) is released during the formation of each repeat unit, which may
involve the reaction of monomer, dimer, oligomers or polymeric species.* However, these
definitions became inadequate as further types of polymers were developed (e.g. polyurethanes).
Instead, Flory proposed a new classification system based on polymerization mechanism that
distinguished between step and chain polymerization. Step polymerization is an appropriate
description for all condensation polymers but also includes polyurethanes, for which no small
molecule is generated during polymerization. In contrast, chain polymerization proceeds by

addition of multiple monomer units via reactive centres located at the end of the growing chains.®

The mean number of repeat units per chain is termed the number-average degree of
polymerization (DP). Synthetic polymers do not exhibit a unique molecular weight: instead, they
comprise a mixture of chains of differing lengths (and hence masses). Thus, such polymers exhibit
a molecular weight distribution (MWD). The two most common moments used to describe the
MWD are the number-average molecular weight (M) and the weight-average molecular weight

(Mw), see Figure 1.1 and Equations 1.1 and 1.2.
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Chapter 1: Introduction

M, M,
|
|

Number of molecules of a
given molecular weight, M

v

Molecular weight, M

Figure 1.1. Schematic representation of a molecular weight distribution curve for a typical synthetic
polymer, which indicates the number-average (My) and weight-average (Mw) molecular weight.*6

iMi

My = 5 @
i M{

My = S ®

Here n; relates to the number of chains comprising i monomer units and M is the molecular weight
of each chain. M is biased towards shorter chains, while My, is biased towards longer chains. The
polydispersity index (PDI), also known as the dispersity, is equal to Mw/M,and gives an indication
of the width of the MWD. Mw/M, will always be equal or greater than unity (since My > M,). If
Mw = My, then the polymer is said to be perfectly monodisperse and all chains have identical mass,
which is a characteristic not yet achieved for synthetic polymers.® A polymer with an My/M,

below 1.5 is considered to have a relatively narrow MWD, while an Mw/M,above 1.5 indicates a

relatively broad MWD.”
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Chapter 1: Introduction

1.2 Polymerization Techniques

1.2.1 Free Radical Polymerization

Free radical polymerization (FRP) is a commonly used type of chain polymerization. It is widely
utilized in industry since it is applicable to many functional vinyl monomers and is tolerant of
both protic and aprotic solvents.® Furthermore, FRP can be employed under various different
physical conditions, including bulk, solution, dispersion, suspension or emulsion
polymerization.'®* The FRP mechanism comprises four main steps: initiation, propagation,

termination and transfer (see Figure 1.2).

I—1 L 21° Initiator decomposition
Initiation
F+ M _ ki P, Monomer initiation
= . kp . .
Propagation { P, + M —— P,y Propagation
¢ . kic . . . .
Po + Pm —— Puinm Termination by combination
Termination
* * ktd = H . . . . .
P + P, —5 P =+ P.,.' Termination by disproportionation
. k .
Po +1—1—" » P —1 + | Transfer to initiator

. k .
Ph+ M "M , p + M Transfer to monomer
Transfer . k .
P+ S —S» P, +s Transfer to solvent

. k .
P, + P, —™» P, + P,  Transfer to polymer

Figure 1.2. Reaction mechanism for free radical polymerization, which consists of the following four steps:
initiation, propagation, termination and transfer.®

Firstly, decomposition of the initiator via homolytic fission generates two free radical species (I¢).
This can occur through thermal decomposition, photolysis or redox chemistry.X® The next step is
initiation, which involves reaction of such free radicals with a single monomer molecule to form
a new active radical adduct, Pie. The rate of decomposition, kg, is relatively slow compared to the
rate of initiation, ki, and hence is usually the rate-limiting step.!! As a result, the rate of initiation

(R;) is simply given by Equation 1.3.
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d[P1
Ri= — T = 2fky1,] (L3)

Here the initiator efficiency (f) describes the probability that any given free radical reacts with
monomer, rather than undergoing an unwanted side reaction. A numerical factor of two is required
in Equation 1.3 because each initiator molecule forms two radicals via homolytic fission.

Propagation then proceeds via rapid addition of many monomer units to each radical centre (Pze),

to afford polymer radicals (Pne, Pn+1¢). The rate of propagation (Rp) is given by Equation 1.4.

Ry = —“g = kp [A1IM] 1.4

Termination can occur via either combination or disproportionation when two polymer radicals
(e.g. Pne and Ppe) react together. The mechanism for combination involves two propagating
polymer radicals reacting to yield a single non-propagating polymer chain whose mass is the sum
of that of the two reactants. In contrast, termination by disproportionation occurs when a hydrogen
atom is abstracted from one polymer radical by another. This reaction produces two non-
propagating polymer chains comprising a saturated (Pm™) and unsaturated chain-end (PyY),
respectively. The rate of termination (R;; Equation 1.5) involves a composite rate constant, ki,
which combines the rate constant for termination by combination with that for termination by
disproportionation (k: = ki + Kid).

d[p°]
dt

R, =— = 2k.[P*]? (1.5)

Chain transfer can also occur in FRP (Figure 1.2). Thus, polymer radicals can react with solvent,
initiator, monomer, or dormant chains to give a non-propagating polymer chain and a new radical
species. Such side reactions cause chain branching, which affects the final molecular weight and
dispersity. The overall polymerization kinetics remain unchanged since chain transfer is relatively
fast and there is no net loss of radicals. Hence the relative rates of initiation, propagation and

termination dictate the overall rate of polymerization (Rpoly), See Equation 1.6.
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fkall]
k¢

Rpoly = kp [M] (1.6)

This equation can be derived by applying the steady-state approximation, which assumes that the
rate of initiation is equal to the rate of termination. It is also assumed that the number of monomer
molecules consumed during initiation is negligible compared to that consumed during
propagation.® According to Equation 1.6, increasing either the monomer concentration [M] or

the initiator concentration [1] leads to a faster rate of polymerization.

The kinetic chain length (Dx) is the average number of monomer units consumed per radical active
species and is given by Dk = Rp/R:. Invoking the steady-state approximation (Ri = R;), the polymer
radical concentration, [P], can be calculated from Equation 1.7 while Dy can be calculated using
Equation 1.8.

kpll]

P = 2 a7

D, — Ro _ kpMIPA] _ _ kplM] (L8)
K™ Ry 2kPR]2 T 2Fkakellz] '

Equation 1.8 states that the Dy, and therefore the molecular weight, is proportional to [M] and
[11Y2. As a result, higher molecular weight polymers can be obtained if the monomer
concentration is increased or if the initiator concentration is reduced.’® The Dx can be used to
calculate the mean DP and depends on the nature of the termination mechanism. For example, DP
= 2D corresponds to termination purely by combination whereas DP = Dy describes termination
solely by disproportionation. The latter termination mechanism predominates for the methacrylic

polymers prepared in this Thesis.

FRP is important for producing many vinyl polymers on an industrial scale.'> However, one

disadvantage is the lack of control over the target DP and hence polymer molecular weight. It is
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also not possible to prepare well-defined diblock copolymers owing to the relatively short
lifetimes of the propagating radicals. Alternative synthesis techniques that address these

shortcomings are discussed further.

1.2.2 Living Anionic Polymerization

Living anionic polymerization (LAP) is a type of chain polymerization where the reactive chain-
end is an anion. The first well-controlled LAP was reported by Szwarc et al., who described the
polymerization of styrene in tetrahydrofuran (THF) using a sodium-naphthalene complex as a
bifunctional initiator.*®* The ‘living’ nature of the polymerization was established using viscosity
measurements to confirm that successful chain extension occurred on addition of further
monomer, indicating no intrinsic termination step. This is because the mutually repulsive anionic
chain-ends cannot react with each other. In LAP, the rate of initiation is much faster than the rate
of propagation (ki >> k). Thus, rapid initiation of all chains occurs prior to any propagation, which
ensures equal probability for chain growth. Consequently, a linear increase in molecular weight
with conversion is observed and relatively low final dispersities (Mw/Mn < 1.10) can be achieved.
This is in striking contrast to FRP which produces high molecular weights (and dispersities) even

at relatively low conversion (Figure 1.3).

Free radical polymerization (FRP)

Molecular Weight

Conversion (%)

Figure 1.3. Variation of molecular weight with monomer conversion for free radical polymerization (FRP,
red data) and living anionic polymerization (LAP, blue data).
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In LAP, propagation is the rate-limiting step so the rate of polymerization is equal to the rate of
propagation. The rate of polymerization, R, is given by Equation 1.9, where [Py] is the
concentration of propagating anionic polymer chains and [M] is the monomer concentration. The
integrated rate equation is described in Equation 1.10, where [M]o is the initial monomer

concentration.

R, = k[P, 1[M] (1.9)

[M] = [M]geFplPnID (1.10)

The Dk can be calculated at any given time using Equation 1.11. Assuming there is no
termination, the DP can be calculated using Equation 1.12. Therefore, final polymers with a pre-

determined DP can be achieved by simply adjusting the monomer to initiator molar ratio.

D, = —[M]‘EI_][M] (1.11)
_ [M]o
DP = ] (1.12)

LAP is only feasible for a rather small subset of vinyl monomers with electron-withdrawing
substituents (e.g. styrene, isoprene, butadiene, 2-vinylpyridine etc.), which severely restricts the
scope of this particular technique. Another disadvantage of LAP is its high sensitivity to
impurities and protic solvents, such as water or alcohol. As a result, premature termination of the

polymerization occurs if the monomer, solvent and glassware are not purified adequately.®

1.2.3 Reversible Deactivation Radical Polymerization

Reversible deactivation radical polymerizations (RDRP) exhibit so-called ‘pseudo-living’
character. Until recently, RDRP was described as controlled radical polymerization (CRP) or
living radical polymerization (LRP). However, since termination is only suppressed rather than

eliminated, RDRP has become the IUPAC-approved term.® RDRP combines some of the
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advantages associated with LAP and FRP, while eliminating some of the disadvantages. As with
FRP, RDRP can be used to polymerize many vinyl monomers in various solvents, including protic
solvents such as water or lower alcohols. Unlike FRP, RDRP enables the convenient synthesis of
polymers with pre-determined molecular weights and narrov MWD. RDRP is also used to
prepare well-defined diblock copolymers and complex copolymer architectures via sequential

monomer addition. Some examples of these architectures are illustrated in Figure 1.4.16%

Homopolymer  AB Diblock Copolymer AB Alternating Copolymer

ABC Triblock Copolymer  AB Statistical Copolymer

AB Graft Copolymer AB Star Copolymer

%oy %

Figure 1.4. Schematic representation of various types of copolymer architectures.'67

All examples of RDRP involve a dynamic equilibrium between active propagating radicals and
dormant species. This equilibrium can be achieved either by reversible deactivation/activation

(Figure 1.5) or by rapid reversible chain transfer (Figure 1.6).1218.19

Dead Polymer

Figure 1.5. Reversible deactivation/activation mechanism of propagating polymer radicals with species X-.
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Dead Polymer Dead Polymer

Figure 1.6. Rapid reversible transfer mechanism for propagating polymer radicals.

The three most common examples of RDRP are atom transfer radical polymerization (ATRP),2%2
nitroxide-mediated polymerization (NMP),?? and reversible addition-fragmentation chain transfer
(RAFT) polymerization.?® The reversible deactivation/activation mechanism is the basis for both
ATRP and NMP and is reliant on the persistent radical effect (PRE).?* More specifically, the
propagating polymer radical (Pq) is reversibly deactivated by reacting with a capping species
(X+) to form a dormant Pn,-X species, which can be subsequently reactivated to generate a
propagating radical. These species can either undergo further propagation (kp) or succumb to
irreversible termination (k). Xe radicals can react with propagating radicals but not with
themselves. The rate of deactivation is greater than the rate of activation (kga > ka), which causes
the dormant species to be favoured. This reduces both the concentration of propagating radicals
and the rate of termination. Alternatively, RAFT polymerization involves rapid reversible transfer
(Figure 1.6), which does not rely on the PRE.® Instead, this mechanism employs essentially the
same initiation and termination steps as those observed in FRP. An organosulfur-based chain
transfer agent (CTA) enables fast exchange between the propagating and dormant species.?® Since

this technique is the main focus of this Thesis, it is discussed in more detail below.

1.3 Reversible Addition-Fragmentation Chain Transfer Polymerization

Reversible addition-fragmentation chain transfer (RAFT) polymerization was first reported by
Chiefari et al.?® in 1998 and has been the focus of thousands of publications over the last two
decades.?”?8 It is arguably a more convenient and versatile RDRP technique than either NMP or
ATRP.%® Compared to NMP, RAFT is applicable to a significantly wider range of monomers

(particularly methacrylates) and it can be conducted at relatively low reaction temperatures.® The
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main disadvantage of ATRP is that the resulting polymers are typically contaminated by the

transition metal catalyst, which has to be removed (and preferably recycled).®!

The RAFT polymerization mechanism involves initiation, propagation, reversible chain transfer
and termination (see Figure 1.7).323 Like conventional FRP, initiation occurs via homolytic
cleavage of initiator molecules to form radicals, which then react with monomer to form polymer
radicals (Pne). These species then react with the RAFT CTA (1) to generate the intermediate
radical adduct (2). Fragmentation via B-scission generates a thiocarbonylthio-capped polymer
chain (3) and a new radical species (R¢). The correct choice of CTA for a given monomer class is
important because the Z group activates the C=S double bond and must be able to stabilize the
intermediate radical adduct (2), which influences the rate of addition and fragmentation.?
Similarly, the R group must be a better leaving group than Py to ensure efficient fragmentation.
Furthermore, the Re must be capable of reinitiating the polymerization by reacting with further
monomer to form new polymer radicals (Pme). As a result, there is a rapid, reversible equilibrium
between the propagating polymer radicals (Pne and Py*) and the dormant polymer chains (4). This
ensures equal probability for each chain to grow and leads to polymers with relatively narrow
MWDs. The final step is termination, which generates ‘dead’ polymer chains. Termination in
RAFT polymerization is suppressed rather than eliminated, with the probability of termination

increasing under monomer-starved conditions (e.g. towards the end of the polymerization).
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Figure 1.7. RAFT polymerization mechanism as proposed by Rizzardo et al.3>-3*

In RAFT polymerization, the sum of the RAFT CTA concentration and the concentration of

initiator-derived radicals dictate the number of polymer chains that are formed. Therefore, the

target DP at full conversion can be determined using Equation 1.13. However, the CTA

concentration is significantly higher than the initiator concentration. Therefore, the number of

polymer chains formed that contain initiator-derived end-groups is negligible compared to chains

containing the CTA (i.e. [CTA]o >> 2f[l]o). Under such conditions, the DP of the final polymer

can be calculated using Equation 1.14.

[M]o
([CTA]o+ 2f[I]0)

DP =

(1.13)

(1.14)
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As previously stated, the level of control exerted during RAFT polymerization strongly depends
on the addition of a suitable CTA. The generic chemical structure of a RAFT CTA is shown
Figure 1.8. Suitable classes of RAFT CTAs include trithiocarbonates, dithiocarbamates,
dithiobenzoates and xanthates.'?> The appropriate choice of R and Z groups depends on the

monomer type. The selection of R and Z groups are significant in the overall mechanism.

Reactive C=S S S—R Good radical
double bond leaving group

Z
Stabilizing group

Figure 1.8. Generic chemical structure of a thiocarbonylthio RAFT chain transfer agent (CTA), where the
R and Z groups are chosen to suit a particular monomer class (e.g. styrene, acrylates, methacrylates, vinyl
acetate etc.).%

Moad et al. provided a useful set of guidelines to indicate the compatibility of specific R and Z
groups for various monomer classes (Figure 1.9).32 Vinyl monomers can be sub-divided into
more-activated monomers (MAMSs) and less-activated monomers (LAMs). MAMSs are
characterized by a carbon-carbon double bond conjugated to a carbonyl group, aromatic ring or a
nitrile group. LAMs are characterized by a carbon-carbon double bond adjacent to an unsaturated
carbon atom or a heteroatom. The solid lines illustrate that good control over the polymerization
can be achieved, whereas the dashed lines indicate only partial control. Therefore, dithioesters (Z
= aryl or alkyl) or trithiocarbonates (Z = alkylthio) provide more controlled polymerizations for
MAMs [e.g. methyl methacrylate (MMA), styrene (S), acrylamide (AM) and acrylonitrile (AN)],
whereas xanthates and dithiocarbamates confer only poor control. Conversely, well-controlled
polymerizations of LAMs [e.g. vinyl acetate (VAc) and N-vinylpyrrolidone (NVP)] can be

achieved when using xanthates or dithiocarbamates, but not with dithioesters or trithiocarbonates.
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Figure 1.9. Summary of suitable Z and R groups for various polymerizations by Moad et al.*?

This Thesis will mainly mostly focus on the polymerizations of MAMSs, but it is still important to
choose the appropriate RAFT CTA. For example, 2-cyanopropyl dithiobenzoate (CPDB) or 4-
cyano-4-(2-phenylethanesulfanylthiocarbonyl)sulfanylpentanoic acid (PETTC) are well-suited
for the polymerization of methacrylates,®3% whereas 2-(dodecylthiocarbonothioylthio)-2-
methylpropionic acid (DDMAT) is preferred for the polymerization of styrenes, acrylates and

acrylamides.®"*® The chemical structures for these three RAFT CTAs are shown in Figure 1.10.

0
S S
SW<CN CroHos™ T %OH
S S

CPDB DDMAT
0
T OH

PETTC

Figure 1.10. Chemical structures for 2-cyanopropyl dithiobenzoate (CPDB), 4-cyano-4-(2-
phenylethanesulfanylthiocarbonyl)sulfanylpentanoic acid (PETTC) and 2-(dodecylthiocarbonothioylthio)-
2-methylpropionic acid (DDMAT).
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In addition to choosing an appropriate CTA for a given monomer, the choice of initiator,
temperature and the CTA/initiator molar ratio also influences the outcome.?® Moreover, the
organosulfur RAFT groups are retained at the end of the polymer chains, which enables
subsequent chain extension. Unfortunately, such end-groups confer unwanted color and malodor.
However, RAFT end-group removal can be achieved via thermolysis, via reaction with suitable

nucleophiles, oxidants or reducing agents, or by radical-induced reactions.3%-4

1.4 Aqueous Dispersion Polymerization

In an aqueous dispersion polymerization, the monomer, initiator, and stabilizer are all fully
soluble in water. Polymerization of the water-miscible monomer produces a water-insoluble
polymer, which would form a macroscopic precipitate in the absence of an appropriate colloidal
stability mechanism.*® Unfortunately, only a few vinyl monomers fulfil this criterion. On the other
hand, there are many literature examples of dispersion polymerization being conducted in non-

aqueous media (e.g. lower alcohols, n-alkanes, supercritical CO; etc.).#8

The general mechanism for dispersion polymerization is summarized in Figure 1.11.49% Initially,
the reaction mixture comprises a homogeneous solution containing monomer, an initiator and a
suitable stabilizer (Stage 1). Thermal decomposition of the initiator occurs to form radicals, which
react with soluble monomer to form oligomers (Stage 2). The soluble chains continue to grow
until they attain a certain critical molecular weight, whereupon they become insoluble and
aggregate to form nascent particles (Stage 3). The polymeric stabilizer then begins to either
physically adsorb or chemically graft onto these unstable particle nuclei (Stage 4). Further
adsorption leads to colloidally stable nanoparticles, and no new nuclei are formed. Instead, the
monomer-swollen particles continue to grow as the polymerization proceeds within them (Stage
5). Finally, particle growth ends once all the monomer is consumed, producing a colloidal

dispersion of sterically-stabilized latex particles (Stage 6).
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Figure 1.11. Schematic representation of the generic mechanism for a dispersion polymerization.*®°

As previously discussed, there are very few examples of suitable monomers for aqueous
dispersion polymerization. Armes and co-workers have reported the synthesis of polypyrrole
latexes with various steric stabilizers such as poly(N-vinylpyrrolidone) (PNVP),* poly(vinyl
alcohol) (PVA),*! poly(ethylene oxide) (PEO)>? or sodium dodecylbenzenesulfonate.>® In the
context of vinyl monomers, Ali and co-workers reported the aqueous dispersion polymerization
of 2-hydroxypropyl methacrylate (HPMA) using PNVP as the steric stabilizer to produce PHPMA

latexes.>

1.5 Aqueous Emulsion Polymerization

Aqueous emulsion polymerization typically requires a water-immiscible monomer, a water-
soluble initiator, a suitable surfactant (or polymeric stabilizer) and water. Emulsion
polymerization enables rapid polymerization and the generation of high molecular weight

polymers with low solution viscosity.>® Furthermore, the use of water as a solvent is appealing
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since it is cheap, environmentally-friendly and has a high specific heat capacity, which enables
efficient heat dissipation. As a result, emulsion polymerization has been widely used for the
industrial manufacture of latex particles for adhesives, paints and coatings applications.> The

mechanism for emulsion polymerization can be divided into three stages, which are known as

Intervals I, 11, and 111 (Figure 1.12).56-%°
Interval | Interval Il Interval lll
/‘\M M Y o ™M
oy, g | 2w . R,
radical o, e M el ~e
g o
N iR, QR I TSR S
S A
B e = S|, & :
Micelle ".(:SIJ ,\:\}. {M ?;d/ ,\_’\—.’:' JJJ"‘?%?}' .;::lz r',-,{:’.
w R I ~ .
FRRVY | B R s i
®oMMMm "Ow Surfactant {’32. o OMMMy M polymer JJf ilo
Figure 1.12. Schematic representation of the three main Intervals (I, 1l and Ill) that occur during

conventional aqueous emulsion polymerization.56-5¢

Initially, the heterogeneous reaction mixture comprises many surfactant micelles and relatively
few surfactant-stabilized monomer droplets of 1-10 um diameter, with the latter being generated
via stirring under high shear.>® During Interval I, the initiator decomposes to form radicals that
then react with monomer within the surfactant micelles, which is known as heterogeneous
nucleation. Radicals generated via thermal decomposition of ionic initiators such as persulfate or
water-soluble azo salts can preferentially migrate into surfactant micelles, which are much more
numerous (and exhibit a much higher overall surface area) than the relatively hydrophobic
monomer droplets. Alternatively, if the vinyl monomer has a relatively high background aqueous
solubility, radicals may react with the relatively small amount of monomer dissolved within the
aqueous phase. This is known as homogeneous nucleation, which leads to the formation of water-
soluble oligomers. These oligomers become hydrophobic once they reach a certain critical chain
length and subsequently migrate into the surfactant micelles if the surfactant concentration is

above the critical micelle concentration (CMC). The growing particles become monomer-
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swollen, which leads to an enhanced rate of polymerization owing to the relatively high local
monomer concentration (Figure 1.13). Interval | ends when the surfactant concentration in the
aqueous phase falls below the CMC, whereupon all of the initial surfactant micelles have become

nascent latex particles.*®

In Interval 11, the number of latex particles remains constant but they continue to grow in size as
further monomer is consumed. The monomer dissolved within the aqueous phase is continuously
replaced by diffusion from the surfactant-stabilized monomer droplets. Thus, a constant rate of
polymerization is observed (Figure 1.13) until all the monomer droplets have disappeared, which
signifies the end of Interval 115 During Interval IlI, there is a reduction in the rate of
polymerization as the monomer present within the latex particles becomes depleted (Figure 1.13).

This stage ends once all the monomer is consumed, leaving colloidally stable latex particles.

, Intervall Interval Il . Interval il
1 1
2 [ 1
© | |
4 ! !
c : .
.9 | |
= ! :
N | |
-: 1 |
= : :
3 : .
S ; :
| |
L 1 . 1
0 50 100

Monomer Conversion (%)

Figure 1.13. Rate of polymerization versus monomer conversion for a conventional aqueous emulsion
polymerization during Intervals I, Il and 111.58
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Latex particles can also be prepared by surfactant-free agqueous emulsion polymerization.5°-6% In
this case, initiator decomposition generates charged water-soluble radicals (e.g. sulfate radicals),
which react with monomer dissolved in the aqueous phase to give surface-active oligomer
radicals, which form anionic micelles in situ. Monomer diffuses into these micelles and is
polymerized therein to form small primary particles. These nascent particles possess insufficient
surface charge for colloidal stability, so they aggregate to form larger particles. The gradual
increase in surface charge density eventually leads to relatively large, colloidally stable latex

particles.®

1.6 Self-Assembly
Self-assembly is described as the spontaneous ordering of components into patterns or structures
without human intervention.®* An important example within nature is the formation of cell

membranes, which are formed by the self-assembly of amphiphilic phospholipids.%

1.6.1 Water and the Hydrophobic Effect

It is important to consider the unique properties of water when discussing self-assembly. It is
known as a ‘universal solvent’ because of its ability to dissolve many ionic and polar solids.%
This is primarily the result of hydrogen bonding between water molecules and hydrophilic solute
molecules. In contrast, hydrophobic molecules are unable to form hydrogen bonds with water.
Therefore, the loss of at least one intermolecular hydrogen bond occurs as the water molecules
interact with such solutes. To minimize hydrogen bonding disruption, the water molecules form
cage (or clathrate) structures around the hydrophobic molecules. This phenomenon is known as
the hydrophobic effect.%”% Such reordering of water molecules is entropically unfavorable and
explains why hydrophobic substrates are insoluble in water. On the other hand, amphiphilic
molecules can undergo spontaneous self-assembly in agueous solution to form a range of complex

colloidal structures.
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1.6.2 Self-assembly of Surfactants

Surfactants contain a hydrophilic head-group and a hydrophobic tail and constitute an important
class of amphiphiles.® They can be classified as cationic, anionic, non-ionic or zwitterionic
depending on the nature of the head-group. Surfactants spontaneously self-assemble in aqueous
solution to form micelles if their concentration is above the CMC.”™ In aqueous solution,
surfactant self-assembly is a thermodynamically-driven process. Micelles are produced when the
energy required to form them is less than the entropic cost of individual surfactant molecules
(unimers) remaining in solution. This typically occurs at relatively low surfactant concentrations

owing to the hydrophobic effect (see section 1.6.1).

Surfactants can form spherical micelles, worm-like micelles, vesicles or bilayers depending on
the surfactant concentration, temperature, solution pH and the electrolyte concentration. The final
morphology can be directly related to the geometric packing of individual surfactant molecules.
Two opposing forces must be considered: (i) mutual repulsion between neighboring hydrophilic
(and often charged) head-groups and (ii) mutual attraction between hydrophobic tails at the
hydrocarbon-water interface. This affects in turn the surface area occupied by each head-group,
a,, at the interface. Israelachvii et al.” defined the dimensionless packing parameter, P, according

to Equation 1.15.

p=-" (1.15)

aplc

Here a, is defined as the optimal surface area occupied by the head-group at the interface, I:is the
maximum critical length of the hydrocarbon chain and v is the volume of the hydrocarbon chain.
Figure 1.14 summarizes the relationship between the surfactant morphology and packing
parameter. Characteristic numerical values for the fractional packing parameter corresponding to
the formation of spheres (P < 1/3), cylinders (1/3 < P < 1/2) and vesicles (1/2 < P < 1) are

indicated.
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Spheres =P S%
Cylinders = % <P S%

. 1
Vesicles = 5 <P<1

Figure 1.14. Schematic representation of the packing of surfactant amphiphiles within a spherical micelle.
The range of values for the packing parameter P corresponding to the formation of spheres, cylinders and
vesicles is indicated.™

1.6.3 Block Copolymer Self-assembly

Diblock copolymers can undergo self-assembly either in the bulk (i.e. in the absence of solvent)
or in solution. In the bulk, the enthalpic incompatibility between the two blocks drives microphase
separation.” [N.B. Macroscopic phase separation — which is invariably observed for pairs of
homopolymers - cannot occur because the two blocks are linked by a covalent bond]. Microphase
separation is observed if the Gibbs energy of mixing, AGmix, is negative in Equation 1.16. This

requires the AHmix term to be sufficiently negative to outweigh the positive entropic term.

AGmix = AHmix - TASmix (116)
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Flory and Huggins independently developed a lattice model theory to calculate AGmix When
mixing two enthalpically incompatible homopolymers (Equation 1.17). The copolymer
morphology is dictated by three parameters: (i) the relative volume fractions of the two blocks
(pa and gs), (ii) the overall degree of polymerization of each block (N and Ng), and (iii) the Flory-

Huggins interaction parameter, yag.

AGmix _ (prlmpA) + (<pBln<pB

kgT Ng Np ) + QaPBXaB (1.17)

The yas parameter represents the degree of enthalpic incompatibility between the two blocks and

is defined by Equation 1.18.747®

Z

XaB = (k}TT) (€4 — % (€44 + €8B)] (1.18)

Here z is the number of nearest neighbours per molecule, ks is the Boltzmann constant, T is the
absolute temperature and eag, €aa and egg, are the three respective interaction energies for the A
and B blocks. According to Equation 1.18, spontaneous mixing of A and B occurs if yag is
negative. In contrast, a positive yas value indicates enthalpic incompatibility between the two
blocks and results in demixing. Furthermore, yag is inversely related to temperature, thus diblock
copolymers often exhibit an order-disorder transition (ODT) at a specific temperature.” The
extent of microphase separation exhibited by diblock copolymers is determined by the yN term.””
Self-consistent mean-field theory has been used to predict diblock copolymer behaviour in the
bulk.” Given a sufficiently high yN term, systematic variation of the relative volume fraction of
block A (fa) can generate various morphologies, as summarized in the phase diagram shown in
Figure 1.15. Strong segregation occurs if yN > 100, resulting in nearly pure phases. In contrast,
weak segregation is observed if yN < 10, which is close to the ODT. Figure 1.15 illustrates the
various order-order transitions (OOT) that can be observed as the relative volume fraction fa, is

varied at a fixed yN while above the ODT."”®
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Figure 1.15. Theoretical phase diagram and morphology for an AB diblock copolymer, where N is the
overall degree of polymerization, y is the Flory-Huggins interaction parameter and fa is the volume fraction
of block A. Morphological phases and abbreviations are denoted as follows: body-centred cubic (BCC),
hexagonal cylinders (HEX), gyroid (GRY), and lamellar (LAM).”

Introducing a solvent increases complexity as its interaction between each block must be
considered. Nevertheless, there are examples of amphiphilic diblock copolymers that undergo
self-assembly in a solvent which is selective for one of the two blocks.”# Examples of diblock
copolymer self-assembly achieved by traditional post-polymerization techniques include direct
dissolution,® a solvent switch,®28% a pH switch,®® or thin film rehydration.”® However, these
techniques are usually performed at relatively low copolymer concentrations (typically < 1%

wi/w), which severely limits their potential utility for industrial applications.
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1.7 Polymerization-Induced Self-Assembly (PISA)

Within the last decade, many research groups have explored the preparation of block copolymer
nanoparticles via polymerization-induced self-assembly (PISA).2% This approach has mainly
involved the use of RAFT polymerization, although other RDRP techniques are also applicable.
It is particularly attractive because syntheses are usually efficient and can be performed at

relatively high solids (25-50% w/w).89-%

PISA typically involves chain extension of a soluble homopolymer with a second monomer. The
second polymer block gradually becomes insoluble, which drives in situ self-assembly to form
AB diblock copolymer nanoparticles (Figure 1.16). It should be noted that PISA does not require
the addition of any stabilizer (e.g. a surfactant) because the precursor block confers steric
stabilization. Systematic variation of the copolymer concentration and the mean DP of each block
can result in the formation of spheres, worms and vesicles.?” Although these are the most
commonly reported copolymer morphologies, more complex structures have also been reported
(e.g. lamellae, jellyfish and framboidal vesicles). In principle, the final morphology is dictated by
the relative volume fractions of the two blocks, as described by the packing parameter (P).% In
practice, other parameters can lead to morphological constraints (see below). RAFT
polymerization enables a wide range of monomers to be used in various solvents, including
water,% polar solvents (alcohols),*>° and non-polar solvents (e.g. n-alkanes or mineral oil).%4%
However, only block copolymer self-assembly via aqueous PISA formulations will be discussed

in this Thesis.

38



Chapter 1: Introduction

% Spheres

P<1/3
M M
—_— R
RAFT PISA 13 <P<iP Worms
Soluble
stabilizer
block v
Increasing Vesicl
Soluble coreDp 'coiies
diblock 1/2<P<1
copolymer
AB diblock copolymers

Figure 1.16. Schematic representation of polymerization-induced self-assembly (PISA) as illustrated for
an AB diblock copolymer.?’

1.7.1 RAFT Aqueous Dispersion Polymerization

RAFT aqueous dispersion polymerization involves chain extension of a water-soluble precursor
using a water-miscible monomer to generate a water-insoluble polymer as the second block.8"%
Initially, this block is soluble in the reaction mixture but once a critical DP is attained it becomes
insoluble and in situ self-assembly occurs. The first example of RAFT aqueous dispersion
polymerization was reported by Hawker et al., who described the chain extension of a poly(N,N’-
dimethylacrylamide) (PDMAC) precursor with N-isopropylacrylamide (NIPAM) to form
spherical nanoparticles at 70 °C.%" Introduction of a bisacrylamide cross-linker enabled the
formation of stable nanogels on cooling to room temperature. In the absence of any cross-linker,
the nanoparticles formed at 70 °C simply dissociated on cooling to 20 °C, since this is below the

LCST of the thermoresponsive PNIPAM chains.%
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Many RAFT aqueous dispersion polymerization formulations have utilized the commodity
monomer, HPMA. For example, in 2010 Li and Armes reported that chain extension of a
poly(glycerol monomethacrylate) (PGMA) precursor with HPMA at 10% w/w solids led to
kinetically-trapped spherical nanoparticles.® Systematically increasing the target PHPMA DP
from 30 to 300 gave spheres of increasing size as judged by dynamic light scattering (DLS)
(Figure 1.17). However, vesicles were obtained when targeting a PGMAgs-PHPMAso diblock

copolymer at 20% w/w solids.

s /
© © > X=100
—_— =
o} + 0
PGMAg-PHPMA,
HO
X =300

H04§
HO
PGMA,; macro-CTA HPMA
Figure 1.17. Synthesis of PGMAss-PHPMA, diblock copolymer spheres (where x = 30-300) by RAFT
aqueous dispersion polymerization of HPMA.%

In a follow-up study, Blanazs et al. examined the evolution of copolymer morphology that occurs
during PISA when targeting PGMA47-PHPMAqo Vvesicles.2® Aliquots were extracted regularly
from the reaction solution to determine the monomer conversion by *H NMR spectroscopy while
the copolymer morphology was assessed by transmission electron microscopy (TEM). Initially a
transition from molecularly-dissolved chains, to spheres, to dimers and trimers was observed.
This was followed by the formation of highly anisotropic linear worms, which evolved into
vesicles via various intermediate structures such as branched worms, octopi and jellyfish, see

Figure 1.18.
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Figure 1.18. (a) *H NMR studies of the RAFT aqueous dispersion polymerization of HPMA at 70 °C when
targeting PGMAu7-PHPMA vesicles at 10% w/w solids. The conversion vs. time plot indicates five
morphological regimes: molecularly-dissolved chains (M), spheres (S), worms (W), branched worms
(BW), jellyfish (J), and vesicles (V). The semilogarithmic plot (see inset) indicates a five-fold rate
enhancement after nucleation; (b) TEM images illustrating the mechanism for the worm-to-vesicle
transition during the synthesis of PGMA4-PHPMA,y vesicles by RAFT aqueous dispersion

polymerization.1®
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Further work by Blanazs et al. produced detailed pseudo-phase diagrams (Figure 1.19) when
employing three PGMA precursors with DPs of 47, 78 or 112.% These diagrams (or morphology
maps) illustrate the variation in morphology with copolymer concentration and the effect of

varying the mean DP for both the PGMA stabilizer block and the core-forming PHPMA block.
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Figure 1.19. Phase diagrams constructed for PGMAx-PHPMA, diblock copolymer nano-objects prepared
at various copolymer concentrations (10-25% w/w) and PHPMA DP (y), when using a PGMA stabilizer
DP of (a) 112, (b) 78 or (c) 47. (d) A master phase diagram constructed for the same PISA formulation for
syntheses conducted at 20% w/w solids.3510

Figure 1.19a indicates that employing the PGMA11, precursor as the stabilizer block only
produces Kkinetically-trapped spheres at lower copolymer concentrations. Higher order
morphologies could be obtained above 20% w/w solids but only as mixed phases. This is because

the relatively long PGMAu12 block confers effective steric stabilization and therefore impedes
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sphere-sphere fusion. A more interesting phase diagram is observed for the PGMA g precursor,
see Figure 1.19b. A range of copolymer morphologies (spheres, worms or vesicles) can be
accessed simply by varying the PHPMA DP. However, identical diblock copolymers produced
different morphologies when adjusting the copolymer concentration. For example, targeting
PGMA7s-PHPMAGsy produced a pure vesicle phase at 25% w/w solids but only kinetically-
trapped spheres at 10% w/w solids. In contrast, using a relatively short PGMA47 precursor yielded
pure spheres, worms or vesicles as the target PHPMA DP was progressively increased, regardless

of the copolymer concentration (see Figure 1.19c).

A master pseudo-phase diagram (Figure 1.19d) was constructed for this PGMA-PHPMA
formulation at a fixed copolymer concentration of 20% w/w solids by Warren and co-workers.%
This plot clearly shows the relationship between the core-forming block DP and stabilizer DP
with regard to the final morphology and indicates that the worm phase is relatively narrow. It has
become an essential tool for the Armes group when targeting specific morphologies using this

aqueous PISA formulation.

Interesting properties and potential applications have been reported for higher order morphologies
such as worms and vesicles. For example, a pure PGMA-PHPMA worm phase forms a soft, free-
standing gel at ambient temperature owing to multiple inter-worm contacts.? Blanazs et al.
demonstrated that cooling such worm dispersions to 4 °C led to degelation, with TEM studies
indicating a worm-to-sphere transition (Figure 1.20). This transition proved to be fully reversible:
regelation of the dispersion occurred upon heating to 25 °C.1% Such thermoresponsive hydrogels
may have useful biomedical applications, such as the cryopreservation of red blood cells'® or as
a cost-effective storage medium to enable the global transportation of human stem cells.*® Core-
crosslinked PGMA-PHPMA diblock copolymer worms can also be used as a Pickering emulsifier

and offer some advantages over the equivalent spherical nanoparticles in this context.%®
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Figure 1.20. Thermoresponsive PGMAss-PHPMA14 diblock copolymer worms undergo a reversible
worm-to-sphere transition when cooled to 4 °C, which leads to in situ degelation.%

Armes and co-workers have also investigated alternative water-soluble precursors for the RAFT
aqueous dispersion polymerization of HPMA. These include poly(2-(methacryloyloxy)
ethylphosphorylcholine ~ (PMPC),*®  poly(ethylene  glycol)  (PEG),®  poly(N-(2-
methacryloyloxy)ethyl pyrrolidone) (PNMEP),108 poly(2-(methacryloyloxy)ethyl
trimethylammonium chloride) (PMETAC),!® and poly(methacrylic acid) (PMAA).1°
Publications on alternative core-forming blocks are rather limited simply because there are
relatively few vinyl monomers that are suitable for RAFT aqueous dispersion polymerization.
However, some recent examples include 2-methoxyethyl acrylate (MEA)!! NN'-
diethylacrylamide (DEAAm),2* diacetone acrylamide (DAAM),® di(ethylene glycol) methyl

ether methacrylate (DEGMA),*2 and 4-hydroxybutyl acrylate (HBA).113114

In particular, Byard et al. reported the synthesis of PDMAC-PDAAM diblock copolymer nano-
objects via RAFT aqueous dispersion polymerization of DAAM. A pseudo-phase diagram was
constructed for this all-acrylamide PISA formulation, which enabled the reproducible targeting
of pure spheres, worms or vesicles at 20% w/w solids (Figure 1.21).% With regard to this Thesis,
this aqueous PISA formulation is used to prepare small well-defined spheres with a desired

particle size.
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Figure 1.21. Pseudo-phase diagram constructed for a series of PDMAC,—PDAAM;y diblock copolymer
nano-objects with representative TEM images shown for (a) spheres, (b) worms, and (c) vesicles.®

1.7.2 RAFT Aqueous Emulsion Polymerization

Initial attempts to develop RAFT aqueous emulsion polymerization formulations utilized
conventional surfactants such as sodium dodecyl sulfate (SDS). However, these formulations
suffered from poor monomer conversions, broad MWDs and colloidal instability. This was
attributed to the inability of the RAFT agent to diffuse through the aqueous phase and interact
with the growing polymer chains within the nascent nanoparticles.!*> The development of seeded
RAFT emulsion polymerization addressed some of these issues. For example, Prescott et al.
reported a well-controlled seeded emulsion polymerization of styrene using acetone as a co-
solvent, which assisted diffusion of the RAFT agent to the polymer seed.!** However, the initial
seed particles were synthesized via FRP which inevitably produced relatively broad MWDs.

Other obvious limitations of seeded emulsion polymerization include the undesirable use of

45



Chapter 1: Introduction

water-miscible solvents such as acetone on an industrial scale. Furthermore, the presence of a

suitable surfactant was still required for many of these formulations.

Hawkett et al. reported the first successful ab initio RAFT emulsion polymerization. A
poly(acrylic acid) (PAA) precursor was chain-extended with n-butyl acrylate (nBA) in the
absence of any surfactant.!!’ High monomer conversions were achieved within 6 h at 60 °C and
PAA-PnBA diblock copolymer nanoparticles with a mean diameter of 60 nm were obtained. A
linear increase in molecular weight and relatively low dispersities were observed by gel
permeation chromatography (GPC) analysis, see Figure 1.22. The same research group
subsequently reported the synthesis of ABC triblock copolymer nanoparticles.!'® In this case, the

B and C block comprised PnBA and polystyrene (PS), respectively.
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Figure 1.22. (a) THF GPC curves obtained during the synthesis of PAA-PnBA diblock copolymers by
RAFT aqueous emulsion polymerization of n-butyl acrylate. (b) Evolution in M, (diamonds) and Mw/M;
(circles) with nBA conversion as determined by GPC. The black solid line indicates the theoretical Mn.*t

Since these seminal studies, there has been a significant increase in publications in this sub-field.
For example, Charleux and co-workers prepared a trithiocarbonate-capped PEO-based precursor
to serve as a RAFT agent and also a steric stabilizer. RAFT aqueous emulsion polymerization of
styrene or nBA conducted in batch mode afforded core-shell nanoparticles. Kinetically-trapped
spheres of up to 500 nm diameter were obtained and the final particle size depended on the PEO

precursor/monomer molar ratio.!**!? Subsequently, the same research group examined
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alternative steric stabilizer blocks (e.g. acrylic,*% methacrylic,** acrylamide®’), as well as
core-forming blocks [e.g. poly(benzyl methacrylate) (PBzMA),'® PMMA,?¢ pS 121123127 or

PNBA%].

The Davis group reported the synthesis of ultrahigh molecular weight polystyrene-based diblock
copolymer nanoparticles with relatively low dispersities via RAFT emulsion polymerization.?
First, poly(ethylene glycol) methyl ether acrylate (PEGA) was statistically copolymerized with
N-hydroxyethyl acrylamide (HEAA) to produce a water-soluble precursor, which was then used
as the steric stabilizer for the polymerization of styrene at 80 °C. High styrene conversions (>
91%) and relatively narrow weight distributions (Mw/M, < 1.40) were obtained for such aqueous
PISA formulations. DLS and TEM studies indicated that only kinetically-trapped spheres of

varying size were produced when adjusting the target DP of the core-forming block.

As mentioned previously, Armes and co-workers have utilized PGMA as a steric stabilizer block
for RAFT aqueous dispersion polymerization. However, this non-ionic water-soluble
homopolymer has also been used for the RAFT aqueous emulsion polymerization of various
hydrophobic vinyl monomers. For example, Cunningham et al. produced a series of PGMA-
PBzMA spherical nanoparticles with conversions of more than 99% being achieved after 6 h at
70 °C. TEM studies indicated that the mean particle diameter varied between 20 and 193 nm
depending on the target DP for the core-forming PBzMA block (Figure 1.23). Furthermore, these
PGMA-PBzMA nanoparticles were used to prepare Pickering emulsions using several model oils
and their selective adsorption onto a patterned planar substrate was also demonstrated using

phenylboronic acid chemistry.%
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Figure 1.23. (a) TEM and (b) DLS studies on a series of PGMAs1-PBzMA, diblock copolymer
nanoparticles synthesized via RAFT aqueous emulsion polymerization of BzZMA, where the target DP for
the core-forming PBzMA block was systematically varied between 50 and 1000. (c) A linear relationship
between the mean particle diameter and PBzMA DP is indicated by both TEM and DLS studies.®°

Subsequently, Akpinar et al. investigated the chain extension of four PGMA precursors (DP =
28, 43, 63 or 98) via the RAFT aqueous emulsion polymerization of 2,2,2-trifluoroethyl
methacrylate (TFEMA) (Figure 1.24).1% In this case, the target DP for the PTFEMA core-
forming block was systematically varied between 100 and 1400. Very high TFEMA conversions
(> 99%) were achieved after 20 h at 70 °C and narrow, unimodal MWDs were observed by UV
GPC analysis. Spherical nanoparticles with a mean particle diameter of between 34 and 246 nm
(judged by DLS) were prepared by systematically varying the DP of each block. By fixing the DP
of the PGMA stabilizer, progressively increasing the target PTFEMA DP led to a monotonic
increase in particle diameter. In contrast, when the target PTFEMA DP was fixed at 400, a
reduction in particle size was observed when increasing the DP of the PGMA stabilizer block.
This aqueous PISA formulation is of particular relevance to the work presented later in this

Thesis.
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Figure 1.24. (a) Synthesis of PGMA-PTFEMA, diblock copolymer spheres by RAFT aqueous emulsion
polymerization of TFEMA. (b) Plot of DLS intensity-average particle diameter versus DP of the PTFEMA
core-forming block for four PGMA precursors (G) with DPs of 28, 43, 63 and 98.1%°

Similar PGMA stabilizers have been chain-extended using isopropylideneglycerol methacrylate
(IPGMA)®  or glycidyl methacrylate (GlyMA)**! to form diblock copolymer nanoparticles.
However, it is often observed that only kinetically-trapped spheres can be obtained by RAFT
aqueous emulsion polymerization. This is a particularly perplexing observation since similar
diblock copolymers prepared via RAFT alcoholic dispersion polymerization can form either
worms or vesicles. Nevertheless, it is possible to avoid kinetically-trapped spheres for at least
some RAFT aqueous emulsion polymerization formulations. For example, Charleux et al.
reported using a poly[(acrylic acid)-co-poly(ethylene glycol methyl ether acrylate)] (P(AA-co-
PEGA)) stabilizer for the polymerization of styrene. This approach enabled access to higher order

morphologies.’® The same group evaluated poly[methacrylic acid-co-poly(ethylene oxide)
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methyl ether methacrylate] (P(MAA-co-PEOMA)) as an alternative stabilizer block.!®
Empirically, it was found that a solution pH of 5-6 was optimal for high blocking efficiencies and
low dispersities (Mw/M, < 1.35). Interestingly, worms and vesicles were formed when targeting a
DP of more than 200 for the core-forming PS block. Kinetic studies confirmed a morphological
evolution from spheres to worms to vesicles with increasing PS DP. The effect of varying the
stabilizer block DP on the final copolymer morphology was also explored. When targeting a PS
DP of 300, a relatively long P(MAA-co-PEOMA) precursor (M, = 15 kg mol?) led to mainly
worms, whereas a relatively short P(MAA-co-PEOMA) precursor (Mn= 11.8 kg mol) produced

vesicles.

In closely-related work, Zhang et al. reported the synthesis of P(MAA-co-PEOMA)-PS
nanoparticles in two steps using a one-pot protocol.’® This is attractive for industrial scale-up
because it eliminates the need for additional purification steps. Interestingly, this formulation also
enabled the preparation of spheres, worms and vesicles. The pseudo-phase diagram shown in
Figure 1.25 indicates that the final copolymer morphology depends on both the PS DP and the
steric stabilizer DP. In a further study, the core-forming PS block was replaced with PMMA.
P(MAA-co-PEOMA)-PMMA spheres, worms or vesicles could be accessed simply by increasing
the target DP for the hydrophobic block. This morphological evolution was observed irrespective
of pH. However, syntheses conducted at pH 3.5 gave better controlled polymerizations with
higher blocking efficiencies compared to those conducted at either pH 5 or pH 7. Interestingly, a
core-forming statistical block containing both styrene and MMA only led to kinetically-trapped

spheres.?
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Figure 1.25. Pseudo-phase diagram constructed for the synthesis of P(MAA-co-PEOMA)-PS diblock
copolymer nano-objects via RAFT aqueous emulsion polymerization of styrene. Preparation of spheres,
worms and vesicles (shown by TEM) were possible by systematically varying the molecular mass of the
stabilizer and the DP of the core PS block.**

Davis and co-workers also reported the synthesis of spheres, worms and vesicles via RAFT
aqueous emulsion polymerization.*** All three morphologies could be obtained when
polymerizing styrene using two different poly[N-hydroxyethyl acrylamide-co-poly(ethylene
glycol) methyl ether acrylate] (poly(HEAA-co-PEGA)) precursors. Moreover, it was
demonstrated that the chemical nature of the RAFT end-groups and the initiator concentration

also influenced the final copolymer morphology. For example, switching from a carboxylic acid
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end-group to a methyl ester end-group resulted in the formation of vesicles instead of spheres.
Furthermore, an identical synthetic protocol employing half the radical initiator concentration
produced spheres rather than vesicles. Formation of a worm-rich phase was achieved by lowering
the target DP for the structure-directing PS block when using a carboxylic acid-functionalized

P(HEAA-co-PEGA) macro-CTA.

Armes and co-workers have also obtained higher order morphologies via RAFT aqueous
emulsion polymerization by targeting core-forming monomers that exhibit relatively high
aqueous solubility. For example, Cockram et al. reported that the polymerization of 2-
hydroxybutyl methacrylate (HBMA) using a PMAA precursor resulted in an unusual ‘monkey
nut’ morphology.®® It was suggested that the higher aqueous solubility of HBMA (20 g dm at
70 °C) enabled more efficient mass transport of monomer from the emulsion droplets to the
growing diblock copolymer nanoparticles during this relatively fast polymerization. This
increases the degree of solvation (and hence mobility) of the growing polymer chains by the
HBMA monomer, which most likely facilitates an evolution in copolymer morphology during
PISA.2"8" This hypothesis also led to exploration of the RAFT aqueous emulsion polymerization
of GIyMA, since this monomer has a comparable aqueous solubility (24-25 g dm™ at 80 °C) to
that of HBMA.*® Indeed, using a relatively short PGMA precursor provided convenient access
to well-defined worms using an efficient one-pot protocol. More recently, Brotherton et al.
reported the chain extension of PGMA via RAFT aqueous emulsion polymerization of 2-
methoxyethyl methacrylate (MOEMA).*¥" This system constitutes a third example of a vinyl
monomer with a moderately high aqueous solubility (19.6 g dm™ at 70 °C). Again, systematic
variation of the target PGMA-PMOEMA diblock composition and copolymer concentration
provided access to spheres, worms and vesicles (Figure 1.26). In summary, several empirical
approaches have been developed to avoid the formation of kinetically-trapped spheres via RAFT
aqueous emulsion polymerization. However, it should be emphasized that kinetically-trapped

spheres are highly desirable for certain applications. For example, this morphology ensures
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minimal dispersion viscosity when preparing nanoparticles at relatively high solids, which makes

such formulations much more amenable to potential industrial scale-up.
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Figure 1.26. Representative TEM images and corresponding pseudo-phase diagram for a series of
PGMA2-PMOEMA30.110 diblock copolymer nano-objects prepared by RAFT aqueous emulsion
polymerization of MOEMA.*¥"
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1.8 Colloidal Dispersions

Colloidal dispersions are commonly found in various industrial products such as agrochemical
formulations,*® cement,’*® paint,}*° paper'*! and pharmaceutics.}*? By definition, colloidal
dispersions comprises particles that lie between 1 nm and 1 pm. A repulsive force must be
introduced to counteract the ever-present van der Waals forces between particles to ensure
colloidal stability. In principle, this can be achieved by introducing either surface charge or an
adsorbed layer of solvated polymer chains. This leads to stable colloidal particles via either an

electrostatic or a steric stabilization mechanism, respectively.4

1.8.1 Electrostatic Stabilization

If a colloidal particle acquires surface charge in aqueous media, an electrical double layer (EDL)
containing an excess of oppositely charged ions is formed around it.** Close approach of two
such particles inevitably leads to overlap between their respective EDLs. This overlap is
energetically unfavorable and hence gives rise to a strong repulsive force that offsets the ever-
present van der Waals attractive forces between the two particles. A quantitative theory to
describe this situation was developed by Derjaguin, Verwey, Landau and Overbeek in the 1940s
and is now known as DLVO theory.'#% The total potential energy curve can be calculated by
summing the attractive and repulsive forces (Figure 1.27). The van der Waals attractive forces
dominate at sufficiently close range, which produces a deep potential well known as the primary
minimum. At greater distances, the repulsive forces arising from EDL overlap dominate, which
leads to a local energy maximum (AEmax). This is the energy barrier that the two particles must
overcome prior to aggregation. If the mean kinetic energy (keT) of the particles is not sufficient
to traverse this barrier, then no particle aggregation can occur. Thus the criterion for colloidal
stability is AEmax >> ksT.2#* On the other hand, if AEmax ~ KT then particle aggregation can occur.
The magnitude of AEmax depends on the surface potential and the electrolyte concentration.
Addition of salt shrinks the EDL and hence lowers AEmax, Which leads to particle aggregation.
This electrostatic stabilization mechanism is restricted to highly polar solvents such as water or

lower alcohols, because this enables the particles to acquire sufficient surface charge to form
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EDLs. Such colloidal dispersions are only kinetically stable but they may still exhibit long-term

stability.

Potential Energy

Figure 1.27. Potential energy curve for electrostatic stabilization where the total energy, Gr, is the sum of
the repulsive and attractive energies (Gt = Gr + Ga). The schematic cartoon depicts two mutually repulsive
particles owing to their respective electrical double layers.'#

1.8.2 Steric Stabilization

An alternative stability mechanism becomes relevant if the colloidal particles are coated with a
relatively thick adsorbed layer of well-solvated polymer chains. As two such particles approach
one another, the adsorbed polymer chains begin to interpenetrate. This is energetically
unfavorable in terms of both enthalpy (in a good solvent environment, polymer segments prefer
to remain solvated rather than interact with segments on other chains) and entropy (because fewer
chain conformations become accessible). The resulting build-up of osmotic pressure forces
solvent between the approaching particles, which leads to their repulsion.’*® The total potential
energy curve, Gr, for steric stabilization is calculated by combining the attractive and repulsive

energy potentials (Figure 1.28). This produces a relatively shallow minimum, AEmi, at
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approximately twice the mean thickness of the adsorbed polymer layer (23). The criterion for
colloidal stability is AEmin << ksT. Thus, the particles must possess sufficient kinetic energy to
escape from this shallow minimum if interparticle collisions are to remain elastic (non-sticky).
The depth of this local minimum depends on the particle size, the Hamaker constant and the
thickness of the adsorbed polymer layer.!** Compared to electrostatic stabilization, steric
stabilization is much less sensitive to electrolytes, is effective at high particle concentrations and
is applicable over a wide range of solvents. Unlike electrostatic stabilization, it produces

thermodynamically stable colloidal dispersions.

Particle distance

Potential Energy

-7 AE;,

Figure 1.28. Potential energy curve for the case of steric stabilization, whereby the total energy, Gr, is the
sum of the repulsive and attractive curves (Gt = Ggr + Ga). The schematic cartoon depicts unfavorable
overlap between adsorbed polymer chains during the close approach of a pair of particles, which generates
an osmotic pressure between them.#
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1.8.3 Polymers in Colloidal Dispersions

As previously mentioned, polymers can be utilized as dispersants to enable the preparation of
colloidally stable dispersions. However, it may be advantageous for some industrial formulations
to exhibit weak, reversible flocculation. For example, weakly flocculated pigment particles in
paint formulations form a structured fluid or weak gel, which minimizes gravitational settling and
confers the desired rheological properties.*° Similarly, a network of weakly flocculated particles

can prevent caking during the long-term storage of pesticide formulations.t*

Rihrwein and Ward introduced the concept of bridging flocculation, whereby high molecular
weight polymers adsorb onto more than one particle.’>! This mechanism operates at relatively low
polymer concentration. At higher polymer concentrations, the particles become sterically

stabilized because there is sufficient polymer to achieve high surface coverage (section 1.8.2).

At still higher polymer concentrations, depletion interactions can occur owing to the presence of
non-adsorbed polymer chains in solution. Asakura and Oosawa were the first to report the
phenomenon of depletion flocculation, which involves the exclusion of free polymer chains
between particles as they approach one another.’®? As a result, there is a build-up of osmotic
pressure that generates interparticle attractive forces and hence causes flocculation. A further
increase in polymer concentration can cause depletion stabilization. This differs from steric
stabilization because depletion stabilization confers stability through non-adsorbed polymer,
whereas the latter phenomenon involves adsorbed polymer.2* Depletion interactions exhibit both
a short-range attractive minimum and a long-range repulsive barrier. At sufficiently high polymer
concentration, the long-range repulsive energy barrier produces kinetically-stabilized particles via
depletion stabilization.?>* Although its mechanism is not well understood, depletion stabilization

has been observed in several experimental studies.'>>17
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1.8.4 Adsorption and Adsorption Isotherms

Polymer adsorption may occur via either physisorption or chemisorption. Physisorption involves
relatively weak van der Waals interactions and/or hydrogen bonding. In contrast, chemisorption
involves the formation of surface covalent bonds. Adsorption isotherms are a convenient method
for determining the amount of surface-adsorbed polymer.t*® Typically, the amount of adsorbed
polymer (I') is plotted against the equilibrium concentration of polymer remaining in solution

after adsorption.

Many adsorption isotherm models have been reported over the past century: some well-known
examples include the Langmuir model,**® the Freundlich model,*® and the Brunauer-Emmett-
Teller (BET) model.*®* However, only the Langmuir isotherm model will be discussed in this
Thesis. The Langmuir model was originally used to describe the adsorption of gases on solids. It
is based on the following assumptions: (i) the surface is treated as a lattice and all adsorption sites
are equivalent; (ii) each site may only adsorb one molecule; (iii) there are no interactions between

adsorbed molecules; (iv) maximum adsorption is restricted to monolayer coverage.

The Langmuir adsorption isotherm model can also be used to describe polymer adsorption onto
colloidal substrates.'®? For example, a Langmuir isotherm was observed for poly(ethylene oxide)-
poly(propylene oxide) (PEO-PPO) block copolymers adsorbed from aqueous solution onto
carbon black.!®® Similarly, a star diblock copolymer adsorbed from n-dodecane onto the same
substrate gave a low-affinity Langmuir isotherm.®* The Langmuir adsorption model has also been

utilized to analyse the adsorption of nanoparticles on various substrates.'6%167
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If monolayer coverage can be assumed for polymer adsorption, then it is appropriate to use the
Langmuir adsorption isotherm model. The adsorbed amount of polymer can be calculated using

Equation 1.19.

K4C
[ = Imfateq (1.19)
1+ KqCeq
Here T is the adsorbed amount (mg m), gm is the monolayer capacity, Ka is the equilibrium

constant and Ceq is the equilibrium concentration of the adsorbate that remains in solution. To

calculate qm, the surface area of the substrate must be known.**°

Giles et al. classified solid/solute adsorption isotherms into four main groups: Langmuir (L), S-
shaped (S), high affinity (H), and constant partition (C).1%¢ The adsorption mechanism can be
determined by the isotherm shape when plotting the adsorbed amount against the equilibrium

concentration (Figure 1.29).

Adsorbed amount (mg m-2)
Adsorbed amount (mg m)

Equilibrium polymer concentration (ppm) Equilibrium polymer concentration (ppm)

Adsorbed amount (mg m)
Adsorbed amount (mg m-)

Equilibrium polymer concentration (ppm) ] Equilibrium polymer concentration (ppm) !

Figure 1.29. Four types of adsorption isotherm (L, S, H and C-type) for the adsorption of a solute onto a
solid substrate from solution, as reported by Giles et al. %
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For Langmuir isotherms (L-type), the adsorbed amount increases rapidly at low solute (polymer)
concentrations. This is followed by an adsorption ‘knee’ and then a plateau region that
corresponds to monolayer coverage. For S-type isotherms, greater adsorption occurs at higher
concentrations owing to co-operative interactions between adjacent adsorbed molecules. H-type
isotherms are similar to L-type isotherms but exhibit strong adsorption at even low concentrations.
C-type isotherms exhibit a constant slope until a certain saturation point is attained and thereafter

the adsorption remains constant.6®

In practice, the adsorbed amount of polymer is often determined using an indirect approach known
as a supernatant assay. This requires determining the solute concentration in the continuous phase
before and after adsorption, with the difference corresponding to the adsorbed amount. In
principle, centrifugation can be used to separate the colloidal substrate from any non-adsorbed
polymer, which enables the adsorbed amount of polymer to be calculated. If the polymer has an
appropriate spectroscopic signature, its solution concentration before and after adsorption can be

assessed using either UV spectroscopy®® or IR spectroscopy.t’

1.8.5 Block Copolymer Dispersants

Block copolymers have been proven to be effective dispersants for a wide range of
applications,*”*-17 particularly for the dispersion of pigments for paints, coatings and inks.76-180
For example, Duivenvoorde et al. reported the synthesis of a novel block copolymer comprising
poly(2-vinylpyridine) and poly(e-caprolactone). Such dispersants displayed high affinity for
TiO;, an inorganic pigment commonly used for high-quality white paint.*8%18! In addition, block
copolymers have also been found to be effective dispersants for organic pigments.’’182 In related
work, Growney and co-workers reported the physical adsorption of hydrogenated polyisoprene-
polystyrene star diblock copolymers onto carbon black. This system exhibited bridging
flocculation at low polymer concentrations but steric stabilization of the carbon black particles

was observed at a critical copolymer concentration of approximately 5.5% w/w.%4
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North et al. reported the electrostatic adsorption of cationic poly(2-(dimethylamino)ethyl
methacrylate)-poly(benzyl methacrylate) (PDMA7i-PBzMA1) spherical nanoparticles onto
anionic silica particles.'®® Aqueous electrophoresis and TEM studies were consistent with
nanoparticle adsorption (Figure 1.30). Recently, the same first author reported the wholly
aqueous one-pot synthesis of PDMA-PMAA diblock copolymers. This zwitterionic diblock

copolymer proved to be an effective dispersant for yellow iron oxide nanoparticles.
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Figure 1.30. (a) Schematic representation of 30 nm diameter PDMA7:-PBzMA100 hanoparticles adsorbed
onto silica particles with a corresponding TEM image. (b) Zeta potential vs. pH curves recorded for
PDMA71—-PBzMAuo nanoparticles (black), bare silica (red), and nanoparticle-coated silica (blue). An
intermediate isoelectric point at pH 7 is observed for the nanoparticle-coated silica particles, which is
consistent with the adsorption of cationic nanoparticles onto anionic silica.'®®
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Alexandridis and co-workers investigated the use of Pluronic dispersants, an important class of
non-ionic ABA-type triblock copolymers consisting of PEO and PPO. More specifically, they
reported the adsorption of PEO-PPO-PEO copolymers onto both carbon black and silica
nanoparticles.'®® Fernandes et al. demonstrated that the same copolymer type could disperse
single-walled carbon nanotubes. Here the hydrophobic PPO block adsorbs onto the surface of the

nanotubes, while the hydrophilic PEO block confers effective steric stabilization.

1.9 Colloid Dispersions in Agriculture

With an increase in global population and changes to dietary habits, the agrochemical sector has
played an essential role in enabling improved food yields, whilst controlling a wide range of crop
pests. Pesticides are chemical compounds that are designed to either kill or deter pests.'®”18 Some
well-known examples of pesticides include fungicides, herbicides and insecticides, which can be

formulated as solid particles within liquid dispersions.®

Two techniques for preparing generic solid/liquid dispersions are the condensation method and
the dispersion method. The former involves the nucleation and growth of small molecules, e.g.
the preparation of polymer latexes via emulsion or dispersion polymerization (section 1.4 and
1.5). In contrast, the latter approach involves preparing suspensions of preformed particles and
typically requires a significant reduction in the initial particle size. This can be achieved via ball

milling in the presence of a suitable surfactant or copolymer dispersant.'4’

1.9.1 Preparation of Suspension Concentrates via Ball Milling

A suspension concentrate (SC) is a type of pesticide formulation which is typically prepared using
the dispersion method. SCs are dispersions consisting of insoluble hydrophobic crystals
suspended in water. They offer advantages such as high solids, relatively low cost, ease of
handling and are generally safer for the end-user.*® The organic crystalline particles within the
dispersion constitute an active ingredient (Al) that delivers the desired biological activity. The Al
must have certain properties for it to be suitable for SC formulations. It needs to be easily milled,

chemically stable in its crystal form and must be chemically stable in the presence of water. In
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addition, a relatively high melting point (> 80°C) prevents in situ melting of the crystals during
ball milling, which can generate excess heat. Finally, the Al must possess relatively low water
solubility (< 200 ppm) to minimize crystal growth by the phenomenon known as Ostwald

ripening.1%!

SCs can be readily prepared using a wet milling process in the presence of a suitable surfactant
or polymer dispersant. Shaker mills or planetary ball mills are typically used for high-energy
milling (Figure 1.31). Ball or bead-milling provides sufficient mechanical energy to reduce the
mean diameter of the Al crystals to approximately 1-2 um. Collisions between crystals and beads
or between individual crystals are completely random. As a result, only a fraction of the inputted
energy is actually used for particle size reduction; the rest is lost as heat, vibrational or friction
energy. Furthermore, the ideal milling conditions for a particular SC are usually established
through trial and error. It is also quite rare for an Al to be processed in the absence of other inert
compounds, known as adjuvants. These ensure efficient delivery of Als to the appropriate crop
or plant, while improving handling, storage or application properties. Examples of widely-used
adjuvants include surfactants, rheological modifiers, pH buffers, biocides and antifreeze

additives.19?
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Figure 1.31. Schematic representation of milling using (a) a shaker mill and (b) a planetary ball mill.
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1.9.2 Suspension Concentrate Failure Mechanisms

SC instability can occur through three failure mechanisms: sedimentation, crystallization and
gross flocculation (see Figure 1.32).2°! Ideally, the particles are uniformly dispersed within the
liquid phase, but gravitational settling can occur over time. Minimization of such sedimentation
and improved physical stability can be achieved by adding appropriate polymeric dispersants and
rheological modifiers. SCs are also prone to crystal growth through Ostwald ripening. This
phenomenon is driven by small differences in solubility between smaller and larger particles. In
addition, Ostwald ripening can occur because Als may be present as several polymorphs with
slightly differing aqueous solubilities. The formation of larger particles over time can lead to
unstable suspensions and a concomitant reduction in Al efficiency. One method to combat
Ostwald ripening is to use polymeric surfactants that adsorb onto the Al surface and therefore
prevent particle growth. Finally, SCs can be susceptible to gross flocculation upon storage or
dilution. This can be avoided with the addition of an effective dispersing agent, which must
strongly adsorb onto the crystal surface. It must also resist displacement due to a change in

temperature, application of shear forces or interactions with other components.®®
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Figure 1.32. Schematic representation of potential failure mechanisms for SCs.1%
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1.9.3 Dispersing Agents in Agrochemicals

A dispersing agent (or dispersant) is an essential requirement for formulating pesticide dispersions
such as SCs. The dispersing agent is required to: (i) be a good wetting agent in order to aid the
dispersion of the aggregates or agglomerates that are formed in the dry state, (ii) enable break-up

of large agglomerates during milling and (iii) provide good long-term stability for the final SC.14

Several types of dispersing agents have been used to form stable aqueous dispersions of Als. For
example, non-ionic ethoxylate-based surfactants (e.g. R(CH.CH:0),H) can stabilize various
pesticide formulations. The hydrophobic n-alkyl component promotes adsorption, while the
ethylene oxide-based head-group confers effective steric stabilization.'”® Alternatively,
polycarboxylate-based dispersants can anchor onto the particle surface and confer electrosteric
stabilization.’®* For example, Yang et al. recently reported on the synthesis of three
polycarboxylate terpolymers and found that longer alkyl side-chains provided more efficient
stabilization of imidacloprid-based SCs.** Moreover, they found that adding only 2.0 wt%
dispersant caused a sharp reduction in the overall zeta potential, which indicates effective
adsorption of dispersant onto the particle surface. Only relatively small changes in the zeta

potential were observed beyond 2.0 wt%, suggesting that a saturation point was attained (Figure

1.33).
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Figure 1.33. Zeta potential vs. mass of dispersant (%) for imidacloprid-based SCs prepared using three
different polycarboxylate terpolymers.%
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Heath et al. investigated using a poly(methyl methacrylate-methacrylic acid/methoxy-capped
poly(ethylene oxide) methacrylate) graft copolymer as a dispersant for a well-known fungicide
(ethirimol). The steric stabilization conferred by this strongly-adsorbed graft copolymer enables
preparation of highly concentrated dispersions (volume fraction > 0.60).1% Recently, Zhang and
co-workers reported on the synthesis of novel comb-like copolymer dispersants consisting of
poly(styrene-co-acrylic acid-co-polyethylene glycol methyl ether maleate). The additional non-
ionic side branches are believed to provide improved dispersibility and thermal storage

capabilities for a widely-used insecticide, pymetrozine.t%

Polyelectrolytes such as naphthalene-formaldehyde sulfonate condensates (e.g. the well-known
anionic dispersant, Morwet D-425) are commonly used as polymeric dispersants for the
preparation of SCs and other pesticide formulations, such as wettable powders and water-
dispersible granules.'®® Lignosulfonates are another type of polyelectrolyte that is commonly used
as a dispersing agent for pesticides,*® dyes,?® coal-water slurries?® and concrete.?%? It is an
industrially attractive cost-effective option since it is a highly water-soluble derivative of lignin,

which is derived from plant biomass.

1.9.4 Model Organic Crystals for Suspension Concentrates

The toxicity and/or the IP associated with some agrochemical Als suggests that a model Al could
be an attractive alternative. For example, pharmaceutical Als such as ibuprofen and cholesterol
have relatively low water solubilities and sufficiently high melting points, which suggests that
they might be useful as model Als for the production of SC formulations. Similarly, the well-
known simple polyaromatic hydrocarbon (PAH), anthracene, also meets the same criteria and

might therefore be a useful model Al.

Unfortunately, ibuprofen and cholesterol proved to be unsuitable model Als and hence are not
discussed further in this Thesis. However, the preparation of model SCs by subjecting

macroscopic anthracene crystals to wet ball milling led to interesting new microparticles with
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potential space science applications. This additional work forms part of this Thesis (see Chapter

5),

1.10 Particle Size Analysis

Reliable determination of the SC particle size distribution is important to ensure that the desired
Al particle diameter has been achieved after milling. Furthermore, such measurements can be
useful for assessing the dispersant performance and also monitoring the long-term stability of

such agueous suspensions.

1.10.1 Laser Diffraction

Laser diffraction is suitable for measuring particles sizes of between 0.01 um and 3 mm. A laser
beam is passed through a dispersion or suspension of particles, which causes light scattering.
Larger particles typically scatter light at smaller angles relative to the incident light beam, while
the opposite is true for smaller particles. As a result, particle size distributions can be calculated
based on the unique angular scattering patterns that are observed.?* Traditionally, laser diffraction
relied on Fraunhofer diffraction to determine the particle size. However, this theory is limited to
particle sizes larger than approximately 20 um. This is because the particle size must be at least
ten times that of the incident wavelength and particles were only observed at a relatively small
scattering angle.?** In contrast, modern laser diffraction instruments use Mie theory to assess a
wider range of particle sizes, but this more sophisticated approach requires knowledge of the
optical properties (e.g., refractive and absorptive indices) of both the particles and the solvent.#
Both mathematical models assume a spherical morphology to calculate a mean particle
diameter.2%® However, this technique is also applicable for strictly non-spherical particles such as

agrochemical SCs and typically reports a sphere-equivalent volume-average diameter.

1.10.2 Dynamic Light Scattering
Dynamic light scattering (DLS), also known as photon correlation spectroscopy (PCS), is a well-
established particle size analysis technique in colloid science.?% In this technique, light intensity

fluctuations of the scattered incident light are measured as a function of time. The mean diffusion

67



Chapter 1: Introduction

coefficient, D, is calculated from the auto-correlation function. Assuming that the particles are
spherical, perfectly monodisperse and non-interacting, the mean hydrodynamic particle radius (R)
can be determined at a known temperature (T) and solution viscosity (1) by using the Stokes-
Einstein equation (Equation 1.20).2%

__ kBT
- 6TNR

(1.20)

DLS reports the z-average diameter for particles that range in size from 1 nm to 10 pum.?4
Compared to laser diffraction, DLS is well-suited for determining particle size distributions for
the relatively small diblock copolymer nanoparticles that can be prepared by RAFT aqueous
emulsion polymerization. In contrast, laser diffraction is a useful technique for sizing the micron-

sized organic crystals within SCs.

1.10.3 Electron Microscopy

Scanning electron microscopy (SEM) and transmission electron microscopy (TEM) are useful
techniques for determining the particle size of both diblock copolymer nanoparticles and micron-
sized crystals.?® In SEM, a sample is scanned with a focused electron beam, which interacts with
the sample surface to generate back-scattered electrons, secondary electrons and X-rays. The
latter can provide useful elemental information but images are produced by analysing the
secondary electrons, which are emitted from the sample surface via inelastic interactions.?”® The
volume and regions within a sample from which X-rays and electrons originate is illustrated in

Figure 1.34.
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Figure 1.34. Schematic representation of the various regions within a sample from which secondary
electrons, back-scattered electrons and X-rays originate during scanning electron microscopy.?*

Like SEM, TEM uses a high-energy electron gun to generate a monochromatic beam of electrons.
A condenser lens focuses this electron beam before it reaches the sample. An image is produced

based on the electrons that are transmitted through the sample grid.?'!

A mean sphere-equivalent particle diameter and a corresponding standard deviation can be
calculated using image analysis software (e.g. ImageJ) to examine high resolution images.?? Non-
spherical particle morphologies can also be readily identified.?* However, if statistically
meaningful particle size distributions are required then electron microscopy is certainly more
labour-intensive than either DLS or laser diffraction. Moreover, it is often susceptible to drying
artifacts. Furthermore, typically only hundreds of particles are analyzed by electron microscopy,
which may be not truly representative of the actual sample. In contrast, light scattering techniques

report mean diameters that are averaged over (at least) tens of thousands of particles.207214

1.11 Thesis Outline

This Thesis focuses on the synthesis of various types of sterically-stabilized diblock copolymer

nanoparticles via RAFT aqueous solution polymerization, RAFT aqueous emulsion
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polymerization and RAFT aqueous dispersion polymerization. These nanoparticles are evaluated
as dispersants for the preparation of aqueous suspension concentrates (SCs) comprising various
agrochemical actives. In Chapter 2, the polymerization of MMA using a PGMA precursor is
examined. Some unexpected constraints in terms of colloidal stability are observed when using
this non-ionic steric stabilizer block. As a result, an anionic PMAA precursor and a cationic
PMETAC precursor are also investigated. Furthermore, RAFT end-group removal via visible
light irradiation using a blue LED source is also briefly explored. In Chapter 3, both PGMA.-
PMMA and PGMA-PTFEMA diblock copolymer nanoparticles are tested as dispersants for SC
formulations based on azoxystrobin, a widely-used fungicide. Ball milling led to a substantial
reduction in size and produced azoxystrobin microparticles of around 2 um diameter as judged
by laser diffraction and optical microscopy studies. Evidence for nanoparticle adsorption at the
surface of these azoxystrobin microparticles was obtained by TEM, SEM, solution densitometry,
aqueous electrophoresis and X-ray photoelectron spectroscopy (XPS). In Chapter 4, azoxystrobin
is ball milled in the presence of a wide range of alternative diblock copolymer nanoparticles. The
effect of varying the nature of the stabilizer block, the core-forming block, the mean nanoparticle
diameter, and the glass transition temperature of the core-forming block are investigated.
Moreover, the performance of core cross-linked nanoparticles is compared to that of the
corresponding linear nanoparticles. Finally, PGMA-PMMA nanoparticles were evaluated as
dispersants for five other common agrochemical actives. In Chapter 5, a similar ball milling
technique is used to prepare SCs comprising polyaromatic hydrocarbon (PAH) microparticles.
Macroscopic crystals of the simplest PAH, anthracene, were ball milled and the resulting
microparticles were coated with polypyrrole (PPy), an air-stable conducting polymer. Laser
diffraction, optical microscopy, IR spectroscopy, Raman microscopy, SEM and XPS were used
to characterize the PPy-coated anthracene microparticles and the corresponding uncoated
precursor microparticles. The PPy-coated microparticles are expected to serve as useful synthetic
mimics for PAH-rich cosmic dust. In principle, the electrical conductive PPy coating should
enable their efficient acceleration up to hypervelocities using a van de Graaff accelerator for

impact ionization experiments.
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2.1 Introduction

RAFT polymerization is exceptionally tolerant of monomer functionality and is usually
conducted in either organic solvents or aqueous solution to afford soluble polymer chains.!
However, it is equally well-suited to heterogeneous conditions such as suspension,?
dispersion®*7’ or emulsion®° polymerization. In particular, RAFT aqueous emulsion
polymerization — which is an important example of polymerization-induced self-assembly
(PISA)!*12— enables the controlled polymerization of a wide range of water-immiscible
vinyl monomers in aqueous media.}>* Typically, spherical nanoparticles of tunable
particle size can be readily prepared at high solids,!! although so-called ‘higher order’
copolymer morphologies (e.g. worms or vesicles) are also accessible for at least some
formulations.*31% Potential applications for such nano-objects include surface modifiers
for cellulose fibres,*® viscosity modifiers,'” organic opacifiers for paints*® and additives for

the reinforcement of latex films.®

There are many reports of the RAFT aqueous emulsion polymerization of commodity
monomers such as styrene,”1820-22 n-putyl acrylate®23-2 or vinyl acetate.?® Moreover, there
are also various reports of the use of speciality vinyl monomers such as benzyl
methacrylate,?’ 2,2,2-trifluoroethyl methacrylate,?® isopropylideneglycerol
monomethacrylate,?® 2-methoxyethyl methacrylate,® glycidyl methacrylate,334 or
hydroxybutyl methacrylate.** However, given its undoubted importance as a commodity
monomer, there are surprisingly few literature reports of the RAFT aqueous emulsion
polymerization of methyl methacrylate (MMA).16:24:36:37.38 Moreover, given the moderately
high aqueous solubility of this monomer (15.9 g dm- at 20 °C), such PISA formulations
might be expected to provide convenient access to a wide range of block copolymer nano-

objects (e.g. spheres, worms and vesicles).30:3435:39

Chaduc et al. reported the polymerization of MMA using a poly(methacrylic acid)

(PMAA) precursor using a one-pot protocol. Good molecular weight control was obtained
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with only a slight broadening of the MWD being observed after 80% conversion.
Moreover, essentially full MMA conversion (> 99%) was achieved after only 1 h at 80 °C.
Colloidally stable diblock copolymer spheres were formed with a hydrodynamic diameter

of 69 nm.

Carlsson and co-workers reported the RAFT aqueous emulsion polymerization of MMA
using a poly(2-(dimethylamino)ethyl methacrylate)-co-methacrylic acid) [P(DMAEMA-
co-MAA)] statistical block as a steric stabilizer. This P(DMAEMA-co-MAA) precursor
comprised mainly protonated DMAEMA units and just a few MAA units so it exhibited
strongly cationic character at pH 7. The DP of the core-forming PMMA block was varied
to produce a series of cationic block copolymers with z-average particle diameters ranging
between 50 and 146 nm, as judged by DLS. Interestingly, quartz crystal microbalance with
dissipation (QCM-D) experiments confirmed that these cationic nanoparticles adsorbed

onto model cellulose substrates.®

Glycerol monomethacrylate (GMA) is a relatively expensive specialty monomer that has been
used for the manufacture of soft contact lenses.*® GMA-based copolymers have been examined
for biomedical applications such as drug delivery,* human cell storage*? and hydrogels acting as
corneal substitutes.*®* GMA is usually synthesized from glycerol by a multi-step process that leads
to a mixture of 1,3- and 2,3-hydroxy isomers.** An alternative method includes the use of the
relatively cheap commaodity monomer, glycidyl methacrylate (GlyMA). GMA can be obtained
directly from GlyMA using either acetic acid or H,SO, as an acid catalyst.*>*® However, Radcliffe
et al. demonstrated that full conversion of GlyMA to GMA could be achieved by simply heating

an aqueous emulsion of GlyMA to 80 °C for 9 h in the absence of any catalyst.*’

This Chapter will examine the RAFT emulsion polymerization of MMA using PGMA as a water-
soluble precursor, which is known to act as an effective non-ionic steric stabilizer for various
other water-immiscible vinyl monomers under such conditions.?*! In view of the unexpected

limited utility of this PISA formulation, a PGMA stabilizer containing an anionic carboxylate
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end-group, an anionic PMAA stabilizer and a cationic poly(2-(methacryloyloxy)ethyl
trimethylammonium chloride) (PMETAC) were also evaluated for the RAFT emulsion
polymerization of MMA. Finally, visible light irradiation is investigated as a method for end-
group removal on PGMA-PMMA diblock copolymers containing either dithiobenzoate or

trithiocarbonate end-groups.

2.2 Experimental

2.2.1 Materials

Glycerol monomethacrylate (GMA) was donated by GEO Specialty Chemicals (Hythe, UK).
Methyl methacrylate (MMA; 99%), 4,4'-azobis(4-cyanopentanoic acid) (ACVA; 98%),
methacrylic acid (MAA; 99%), [2-(methacryloyloxy)ethyl] trimethylammonium chloride
(METAC; 80% solution), 2-cyanopropyl dithiobenzoate (CPDB; 97%) and trimethylsilyl
diazomethane solution (2.0 M in hexanes) were each purchased from Sigma-Aldrich (UK) and
used as received. ds-Dimethyl sulfoxide was purchased from Goss Scientific Instruments Ltd
(Crewe, UK). 4-Cyano-4-(2-phenylethanesulfanylthiocarbonyl)sulfanylpentanoic acid (PETTC)
was prepared according to a literature protocol.”® Deionized water from an Elga Medica DV25

water purification unit was used in all the experiments.

2.2.2 Synthesis of the PGMAsy Precursor by RAFT Agueous Solution Polymerization

GMA monomer (30.0 g, 187 mmol), CPDB RAFT agent (0.589 g, 2.66 mmol; target PGMA DP
= 70) and ACVA initiator (0.149 g, 0.53 mmol; CPDB/ACVA molar ratio = 5.0) were weighed
into a 250 mL round-bottom flask. Ethanol (46.5 g, 60% w/w) was added and the flask was cooled
by immersing in an ice bath while degassed with N> gas for 30 min. The flask was then immersed
in an oil bath at 70 °C for 165 min. The polymerization was quenched by exposing the reaction
mixture to air and cooling the flask to 20 °C. *H NMR spectroscopy indicated a final GMA
conversion of 71%. The reaction solution was diluted with methanol (30 mL) and then
precipitated into a ten-fold excess of dichloromethane (three times). End-group analysis via H

NMR spectroscopy indicated a mean degree of polymerization (DP) of 50 (the integrated aromatic
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proton signals at 7.4—7.8 ppm were compared to the integrated methacrylic backbone proton

signals at 0.7-2.5 ppm).

2.2.3 Synthesis of the HOOC-PGMAss Precursor by RAFT Aqueous Solution

Polymerization

GMA monomer (10.0 g, 62.4 mmol), PETTC RAFT agent (0.302 g, 0.892 mmol; target PGMA
DP = 70) and ACVA initiator (0.050 g, 0.18 mmol; PETTC/ACVA molar ratio = 5.0) were
weighed into a 100 mL round-bottom flask. Ethanol (15.5 g, 60% w/w) was added and the flask
was cooled by immersing in an ice bath while degassed with N gas for 30 min. The flask was
then immersed in an oil bath at 70 °C for 120 min. The polymerization was quenched by exposing
the reaction mixture to air and cooling the flask to 20 °C. *H NMR spectroscopy indicated a final
GMA conversion of 77%. The solution was diluted with methanol (10 mL) and then precipitated
into a ten-fold excess of dichloromethane (three times). End-group analysisvia *H NMR

spectroscopy indicated a mean DP of 54.

2.2.4 Synthesis of PGMAsy-PMMA, Diblock Copolymer Nanoparticles by RAFT Agueous

Emulsion Polymerization

A typical protocol for the synthesis of PGMAs,-PMMA diblock copolymer nanoparticles was as
follows. PGMAs precursor (0.150 g, 18.2 umol), MMA monomer (0.146 g, 1.46 mmol, target
DP =80), ACVA initiator (1.00 mg, 3.65 pmol, PGMAs//ACVA molar ratio = 5.0) and deionized
water (2.675 g, 10% w/w solution) were added to a 20 mL round-bottom flask. The mixture was
adjusted to pH 7 using 1 M NaOH. The flask was then placed in an ice bath and degassed with
N2 gas for 30 min, before immersing the flask in an oil bath set at 70 °C. After 3 h, the
polymerization was quenched by exposing the reaction mixture to air while cooling the flask to
20 °C. 'H NMR spectroscopy analysis in ds-dimethyl sulfoxide was used to calculate monomer
conversion. Essentially the same protocol was employed for the synthesis of HOOC-PGMAs:-
PMMA diblock copolymer nanoparticles but in this case the HOOC-PGMAs. precursor was used

instead of the PGMAs, precursor.
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2.2.5 Synthesis of the PMAAss Precursor by RAFT Aqueous Solution Polymerization

MAA monomer (45.0 g, 0.523 mol), PETTC RAFT agent (3.165 g, 9.34 mmol; target DP = 56),
ACVA initiator (0.523 g, 1.87 mmol; PETTC/ACVA molar ratio = 5.0) and ethanol (73.0 g, 40%
w/w) were weighed into a 500 mL round-bottom flask. The solution was placed in an ice bath and
degassed with N2 gas for 30 min, before the flask was immersed in an oil bath at 70 °C. The
polymerization was quenched after 3 h by exposing the reaction mixture to air while cooling the
flask to 20 °C. The crude polymer was then precipitated into a ten-fold excess of diethyl ether.
The insoluble polymer was redissolved in ethanol prior to a second precipitation step and then
freeze-dried overnight. End-group analysis by *H NMR spectroscopy indicated a DP of 56 for

this PMAA precursor.

2.2.6 Synthesis of PMAAss-PMMA Diblock Copolymer Nanoparticles by RAFT Agueous

Emulsion Polymerization

A typical protocol for the synthesis of PMAAss-PMMA, diblock copolymer nanoparticles was
conducted as follows. PMAAss precursor (0.100 g, 19.4 pmol), MMA monomer (0.194 g, 1.94
mmol, target DP = 100), ACVA initiator (1.10 mg, 3.88 umol, PMAAss/ACVA molar ratio = 5.0)
and deionized water (1.18 g, 20% w/w solution) were added to a 20 mL round-bottom flask. The
mixture was adjusted to pH 5 using 1 M HCI. The reaction mixture was then placed in an ice bath
and degassed with N, gas for 30 min, before immersing in an oil bath set at 70 °C. The
polymerization was allowed to proceed at this temperature for 6 h and then quenched by exposing

the reaction mixture to air while cooling the flask to 20 °C.

2.2.7 Methylation of PMAAss-PMMA, Diblock Copolymer Nanoparticles

Methylation of the carboxylic acid groups on the PMAA block was performed before THF GPC
analysis. PMAAss-PMMA, diblock copolymer powder (20 mg) was diluted in THF (2.0 mL).
Excess trimethylsilyldiazomethane was then gradually added to this solution until it turned

yellow. The reaction mixture was stirred overnight, dried and analyzed by THF GPC.
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2.2.8 Synthesis of the PMETACs Precursor by RAFT Agueous Solution Polymerization

METAC monomer (5.0 g, 19.3 mmol; supplied as an 80% w/w aqueous solution), PETTC RAFT
agent (0.131 g, 0.385 mmol, target DP = 50) and ACVA initiator (21.6 mg, 0.08 mmol,
PETTC/ACVA molar ratio = 5.0) were weighed into a 50 mL round-bottom flask. After addition
of ethanol (7.79 g, 60 % wi/w), the solution was degassed with N, gas for 30 min in an ice bath,
before immersing the sealed flask in an oil bath at 70 °C. After 3 h, the polymerization was
guenched by exposing the reaction mixture to air while cooling the flask to 20 °C. The crude
polymer was isolated by slowly pouring the reaction mixture into a ten-fold excess of acetonitrile.
The precipitated polymer was dissolved in water prior to a second precipitation using excess
acetonitrile. The purified polymer was then freeze-dried overnight. End-group analysis via *H

NMR spectroscopy indicated a mean DP of 46 for this PMETAC precursor.

2.2.9 Synthesis of PMETAC-PMMA, Diblock Copolymer Nanoparticles by RAFT

Aqueous Emulsion Polymerization

A typical protocol for the synthesis of PMETAC-PMMA, diblock copolymer nanoparticles was
conducted as follows. The dithiobenzoate-capped PMETACs precursor (0.150 g, 15.2 pmol),
MMA monomer (0.152 g, 1.52 mmol, target DP = 100), ACVA initiator (0.800 mg, 3.03 pmol,
PMETAC4/ACVA molar ratio = 5.0) and deionized water (1.211 g, 20 % wi/w solution) were
added in turn to a 20 mL round-bottom flask. This flask was then placed in an ice bath and the
reaction mixture was degassed with N2 gas for 30 min, before immersing in an oil bath set at 70
°C. After 6 h, the polymerization was quenched by exposing the reaction mixture to air while
cooling the flask to 20 °C. An MMA conversion of 99% was determined by *H NMR spectroscopy
studies in de-DMSO. Other DPs were targeted by adjusting the relative amounts of MMA and

PMETAC s precursor as required.

2.2.10 Protocols for Cleavage of RAFT End-groups
The dithiobenzoate end-groups within PGMAse-PMMAg, nanoparticles were cleaved using the
following protocol. A 10% w/w copolymer dispersion (1.00 g) was placed in a water-jacketed

Schlenk tube wrapped in blue LED light strips (1 = 405 nm, 0.37 mW c¢m2) with the temperature
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of the water within the recirculating jacket set to 80 °C. Aliquots of this reaction mixture were
extracted periodically and analyzed using UV GPC (with the UV detector set at 4 = 308 nm). As
a control experiment, the same protocol was used but without the blue LED light strips (i.e. no
visible light irradiation). The same 10% w/w dispersion of PGMAso-PMMAg, nanoparticles was
also treated with H.O- (using a five-fold excess relative to the concentration of dithiobenzoate
end-groups, as reported by Jesson and co-workers*) at 80 °C with no visible light irradiation. The
same protocol was used for cleaving trithiocarbonate RAFT end-groups from a 10% w/w agqueous
dispersion of HOOC-PGMAs:-PMMAg, nanoparticles. This included cleavage at 80 °C using

blue LED strips, H202 or no visible light irradiation for 24 h.

2.2.11 Characterization Techniques

Dynamic Light Scattering and Aqueous Electrophoresis

DLS and aqueous electrophoresis studies were conducted on 0.50% w/w aqueous dispersions
using a Malvern Zetasizer NanoZS instrument. The hydrodynamic z-average diameter was
determined at 20 °C at a scattering angle of 173° and averaged over three measurements. Agqueous
electrophoresis studies were conducted in the presence of 1 mM KCI as background electrolyte.
The solution pH was adjusted using either NaOH or HCI. Zeta potentials (also averaged over three

measurements) were calculated via the Henry equation using the Smoluchowski approximation.

Gel Permeation Chromatography (GPC)

Molecular weight distributions of the PGMAs; and HOOC-PGMAs4 precursors and a series of
PGMAso-PMMAg, diblock copolymers were assessed using DMF eluent (containing 10 mM
LiBr) at 60 °C. Two Polymer Laboratories PL gel 5 um Mixed-C columns were connected in
series to a Varian 290-LC pump injection module and a Varian 390-LC multidetector suite
(refractive index detector) at a flow rate of 1.0 mL min~t. Near-monodisperse poly(methyl
methacrylate) standards with M, values ranging from 645 g mol™ to 618 000 g mol* were used
for calibration. Molecular weights distributions of methylated PMAAss-PMMA, diblock
copolymers were assessed using THF eluent (containing 0.05% w/v butylhydroxytoluene and

2.0% v/v trimethylamine). Two Polymer Laboratories PL gel 5 um Mixed-C columns were
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connected in series to a WellChrom K-2301 refractive index detector at a flow rate of 1.0 mL

min~t. Near-monodisperse poly(methyl methacrylate) standards were used for calibration.

Transmission Electron Microscopy (TEM)

Copper/palladium TEM grids (Agar Scientific, UK) were coated with a thin film of amorphous
carbon. Grids were treated with a plasma glow discharge for 30 s to produce a hydrophilic surface.
A 10 pL droplet of a 0.10% w/w aqueous dispersion was placed on a grid and left for 1 min before
blotting. The adsorbed nanoparticles were then stained using uranyl formate (9.0 uL of a 0.75%
wi/w aqueous solution) for 20 s followed by blotting to remove excess stain. Grids were carefully
dried under vacuum and images were recorded at 100 kV using a Philips CM100 instrument

equipped with a Gatan 1k CCD camera.

Small-angle X-ray Scattering (SAXS)

SAXS patterns were collected using a Xeuss 2.0 (Xenocs) SAXS instrument equipped with a
Dectris Pilatus 1 M detector and an Excillum liquid gallium MetalJet X-ray source (4 = 1.34 A).
SAXS patterns were recorded for 1.0% w/w aqueous dispersions of PGMAse-
PMMA nanoparticles over a scattering vector g range of 0.04-0.4 A using 2.0 mm diameter
glass capillary cells. The scattering of deionized water was used for absolute intensity calibration.
Irena SAS macros for Igor Pro software were used to perform background subtraction,

normalization and data analysis.>

2.3 Results and Discussion

2.3.1 Synthesis of a PGMAsy Precursor via RAFT Solution Polymerization

8 cN
o \’< S
S NC 50
O/\(\OH CPDB R O s
- (@]
OH

Ethanol, 70 °C PGMA;, precursor
GMA 165 min, 40% w/w
CTA/ACVA =5.0

HO

HO

Scheme 2.1. Synthesis of a PGMAs, precursor via RAFT solution polymerization of GMA using CPDB.
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A PGMA precursor was prepared by RAFT solution polymerization of GMA in ethanol at 70 °C
using 2-cyanopropyl dithiobenzoate (CPDB) as the RAFT chain transfer agent (CTA) (see
Scheme 2.1). This reaction was allowed to proceed for 165 min, which resulted in a GMA
conversion of 71%. Avoiding monomer-starved conditions was considered desirable so as to
retain maximum RAFT chain-end fidelity. In principle, this approach should ensure high blocking
efficiencies when chain-extending this PGMA homopolymer with a second monomer. The crude
precursor was purified by precipitation into excess dichloromethane to remove unreacted
monomer. The polymer was then dissolved in water and freeze-dried overnight to yield a pink

powder. End-group analysis by *H NMR spectroscopy indicated a mean DP of 50 (Figure 2.1).
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Figure 2.1. 'H NMR spectra recorded in ds-methanol for the PGMAGso precursor prepared using CPDB as
the RAFT CTA.

2.3.2 RAFT Aqueous Emulsion Polymerization Kinetics for the Synthesis of PGMAso-
PMMAGg, Diblock Copolymer Nanoparticles

This PGMAs precursor was subsequently chain-extended via RAFT aqueous emulsion
polymerization of MMA (Scheme 2.2). The kinetics of this reaction was studied at 70 °C by H
NMR spectroscopy when targeting PGMAs-PMMAg, diblock copolymer spheres at 10% w/w
solids. The PGMAso//ACVA molar ratio was varied from 3.0 to 7.0 to determine the effect on both
the reaction kinetics (Figure 2.2) and the dispersity of the final PGMAs,-PMMAGg, chains (Figure

2.3).
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Scheme 2.2. Synthesis of PGMAso-PMMA diblock copolymer nanoparticles by RAFT aqueous emulsion
polymerization of methyl methacrylate MMA at 70 °C using a dithiobenzoate-capped PGMAs, precursor
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Figure 2.2. Kinetics of polymerization of MMA at 70 °C when using a PGMAs, macro-CTA/ACVA molar
ratio of 3.0, 5.0 or 7.0 when targeting PGMAsy-PMMAg, diblock copolymer nanoparticles at 10% w/w
solids. *H NMR spectroscopy analysis in dg-dimethyl sulfoxide was used to calculate monomer conversion.

Figure 2.2 indicates that very high conversions were achieved at all three PGMAso//ACVA molar

ratios. As expected, the fastest polymerization was obtained using a PGMAso// ACVA molar ratio

of 3.0, with > 99% conversion being attained within ~60 min. As this molar ratio was increased

to 5.0 and 7.0, essentially full conversion was achieved after 120 min and 160 min, respectively.

In principle, a low macro-CTA/initiator ratio should cause an increase in dispersity owing to a

reduction in living character.5! Hence these three reactions were analyzed by DMF GPC and the
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chromatograms are shown in Figure 2.3. Perhaps surprisingly, comparable molecular weights
and only very slight differences in the dispersities were observed for these three polymerizations.
Similar observations were reported by Cunningham and co-workers for the RAFT aqueous
emulsion polymerization of benzyl methacrylate.?’” Somewhat arbitrarily, a PGMAso/ACVA
molar ratio of 5.0 was selected for subsequent reactions.

PGMA,,/ACVA = 3.0

M, = 19,500
M, /M, =1.25

PGMA,,/ACVA = 5.0
M, = 20,000
M, /M, =1.23

\ PGMA;, macro-CTA
\ M, = 11,900
\ M, /M, =1.19

PGMA,,/ACVA = 7.0
M, = 20,400
M, /M, =1.23

Sw
-
-~ -
-

13 14 15 16 17

Retention time (min)

Figure 2.3. DMF GPC curves recorded for a PGMAs, precursor and three PGMAs,-PMMAg, diblock
copolymers synthesized when varying the macro-CTA/initiator molar ratio between 3.0 and 7.0.

2.3.3 Synthesis of a Series of PGMAsy-PMMA, Diblock Copolymer Nanoparticles via

RAFT Aqueous Emulsion Polymerization

A series of PGMAso-PMMA nanoparticles were obtained by systematically varying the target
DP of the PMMA core-forming block. High MMA conversions were achieved within 3 h at 70
°C for all syntheses (Table 2.1). Digital photographs taken at the end of each polymerization are
shown in Figure 2.4. These images show that these dispersions became more viscous and opaque
when targeting higher PMMA DPs, with a paste-like dispersion being obtained at a PMMA DP

of 130.
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Table 2.1. Summary of monomer conversions and mean particle diameters obtained for the synthesis of a
series of PGMAso-PMMA20_130 Nanoparticles via RAFT aqueous emulsion polymerization of MMA at 70
°C targeting 10% wi/w solids.

Target Conversion DLS z-average DLS TEM SAXS core
PMMA DP (%) diameter (nm) polydispersity  morphology  diameter (nm)
20 >99 18 0.04 spheres 14
40 >99 20 0.04 spheres 15
60 >99 29 0.08 spheres 18
80 >99 38 0.10 spheres 21
100 >99 66 0.12 spheres 24
130 99 422 0.49 spheres 30

N i ol =y
(4 ]

DP60 | DP 80

Figure 2.4. Digital photographs recorded for a series of PGMAs,-PMMA2_130 nanoparticles via RAFT
aqueous emulsion polymerization of MMA at 70 °C when targeting 10% w/w solids.

DMF GPC analysis indicated relatively high blocking efficiencies and unimodal molecular
weight distributions in each case (Figure 2.5). Increasing the target PMMA DP led to
progressively higher M, values, albeit with a gradual increase in dispersity (from Mw/M, = 1.17
for PGMAs-PMMA2 up to Mw/M;, = 1.37 for PGMAs-PMMA130). Similar observations have

been reported for various other PISA formulations in the literature. 162436
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M, = 17,800
M, /M, =1.22

M, = 15,300
M, /M, =1.17

M, = 21,500
M, /M, =1.29

M, = 13,000
M, /M, =1.17

PGMA,,-PMMA,;, PGMAs, precursor
M_ = 23,700 M, = 11,900
M, /M, =1.37 M, /M, =1.19

T T T
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Figure 2.5.DMF GPC curves recorded for the PGMAs precursor and a series of PGMAso-
PMMA nanoparticles for which the target PMMA DP (x) is 20, 40, 60, 80, 100 or 130 (see Table 2.1 for
further details).

TEM studies confirmed that kinetically-trapped spherical nanoparticles of increasing size were
obtained when systematically varying the DP of the core-forming PMMA block (x) from 20 to
130 (Figure 2.6a). Furthermore, dynamic light scattering (DLS) studies revealed a systematic
increase in the hydrodynamic z-average diameter while DLS polydispersities remained
reasonably low up to x = 100, signifying relatively narrow particle size distributions (see Table
2.1 and Figure 2.6b). However, a substantial increase in both the apparent z-average diameter
and DLS polydispersity was observed when targeting x = 130. Moreover, the TEM image
recorded for this PISA synthesis indicates aggregates or clusters of nanoparticles on the grid,
suggesting colloidal instability. Various PISA syntheses were conducted targeting x > 100 and
similar results were invariably obtained (data not shown). This was an unexpected limitation, not
least because we had previously reported that non-ionic dithiobenzoate-based PGMA precursors
with similar (or lower) DPs were effective when performing RAFT aqueous emulsion

polymerization syntheses with more hydrophobic methacrylic monomers. For example, Akpinar
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and co-workers? were able to prepare PGMA2s-PTFEMAsq and PGMA43-PTFEMA 000 Spherical
nanoparticles with no loss in colloidal stability. Similar results were also obtained by Jesson and
co-workers when preparing PGMA3-PIPGMA000 Spheres?® and by Cunningham et al. when

preparing PGMAs:-PBzMA1o Spheres.?’

(b) x =80 x =100 x= 130
38 nm (0.10) 66 nm (0.12)  Major population =712 nm
Minor population =123 nm

x =60
29 nm (0.08)

x =40
20 nm (0.04)

x=20
18 nm (0.04)

1 10 100 1000 10000
Z-average diameter (nm)

Figure 2.6. (a) Representative TEM images and (b) DLS particle size distributions obtained for a series of
PGMAGs-PMMA nanoparticles prepared by RAFT aqueous emulsion polymerization of MMA where the
target PMMA DP (x) is 20, 40, 60, 80, 100 or 130. DLS indicates a bimodal particle size distribution in the
latter case owing to nanoparticle flocculation.
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Thus, at first sight, this unforeseen limitation appeared more likely to be associated with the
choice of PMMA as the core-forming block, rather than the use of PGMA as a non-ionic stabilizer
block. A few additional experiments were conducted using a longer PGMA101 block as a steric
stabilizer. However, nanoparticle aggregation was still observed when targeting PMMA DPs
above 100. For example, DLS studies indicated incipient flocculation for PGMAgi-
PMMA:q nanoparticles prepared at 70 °C when targeting 10% w/w solids using the CPDB RAFT
agent (Figure 2.7a). An apparent hydrodynamic z-average diameter of 189 nm (PDI = 0.30) was
determined for this particular nanoparticle dispersion. In contrast, a hydrodynamic z-average
diameter of 41 nm (PDI = 0.10) was obtained for the PGMA101-PMMA100 nanoparticle dispersion,
suggesting good colloidal stability in this case. These observations are supported by TEM images

of each dispersion (Figure 2.7b).

(a) PGMA,(;-PMMA 4, PGMA,,;-PMMA,,,
41 nm (0.10) 189 nm (0.30)

10 100 1000
Z-average diameter (nm)

Figure 2.7. (a) DLS intensity-average particle size distributions for PGMA10:-PMMA100 and PGMA01-
PMMAq0 nanoparticles prepared via RAFT aqueous emulsion polymerization at 10% w/w solids at 70 °C
using the CPDB RAFT agent. (b) TEM images recorded for PGMA101-PMM Ao and PGMA101-PMM Azo0
nanoparticles, suggesting that the former dispersion is colloidally stable whereas the latter dispersion is
weakly flocculated.
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SAXS patterns were recorded for 1.0% w/w aqueous dispersions of the PGMAs-PMMA,-
130 Nanoparticles. Representative 1(q) vs. g plots for six dispersions are shown in Figure 2.8. The
local minimum observed for each pattern is shifted to lower g as higher PMMA DPs are targeted.
This indicates a systematic increase in the nanoparticle core diameter, d, according to the well-
known relation q = 2n/d.>? These findings are consistent with the TEM and DLS data discussed
above. Moreover, it is well-known that the low g gradient can be used to infer the predominant
copolymer morphology.>® More specifically, a low q gradient of zero indicates a spherical
morphology, which is indeed observed when targeting PMMA DPs of between 20 and 80.
However, non-zero low g gradients are observed for PGMAso-PMMA 100 and PGMAs,-PMMA 130,
which suggests incipient nanoparticle aggregation and the formation of mass fractals for these
two dispersions. Again, this is consistent with the corresponding TEM and DLS data shown
in Figure 2.6. Fitting the SAXS patterns using a well-established spherical micelle model> and
also a unified fit>>" (to account for nanoparticle aggregation) enables the volume-average

diameter of the PMMA cores to be determined in each case (Table 2.1).
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Figure 2.8. SAXS patterns recorded for a series of 1.0% w/w aqueous dispersions of PGMAs-
PMMA\ nanoparticles for which the target PMMA DP has been systematically varied from 20 to 130.
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Agqueous electrophoresis studies were performed on PGMAse-PMMAg, nanoparticles prepared
using the dithiobenzoate-capped PGMAs, precursor (Figure 2.9a). These nanoparticles exhibited
zeta potentials close to zero (approximately —3 mV) across the whole pH range, which is
consistent with the non-ionic nature of this steric stabilizer block. Given the unexpected colloidal
stability problems associated with this PISA formulation, an alternative PGMA stabilizer bearing
a carboxylic acid end-group® and an anionic poly(methacrylic acid) stabilizer®* were also

evaluated for the RAFT agqueous emulsion polymerization of MMA (see Scheme 2.3).
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Figure 2.9. Zeta potential vs. pH curves obtained for dilute aqueous dispersions of: (a) PGMAso-
PMMAgo spheres prepared using the non-ionic dithiobenzoate-based PGMAs, precursor shown in Scheme
2.2; (b) HOOC-PGMAss-PMMAg, spheres prepared using the carboxylic acid-functionalized
trithiocarbonate-based PGMAs4 precursor shown in Scheme 2.3a; (c) PMAAss-PMMAa00 sSpheres prepared
using the anionic PMAA precursor shown in Scheme 2.3b.
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2.3.4 RAFT Aqueous Emulsion Polymerization of MMA Using a HOOC-PGMAs.

Precursor, a PMAAss Precursor and a PMETACs Precursor in Turn
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Scheme 2.3.(a) Synthesis of HOOC-PGMAs:-PMMA diblock copolymer nanoparticles by RAFT
aqueous emulsion polymerization of methyl methacrylate using a trithiocarbonate-based HOOC-
PGMAs, precursor at 70 °C and targeting x =80 or 150 at pH 7. (b) Synthesis of PMAAss-PMMA diblock
copolymer nanoparticles by RAFT aqueous emulsion polymerization of methyl methacrylate at 70 °C
targeting x = 50 to 2000 at pH 5.

A trithiocarbonate-based RAFT agent, PETTC, was used to prepare a carboxylic acid-capped
PGMAs, precursor, which was then chain-extended via RAFT aqueous emulsion polymerization
of MMA at pH 7 to produce either HOOC-PGMAss»-PMMAg or HOOC-PGMAs.-
PMMAs0 spherical nanoparticles (Scheme 2.3a). The associated DLS, TEM and GPC data for
these two dispersions are summarized in Figure 2.10. The anionic charge conferred by the
terminal ionized carboxylic group led to significant anionic character under the PISA synthesis
conditions (pH 7) as judged by aqueous electrophoresis studies (see Figure 2.9b). More
specifically, the nanoparticles become progressively more anionic between pH 2 and 6, before a
maximum zeta potential of approximately —14 mV is observed at or above pH 6. DLS studies
confirmed the formation of relatively small nanoparticles with a z-average diameter of 26 nm
when targeting a PMMA DP of 80, which indicated good colloidal stability in this case (Figure
2.10a). However, such anionic character was not sufficient to allow the PISA synthesis of

colloidally stable spherical nanoparticles when targeting a PMMA DP of 150. In this case, DLS
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and TEM studies indicated extensive nanoparticle aggregation similar to that observed for the
non-ionic PGMAso-PMMA13, nanoparticles. DMF GPC analysis indicated a relatively high
blocking efficiency for both copolymers, but a significant increase in dispersity (Mw/M, = 1.35)

was observed for the HOOC-PGMAs4s-PMMA 50 nanoparticles (Figure 2.10c).

(a)
HOOC-PGMA,,-PMMA;,
HOOC-PGMA,,-PMMAg, 283 nm (0.75)
26 nm (0.05) M
I I T T N
1 10 100 1000 10000

Z-average diameter (nm)

() HOOC-PGMA,,-PMMA,,
M, = 20,000
M, /M, =1.26

HOOC-PGMAs, precursor
M, =12,600
M, /M, =1.18

HOOC-PGMA,,-PMMA,,
M, = 26,900
M, /M, =1.35

13 14 15 16 17
Retention time (min)

Figure 2.10. (a) DLS intensity-average size distributions and (b) corresponding TEM images obtained for
HOOC-PGMAss-PMMAg; and HOOC-PGMAss-PMMA 5, nanoparticles. (¢) DMF GPC curves recorded
for the HOOC-PGMAs, precursor and the corresponding HOOC-PGMAs,-PMMAg, and HOOC-PGMAs:-
PMMAs0 nanoparticles.
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As a result, a poly(methacrylic acid) (PMAA) precursor was evaluated for the RAFT aqueous
emulsion polymerization of MMA.?* A series of PMAAss-PMMA nanoparticles was prepared
using this polyelectrolytic steric stabilizer by systematic variation of the target PMMA DP from
50 to 2000 (see Scheme 2.3b). All syntheses were performed at pH 5 targeting 20% w/w solids,
as reported by Cockram and co-workers for agueous PISA syntheses using a PMAA steric
stabilizer.®® *H NMR spectroscopy studies confirmed that relatively high conversions (94-99%)
were obtained in each case, with a modest reduction in the final conversion being observed when
targeting DPs above 500 (Table 2.2). Mean hydrodynamic diameters determined by DLS are
summarized in Table 2.2 and the relationship between DLS diameter and the PMMA DP is

shown in Figure 2.11.

Table 2.2. Summary of monomer conversions and z-average diameters obtained for a series of PMAAse-
PMMAGso-2000 Nanoparticles prepared via RAFT aqueous emulsion polymerization of MMA at 70 °C when
targeting 20% wi/w solids at pH 5.

Target Conversion  Actual PMMA  DLS Diameter DLS TEM
PMMA DP (%) DP (nm) PDI Morphology

50 99 50 29 0.14 spheres
100 99 99 35 0.13 spheres
200 99 198 42 0.16 spheres
300 99 297 54 0.14 spheres
400 99 396 59 0.10 spheres
500 99 495 73 0.11 spheres
800 98 784 84 0.19 spheres
1000 97 970 92 0.17 spheres
1500 94 1410 94 0.20 spheres
2000 95 1900 99 0.24 spheres
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Figure 2.11. Variation in z-average diameter with PMMA DP (x; corrected for the final monomer
conversion) for a series of PMAAss-PMMA diblock copolymer nanoparticles prepared via RAFT aqueous
emulsion polymerization of MMA at 70 °C targeting 20% wi/w solids at pH 5.

As expected, the particle size increases monotonically as the target DP is increased from 50 to

2000. Indeed, an approximate linear relationship is observed between DP 50 (29 nm) and DP 500

(73 nm). Above DP 500, the particle size continues to increase up to DP 2000, albeit more slowly.

TEM images for selected PMAAss-PMMA, nanoparticles are shown in Figure 2.12 when

targeting x = 50 to 2000. As expected, a kinetically-trapped spherical morphology was obtained

in each case.

Figure 2.12. TEM images recorded for a series of PMAAss-PMMA, diblock copolymer nanoparticles
prepared by RAFT aqueous emulsion polymerization of MMA when targeting a PMMA DP (x) of 50, 100,
200, 500, 1000 or 2000 (see Table 2.2 for further details).
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Selected PMAAss-PMMA, diblock copolymers were methylated to convert such copolymers into
the corresponding PMMAse+x homopolymers for THF GPC analysis using PMMA calibration
standards (see Figure 2.13). In each case, unimodal MWDs and high blocking efficiencies were
observed and targeting higher PMMA DPs led to the expected monotonic increase in the GPC M.
Notably, no systematic GPC error was incurred for this particular data set and the M, values were
reasonably close to the expected theoretical values. However, dispersities were relatively high
(Mw/M, = 1.51-1.76). Similar GPC data were reported by Chaduc and co-workers for the RAFT
aqueous emulsion polymerization of MMA using a PMAA precursor at pH 3.5.2 Clearly, this
aqueous PISA formulation does not suffer from colloidal instability problems when targeting
relatively high PMMA DPs. This is perhaps not surprising, because aqueous electrophoresis
studies of PMAAss-PMMA; nanoparticles (Figure 2.9c) indicated highly negative zeta
potentials (approximately —40 mV at or above pH 5) owing to the strongly anionic nature of the

ionized PMAAGss chains.

PMAA.,-PMMA,,, PMAA;,-PMMA, PMAA; precursor
M, = 24,600 M, = 15,000 M, = 7,000
M, /M,=1.74 M, /M, =1.51 M, /M, =1.19

M, = 51,300
M, /M, = 1.76
11 12 13 14 15 16 17 18

Retention time (min)

Figure 2.13. THF GPC curves recorded for the methylated PMAAss precursor and a series of methylated
PMAAss-PMMA, diblock copolymer nanoparticles for which the target PMMA DP (x) was 100, 200, 500
or 1000.
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Similar results were obtained when employing a cationic steric stabilizer comprising poly(2-
(methacryloyloxy)ethyl trimethylammonium chloride) [PMETAC], see Figure 2.14. DLS studies
indicate a systematic increase in the hydrodynamic z-average diameter from 36 nm to 115 nm
when targeting a PMMA DP of between 50 and 500. Furthermore, DLS polydispersities remained
reasonably low (PDI < 0.15) in each case. The gradual increase in particle diameter is confirmed
by TEM but a minor population of smaller spheres is also observed when targeting DPs of 400 or
500. Nevertheless, higher core-forming PMMA DPs could be targeted when using this cationic
stabilizer and this particular formulation may be of interest for future studies, particularly if
narrower particle size distributions can be obtained. In summary, if relatively large PMMA-core
nanoparticles are required for a given application, it is clear that polyelectrolytic stabilizers offer

a decisive advantage over non-ionic stabilizers such as PGMA.

(a)

(b)
x =200 x =300
53 nm (0.12) 73 nm (0.09)
x =100 X =400
46 nm (0.15) 99 nm (0.10)
x =50 x =500
36 nm (0.11) 115 nm (0.06)

10 100 1000
Z-average diameter (nm)

Figure 2.14. (a) Representative TEM images and (b) DLS intensity-average size distributions obtained for
a series of cationic PMETACs-PMMAy nanoparticles prepared by RAFT aqueous emulsion
polymerization of MMA where the target PMMA DP (x) is 50, 100, 200, 300, 400 or 500.
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2.3.5 End-group Removal from PGMA-PMMA Nanoparticles Using Visible Light

Irradiation

For many potential applications, it is desirable to remove the RAFT end-groups after the
polymerization because these organosulfur groups confer color and malodour.5! For soluble
copolymers, this is readily achieved using various chemistries.>*-! However, there are rather few
studies of the removal of RAFT end-groups from diblock copolymer nanoparticles. In 2015,
Destarac and co-workers demonstrated that xanthate groups could be efficiently cleaved from

aqueous poly(n-butyl acrylate) latexes using ozone at ambient temperature.®?

Subsequently, Jesson et al.*® reported that dithiobenzoate end-groups can be efficiently removed
from PGMAs-PHPMA 135 (Wwhere PHPMA denotes poly(2-hydroxypropyl methacrylate)) diblock
copolymer worms after treatment with H,O; at 70 °C for 3 h using a H,O»/dithiobenzoate molar
ratio of 5.0. However, removal of a trithiocarbonate end-group from essentially the same diblock
copolymer proved to be much slower, with around 24% organosulfur groups remaining after 8 h
under the same reaction conditions. Furthermore, the removal of dithiobenzoate end-groups from
PGMAG61-PBzMA 10 (Where PBzMA denotes poly(benzyl methacrylate)) spheres using this
H»0, protocol was relatively ineffective, with UV GPC analysis indicating that more than 60%
of the original end-groups remained intact after 8 h. This was attributed to the relatively
hydrophobic nature of the core-forming PBzMA block, which is likely to impede ingress of the

H20; into the nanoparticle cores.

More recently, Gibson and co-workers® reported that visible light irradiation (blue LED; 4 = 405
nm) at 50 °C removed dithiobenzoate end-groups from aqueous dispersions of PNMEP -
PLMAGs; [where PNMEP denotes poly(N-(2-methacryloyloxy)ethyl pyrrolidone) and PLMA
denotes poly(lauryl methacrylate)] diblock copolymer vesicles. In principle, this approach is
attractive because it should not suffer from the retarded diffusion of reagents observed by Jesson
and co-workers.*® Thus, the removal of dithiobenzoate end-groups from 10% w/w aqueous
dispersions of PGMAs,-PMMAgo nanoparticles using similar visible light irradiation conditions

as those reported by Gibson and co-workers®® is studied here. Bearing in mind the aqueous
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solubilities of the respective monomers at room temperature, the hydrophobic character of the
core-forming PMMA block is significantly greater than that of PHPMA but rather less than that
of either PBzMA or PLMA. Moreover, it is perhaps worth emphasizing that PMMA has a
significantly higher glass transition temperature (Tg) than these three alternative core-forming
blocks and it is not obvious whether the glassy nature of the PMMA nanoparticle cores might

impede removal of the RAFT end-groups.

In initial RAFT end-group removal studies, visible light irradiation experiments were conducted
at 70 °C. However, only rather slow and incomplete end-group cleavage (86% within 24 h; data
not shown) was achieved under such conditions for PGMAs,-PMMAg, hanoparticles prepared
using CPDB. Fortunately, we found that significantly higher rates of end-group cleavage could
be achieved at 80 °C. Accordingly, the kinetics of dithiobenzoate end-group removal by visible
light irradiation (blue LED source; 4 = 405 nm) of a 10% w/w aqueous dispersion of PGMAso-
PMMAGg, nanoparticles at 80 °C was monitored by periodic sampling of the reaction mixture
followed by DMF GPC analysis using a UV detector set at 309 nm. Unlike visible absorption
spectrophotometry, this technique enables the RAFT end-groups that remain attached to the
copolymer chains to be distinguished from those that have been cleaved to produce small

molecule by-products.*®

Representative UV GPC curves are shown in Figure 2.15a and the fraction of remaining
dithiobenzoate end-groups is plotted against time in Figure 2.15b. Initially, relatively rapid
cleavage occurs, with 87% of the original end-groups being removed within 12 h at 80 °C. After
continuous irradiation for 24 h, 94% end-group removal can be achieved and the initial pink
copolymer dispersion is converted into a colorless dispersion (see inset digital photographs). As
a comparison, H,O, was employed for oxidative end-group removal under the same conditions,
as previously reported.*® However, this only led to 24% end-group removal within 12 h and 58%
after 24 h (Figure 2.15b and Figure 2.16a). This is presumably because this water-soluble
reagent cannot readily diffuse into the glassy hydrophobic PMMA cores. The extent of end-group

removal was also monitored for the PGMAs,-PMMAg, nanoparticles at 80 °C in the absence of
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either visible light irradiation or H,O,. For this control experiment, UV GPC studies (Figure
2.16b) indicated that 92% end-groups remained intact after 24 h, suggesting minimal thermally-

induced hydrolysis.
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Figure 2.15. (a) Representative UV GPC curves (4= 309 nm) recorded during kinetic studies of the
cleavage of dithiobenzoate end-groups for a 10% w/w aqueous dispersion of PGMAse-PMMAg, spherical
nanoparticles at 80 °C. (b) Fraction of remaining dithiobenzoate RAFT end-groups over time determined
by UV GPC analysis when a 10% w/w aqueous dispersion of PGMAs,-PMM Ag, spherical nanoparticles at
80 °C is exposed to: (i) continuous visible light irradiation (4= 405 nm), (ii) H.0; (using a
H,O,/dithiobenzoate molar ratio of 5.0) and (iii) neither visible light nor H,O; (control).
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Figure 2.16. UV GPC curves (A =309 nm) recorded during kinetic studies of the removal of dithiobenzoate
end-groups from an aqueous dispersion of PGMAse-PMMAg, spherical nanoparticles at 80 °C using (a)
H20. (using a H,O/dithiobenzoate molar ratio of 5.0) and (b) in the absence of either visible light
irradiation or H,O; (control).

Precisely the same protocol was adopted when studying trithiocarbonate end-group removal from
a 10% w/w aqueous dispersion of HOOC-PGMAss.-PMMAg, nanoparticles. The GPC curves and
kinetics are summarized in Figure 2.17. Cleavage of trithiocarbonate end-groups was achieved,
albeit at a somewhat slower rate than that found for the dithiobenzoate end-groups. More
specifically, 72% of the original trithiocarbonate groups were cleaved within 12 h at 80 °C with
87% being removed after 24 h. As a control experiment, the trithiocarbonate-capped HOOC-
PGMAss-PMMAg, nanoparticles were exposed to H-O, at 80 °C using a H.Os/trithiocarbonate
molar ratio of 5.0. However, UV GPC studies indicated that more than 80% of the original RAFT
end-groups remained intact within 24 h. Similarly, a control experiment conducted in the absence
of either H,O; or visible light irradiation indicated that 96% trithiocarbonate end-groups survived

intact after 24 h at 80 °C (Figure 2.17b).
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Figure 2.17. (a) UV GPC curves (A = 309 nm) recorded during kinetic studies of the removal of
trithiocarbonate end-groups from a 10% w/w aqueous dispersion of HOOC-PGMAss-PMMAg, spherical
nanoparticles at 80 °C. (b) Fraction of remaining trithiocarbonate RAFT end-groups over time determined
by UV GPC when a 10% w/w aqueous dispersion of HOOC-PGMAs:.-PMMAg, spherical nanoparticles at
80 °C is exposed to: (i) continuous visible light irradiation (A = 405 nm), (ii) H.0, (H2O-/trithiocarbonate
molar ratio = 5.0) and (iii) no visible light irradiation or H,O, (control).

Clearly, visible light irradiation can be a highly effective means of removing trithiocarbonate end-
groups as well as dithiobenzoate end-groups. This approach works well for both high T4 core-
forming blocks such as PMMA (as demonstrated herein) and low Ty core-forming blocks such as
PLMA.% The only disadvantage appears to be the relatively long reaction time required at 80 °C

but presumably this could be reduced by increasing the intensity of the visible light source.
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2.4 Conclusions

Sterically-stabilized diblock copolymer nanoparticles are prepared by RAFT agueous emulsion
polymerization of MMA using PGMA as a non-ionic steric stabilizer block. For a target PMMA
DP of 20 to 100, kinetically-trapped spherical nanoparticles ranging in size from 17 nm to 31 nm
are obtained. However, highly flocculated spherical nanoparticles are produced when targeting
DPs above 100. Similar flocculation problems are encountered when employing a PGMA
stabilizer block that possesses a terminal anionic carboxylate group. Moreover, this unexpected
limitation does not appear to apply to various other RAFT aqueous emulsion polymerization
formulations: core-forming block DPs of up to 1000 can be targeted without any loss of colloidal
stability when employing alternative (and more hydrophobic) water-immiscible monomers such
as benzyl methacrylate, 2,2,2-trifluoroethyl methacrylate or isopropylideneglycerol
monomethacrylate when using a non-ionic PGMA stabilizer block. This perplexing constraint
appears to be related to the high Ty of the PMMA block, which exceeds the reaction temperature
of 70 °C used for such PISA syntheses. However, we demonstrate that colloidally stable
dispersions can be obtained when targeting PMMA DPs of up to 2000 using a highly anionic
PMAA stabilizer block. Similarly, PMMA DPs of up to 500 could also be achieved without any
loss in colloidal stability when using a cationic PMETAC stabilizer block. Finally, visible light
irradiation is used to cleave dithiobenzoate end-groups from a 10% w/w aqueous dispersion of
PGMAso-PMMAg, nanoparticles. UV GPC studies indicated 87% end-group removal from such
nanoparticles within 12 h at 80 °C. In contrast, using excess H,O; only led to 24% end-group
removal under the same conditions. This striking difference is attributed to the water-soluble
reagent having restricted access to the hydrophobic PMMA nanoparticle cores. Furthermore, the
same visible light irradiation protocol can be used to remove trithiocarbonate end-groups from

HOOC-PGMAs:-PMMAg, nanoparticles.
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3.1 Introduction

Azoxystrobin is a broad spectrum strobilurin fungicide that is widely used for the control of a
range of diseases in cereals, brassicae, beans, asparagus, peas, oil seed rape, potatoes, carrots,
alliums, strawberries, lettuce and other food crops.n? This molecule preferentially binds at the
quinol outer binding site of the cytochrome b-c1 complex relative to ubiquinone (coenzyme Q10),
which transports electrons to this protein. This prevents ATP production and hence inhibits
mitochondrial respiration.® The chemical structure of azoxystrobin is shown in Figure 3.1. It is
an organic crystalline compound with a melting point of 116 °C, and it has a relatively low
aqueous solubility of 6.7 mg dm=3. Consequently, azoxystrobin is usually formulated as a
concentrated aqueous dispersion of micron-sized particles (also known as ‘suspension
concentrates’ or SC) using various water-soluble synthetic polymers or biopolymers as
dispersants.* Recently, submicrometer-sized azoxystrobin particles have been prepared and
shown to exhibit greater efficacy.>® Such colloidal dispersions were reported to be “self-
dispersible” but in fact a commercial Pluronic-type block copolymer was used for their

preparation.®

N

o)\/Lo
CN 0 . _-OCHs

OCHs

Figure 3.1. Chemical structure of azoxystrobin, a member of the strobilurin family. This broad-spectrum
fungicide is used to prevent a wide range of crop diseases.

In the colloid science literature, there are many examples of the physical adsorption of small
particles onto large particles. Often, such studies involve model systems,”? but potential
applications include new routes to (i) core-shell particles for paints and coatings applications**

and (ii) polymer-silica nanocomposite particles.’>" In addition, North and co-workers reported
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that 30 nm diameter diblock copolymer nanoparticles can act as a particulate dispersant for 470
nm diameter silica particles, which serve as a model pigment. At pH 7, the weakly basic
nanoparticles acquired cationic character and their electrostatic adsorption onto the anionic silica

particles led to a fractional surface coverage of 0.51 as judged by XPS.8

As discussed in Chapter 1, PISA is as a powerful and versatile platform technology for the rational
synthesis of sterically stabilized diblock copolymer nanoparticles of controllable size and
shape.1®26 Of particular relevance to the present study, PISA can be conducted in aqueous media
using reversible addition—fragmentation chain transfer (RAFT) polymerization.?®-2¢ Depending
on the aqueous solubility of the vinyl monomer, this may involve either an aqueous emulsion or

an aqueous dispersion formulation.2%-3

According to the PISA literature, a wide range of non-ionic, anionic, cationic, and zwitterionic
polymers can be used as water-soluble stabilizer blocks.?*3° Indeed, Chapter 2 describes the use
of non-ionic, anionic or cationic blocks for the RAFT aqueous emulsion polymerization of methyl
methacrylate (MMA). Similarly, various other water-insoluble core-forming blocks have been
examined, including polystyrene, poly(benzyl methacrylate) and poly(n-butyl acrylate).32334041
In many cases, the copolymer morphology comprises solely kinetically-trapped spheres, even if
highly asymmetric diblock compositions are targeted.®?#>% Such nanoparticles have been
evaluated for coatings applications* and as Pickering emulsifiers for the preparation of oil-in-

water emulsions.*

Herein, similar diblock copolymer nanoparticles to those prepared in Chapter 2 are utilized. More
specifically, a non-ionic PGMAs precursor is chain-extended via RAFT aqueous emulsion
polymerization of MMA to produce PGMAso-PMMAg, spherical nanoparticles. Such sterically-
stabilized nanoparticles are then evaluated as a putative dispersant for organic crystalline
microparticles produced via ball milling. This aqueous SC formulation is exemplified for
azoxystrobin, one of the world’s most widely used fungicides (see Scheme 3.1). To aid

characterization of such azoxystrobin microparticles, sterically-stabilized nanoparticles of
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comparable size were prepared via RAFT aqueous emulsion polymerization of 2,2,2-
trifluoroethyl methacrylate (TFEMA) using the same PGMAs, precursor.*” This is because the
corresponding semi-fluorinated PTFEMA block should offer superior electron contrast when

characterizing the nanoparticle-coated microparticles by transmission electron microscopy.

Water + antifoam AN

+.-,°.. Qz ;o
[ ]
Q .o:° ball mill & o AN
o ® o

Azoxystrobin
microparticle

2 um

400 rpm, 10 min Q
q Q
>100 pm azoxystrobin 30 nm PGMA,-PMMA,, 2 um azoxystrobin microparticles
crystals nanoparticles coated with 30 nm nanoparticles

Scheme 3.1. Schematic representation of the preparation of 2 um azoxystrobin microparticles in the form
of a 20% w/w aqueous suspension concentrate by ball milling macroscopic azoxystrobin crystals in the
presence of an aqueous dispersion of approximately 30 nm diameter nanoparticles [N.B. Individual
components are not drawn to scale].

3.2 Experimental

3.2.1 Materials

MMA (99%), TFEMA (99%), 4,4'-azobis(4-cyanopentanoic acid) (ACVA; 98%), 2-cyanopropyl
dithiobenzoate (CPDB; 97%), and Triton X-100 were purchased from Sigma-Aldrich (UK) and
used as received. Glycerol monomethacrylate (GMA) was donated by GEO Specialty Chemicals
(Hythe, UK), and the commercial dispersant Morwet D-425 was obtained from AkzoNobel
(Sweden). Azoxystrobin was provided by Syngenta (Jealott’s Hill, UK). The antifoaming agent
silicone SAG1572 was purchased from Momentive (Germany), and 1.0 mm zirconium aluminum
oxide beads were purchased from Sigmund-Lindner (Germany). Deionized water from an Elga

Medica DV25 water purification unit was used in all the experiments.

Synthesis Protocols

3.2.2 Synthesis of the PGMAs, Precursor by RAFT Aqueous Solution Polymerization

See Chapter 2, section 2.2.2 for full details.
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3.2.3 Synthesis of PGMAs-PMMAg, Diblock Copolymer Nanoparticles by RAFT Aqueous

Emulsion Polymerization

An agueous emulsion comprising the PGMAsg precursor (0.150 g, 18.2 umol), MMA monomer
(0.146 g, 1.46 mmol), ACVA initiator (1.0 mg, 3.65 umol, CTA/ACV A molar ratio = 5.0), and
deionized water (2.675 g, 10% wi/w solution) was made up in a 20 mL round-bottom flask. This
flask was immersed in an ice bath and the emulsion was deoxygenated using a stream of N gas
for 30 min. The flask was then placed in an oil bath set at 70 °C, and the ensuing polymerization

was quenched after 3 h by exposing the flask contents to air while cooling to 20 °C.

3.2.4 Synthesis of PGMAso-PTFEMAg, Diblock Copolymer Nanoparticles by RAFT

Aqueous Emulsion Polymerization

An aqueous emulsion comprising the PGMAs, precursor (0.150 g, 18.2 pmol), TFEMA monomer
(0.245 g, 1.46 mmol), ACVA initiator (1.0 mg, 3.65 umol, CTA/ACV A molar ratio = 5.0), and
deionized water (3.568 g, 10% w/w solution) was made up in a 20 mL round-bottom flask. This
flask was immersed in an ice bath, and the emulsion was deoxygenated using a stream of N gas
for 30 min. The flask was then placed in an oil bath set at 70 °C, and the ensuing polymerization

was quenched after 6 h by exposing the flask contents to air while cooling to 20 °C.

3.2.5 Preparation of Suspension Concentrates by Ball Milling

Azoxystrobin (3.00 g), PGMAs,-PMMAg, nanoparticles (0.375 g, 2.5% w/w), SAG1572
antifoaming agent (0.15 g, 1.0% w/w), and deionized water (11.48 g, 76.5%) were added to a 50
mL Retsch zirconium oxide-coated jar along with 1.0 mm ceramic beads (15.0 g). A Retsch PM
100 planetary ball mill was used to mill this suspension at 400 rpm for 10 min. The beads were

removed by filtration to afford a 20% w/w suspension concentrate.

127



Chapter 3: Block Copolymer Nanoparticles are Effective Dispersants for Micrometer-Sized
Organic Crystalline Particles

3.2.6 Centrifugal Purification of Suspension Concentrates

SCs were centrifuged for 5 min at 5 000 rpm using a Thermo Heraeus Biofuge Pico centrifuge
and the aqueous supernatant containing excess copolymer nanoparticles was carefully decanted.
The sedimented microparticles were redispersed using deionized water. Two further
centrifugation/redispersion cycles were performed prior to characterization of the purified

nanoparticle-coated azoxystrobin microparticles.

3.2.7 Examination of the Stability of Suspension Concentrates Using a Surfactant
Challenge

The suspension concentrates (1.0 g) and Triton X-100 surfactant (10.0 mg, 1.0% w/w) were
weighed into a 5 mL vial, which was placed on a roller mixer for 24 h at 20 °C prior to

transmission electron microscopy (TEM) analysis.

3.2.8 Characterization Techniques

Dynamic Light Scattering and Aqueous Electrophoresis

A Malvern Zetasizer NanoZS instrument was used to perform both DLS and aqueous
electrophoresis studies with an aqueous dispersion concentration of 0.50% w/w being used in
each case. Hydrodynamic z-average diameters were determined at 20 °C using a scattering angle
of 173°, and measurements were averaged over three runs. Aqueous electrophoresis experiments
utilized 1 mM KCIl as background salt, and the solution pH being adjusted as required with either
HCI or NaOH. The Smoluchkowski approximation was used to calculate zeta potentials (also

averaged over three measurements) via the Henry equation.

Gel Permeation Chromatography

Molecular weight distributions were assessed for the PGMAso precursor, the PGMAse-
PMMAGg, diblock copolymer, and the PGMAs,-PTFEMAg, diblock copolymer by GPC analysis
at 60 °C using DMF eluent (containing 10 mM LiBr), two Agilent PL gel 5 pm Mixed-C columns
connected to a Varian 290-L.C pump injection module, and a Varian 390-LC multidetector suite

(refractive index detector). A series of near-monodisperse poly(methyl methacrylate) standards
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ranging from M, = 645 g mol~ to 618 000 g mol* were used for calibration at a flow rate of 1.0

mL min.

Optical Microscopy
A Cole-Palmer optical microscope fitted with a Moticam camera and an LCD tablet was used for
imaging both the original coarse azoxystrobin crystals and the much finer azoxystrobin

microparticles obtained after milling.

Transmission Electron Microscopy

Copper/palladium TEM grids (Agar Scientific, UK) were coated with a thin film of amorphous
carbon and then treated with a plasma glow discharge for 30 s. A 10 pL droplet of a 0.10% w/w
aqueous dispersion (or SC) was placed on each grid for 60 s before blotting. Each particle-loaded
grid was stained for 20 s using uranyl formate (9.0 puL of 0.75% w/w solution) before removing
excess stain and drying under vacuum. TEM studies were performed at 100 kV using a Philips

CM100 instrument equipped with a Gatan 1 k CCD camera.

Laser Diffraction

The initial coarse active ingredients and final milled microparticles were sized by laser diffraction
using a Malvern Mastersizer 3000 instrument equipped with a Hydro EV wet dispersion unit set
at 2 000 rpm, a red HeNe laser (A = 633 nm) and a light-emitting blue light source (A = 470 nm).
The volume-average particle diameter, d(0.5), was calculated by averaging over five
measurements. After each measurement, the instrument was thoroughly rinsed with deionized

water (three times) to prevent contamination.

Scanning Electron Microscopy
Scanning electron microscopy (SEM) images were recorded using an FEI Inspect-F instrument at
an accelerating voltage of 10 kV. Samples were allowed to dry overnight on thin glass slides and

then sputter-coated with a thin overlayer of gold before imaging.
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Solution Densitometry

An Anton Paar DMA 4500 M density meter was used to determine the solution densities of 0.50—
5.00% wi/w aqueous dispersions of PGMAso-PMMAg, nanoparticles and also various aqueous
supernatants obtained after centrifugation of a series of SCs at 20 °C. The adsorbed amount of

polymer, I (in mg m2) could be calculated assuming 2 um azoxystrobin microparticles had a

surface area of 2.2 m? g1,

X-ray Photoelectron Spectroscopy

Azoxystrobin, PGMAs,-PTFEMAGg, nanoparticles, PGMAso-PMMAg, nanoparticles, and the two
types of nanoparticle-coated azoxystrobin microparticles were placed in turn on indium foil and
analyzed using a Kratos Axis Supra X-ray photoelectron spectrometer. Survey spectra were
recorded for each sample using a step size of 0.50 eV. High resolution core-line spectra were

recorded for each element of interest using a step size of 0.05 eV.

3.3 Results and Discussion

3.3.1 Synthesis of PGMAso-PMMAg, and PGMAs-PTFEMAg, Diblock Copolymer
Nanoparticles by RAFT Aqueous Emulsion Polymerization

A PGMAs precursor was synthesized by RAFT solution polymerization of GMA in methanol
using a dithiobenzoate-based RAFT agent (CPDB). After purification, *H NMR spectroscopy was
used to calculate a mean DP of 50 for this homopolymer by end-group analysis (See Chapter 2,
section 2.3.1 for details) This precursor was then chain-extended via RAFT aqueous emulsion
polymerization of MMA to afford PGMAs,-PMMAg nanoparticles, with essentially full
conversion being achieved within 3 h at 70 °C (Scheme 3.2a). A similar protocol was also used
to prepare the equivalent PGMAs-PTFEMAGg, nanoparticles and full conversion was achieved

within 6 h at 70 °C (Scheme 3.2b).
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Scheme 3.2. Synthesis of (a) PGMAs;-PMMAg and (b) PGMAs-PTFEMAg diblock copolymer
nanoparticles by RAFT aqueous emulsion polymerization using a water-soluble poly(glycerol
monomethacrylate) (PGMAs) precursor at 70 °C.

DMF GPC analysis (Figure 3.2a) confirmed the expected increase in molecular weight for the
PGMAso-PMMAg, diblock copolymer chains relative to the PGMAs, homopolymer precursor,
and the relatively low dispersity (Mw/M, = 1.15) is consistent with a well-controlled RAFT
polymerization. The PGMAso-PMMAg, diblock copolymer nanoparticles were characterized in
terms of their particle size using DLS and TEM (see Figure 3.2b,c). DLS studies indicated a z-
average diameter of 29 £ 4 nm, while TEM analysis confirmed a spherical morphology and a

number-average diameter of 25 + 3 nm.
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Figure 3.2. (a) GPC curves recorded for the PGMAs precursor and PGMAs,-PMMAg, nanoparticles; (b)
DLS intensity-average particle size distribution (plus z-average diameter and polydispersity, PDI); and (c)
TEM image recorded for PGMAso-PMM Ago spherical nanoparticles.

Similar GPC, DLS and TEM analyses were performed on the PGMAso-PTFEMAg, hanoparticles
(Figure 3.3). DMF GPC confirmed the expected increase in molecular weight for the diblock
copolymer chains relative to the PGMAso precursor, and a relatively low dispersity was obtained
(Mw/M, = 1.12). DLS studies indicated a z-average diameter of 33 + 4 nm, while TEM analysis

confirmed a spherical morphology and a number-average diameter of 30 + 3 nm.
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Figure 3.3. (2) GPC curves recorded for the PGMAs, precursor and PGMAs-PTFEMAg, nanoparticles;
(b) DLS intensity-average particle size distribution (plus z-average diameter and polydispersity, PDI); and
(c) TEM image recorded for PGMAso-PTFEMAg, spherical nanoparticles.

Thus, diblock copolymer nanoparticles with differing core-forming blocks can be used as
dispersants for the preparation of azoxystrobin SCs via ball milling. MMA is a much more cost-
effective choice than TFEMA, but the PGMAs,-PTFEMAg nanoparticles are expected to offer
superior electron contrast for TEM characterization. Furthermore, studying the effect of changing
the core-forming block on both the milling efficiency and the final azoxystrobin particle size is
of fundamental scientific interest. These initial studies utilize diblock copolymer nanoparticles
with comparable z-average diameters (see Figures 3.2 and 3.3): the effect of systematically

adjusting the nanoparticle diameter will be discussed in Chapter 4.

133



Chapter 3: Block Copolymer Nanoparticles are Effective Dispersants for Micrometer-Sized
Organic Crystalline Particles

3.3.2 Preparation of Suspension Concentrates by Ball Milling

In the context of agrochemical science, hydrophobic organic crystalline compounds are typically
milled in the presence of a suitable dispersant to prepare SC formulations.*®*° Accordingly, ball
milling of azoxystrobin crystals was performed in the presence of an aqueous dispersion of
PGMAso-PMMAg, nanoparticles, which was used instead of a conventional water-soluble
copolymer dispersant (Scheme 3.1). The size distributions obtained by laser diffraction for the
initial azoxystrobin crystals and the final azoxystrobin microparticles after milling in the presence
of such nanoparticles are shown in Figure 3.4. A substantial reduction in the volume-average
particle diameter from 76 um to approximately 2 pm was achieved after milling for just 10 min
under the stated conditions. These laser diffraction data were supported by optical microscopy
studies, which also indicated a marked reduction in the mean size of the azoxystrobin crystals
(Figure 3.5a,b). Clearly, the PGMAs,-PMMAGg, nanoparticles can act as both a wetting agent and

an effective dispersant, which enables a free-flowing SC to be obtained at 20% wi/w solids.

Milled azoxystrobin Unmilled azoxystrobin
d(0.5) = 2.1 + 4.6 um d(0.5) =76 £ 31 um
0.1 1 10 100 1000

Particle Diameter (um)

Figure 3.4. Laser diffraction particle size distribution curves (based on a volume-weighted average)
recorded for the original coarse azoxystrobin particles and the much finer PGMAs,-PMMAg, nanoparticle-
coated azoxystrobin microparticles obtained after ball milling.
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Figure 3.5. Optical microscopy images of (a) unmilled azoxystrobin crystals and (b) azoxystrobin
microparticles after ball milling in the presence of PGMAso-PMMAg, nhanoparticles.

Similarly, azoxystrobin crystals were milled in the presence of PGMAse-
PTFEMAGg, nanoparticles. Under the same milling conditions, azoxystrobin microparticles of
approximately 2 um diameter were produced within 10 min (see Figure 3.6). Therefore,
switching the core-forming block from PMMA to PTFEMA seems to have little or no effect on

the milling efficiency, at least for azoxystrobin.

Milled azoxystrobin Unmilled azoxystrobin
d(0.5)=2.2+3.6 um d(0.5) =76 £ 31 pm

0.1 1 10 100 1000
Particle Diameter (pm)
Figure 3.6. Laser diffraction particle size distribution curves (based on a volume-weighted average)

recorded for the original coarse azoxystrobin particles and the much finer PGMAso-
PTFEMAgo nanoparticle-coated azoxystrobin microparticles obtained after ball milling.
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3.3.3 Nanoparticle Adsorption Studies via Characterization of Suspension Concentrates

A TEM image recorded for the as-prepared azoxystrobin microparticles is shown in Figure 3.7a.
The resulting PGMAse-PMMAGg, nanoparticles were clearly present both on the crystal surface
and also in the background. This SC was then subjected to three centrifugation—redispersion
cycles, and each supernatant was carefully decanted and discarded to remove any excess (non-
adsorbed) nanoparticles. A TEM image recorded for the resulting purified azoxystrobin
microparticles is shown in Figure 3.7b. Excess nanoparticles are no longer detected in the
background, and the azoxystrobin microparticles are clearly coated with an adsorbed layer of
PGMAso-PMMAg, nanoparticles.  Similar observations were made for azoxystrobin
microparticles milled in the presence of PGMAs-PTFEMAg nanoparticles. Again, a relatively
uniform layer of adsorbed nanoparticles is discernible at the surface of the azoxystrobin

microparticles (Figure 3.7¢).

Figure 3.7. (a) TEM image recorded for azoxystrobin microparticles prepared by milling in the presence
of PGMAs-PMMAg, nanoparticles before removal of excess non-adsorbed nanoparticles by
centrifugation. (b) TEM image recorded for azoxystrobin microparticles prepared by milling in the presence
of PGMAs-PMMAg, nanoparticles after removal of excess non-adsorbed nanoparticles by centrifugation.
(c) TEM image recorded for azoxystrobin microparticles prepared by milling in the presence of PGMAs-
PTFEMAgo nanoparticles after removal of excess non-adsorbed nanoparticles by centrifugation.

The nanoparticle-coated azoxystrobin microparticles were also characterized by scanning
electron microscopy (see Figure 3.8). A relatively uniform layer of adsorbed PGMAse-
PMMAGs, or PGMAse-PTFEMAg, nanoparticles (z-average diameter = 29 or 33 nm, respectively)
is discernible at the surface of the micron-sized azoxystrobin crystals. Such SEM studies confirm

that the nanoparticles survive the ball milling, regardless of the nature of the core-forming block.
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Figure 3.8. SEM images recorded for azoxystrobin microparticles coated with (a) PGMAse-
PMMAGg, nanoparticles and (b) PGMAsy-PTFEMAg, nanoparticles. Both images were obtained after
centrifugal purification to remove any excess non-adsorbed nanoparticles.

The solution densities of aqueous dispersions of PGMAse-PMMAg, nanoparticles were
determined at various concentrations using a solution densitometer to afford a linear calibration
plot (see Figure 3.9). This enabled nanoparticle adsorption onto the azoxystrobin microparticles
to be assessed indirectly using a supernatant depletion assay after sedimentation of the relatively
large azoxystrobin microparticles by centrifugation, followed by analysis of the solution density
of the remaining aqueous supernatant. Figure 3.10 shows the Langmuir-type adsorption isotherm

constructed from such measurements.
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Figure 3.9. Calibration plot constructed for solution density vs. concentration for an aqueous dispersion of
PGMAs-PMMAGg, nanoparticles. This linear relationship was employed to calculate the concentration of
nanoparticles remaining in the aqueous supernatant after milling various suspension concentrates followed
by centrifugal sedimentation of the microparticles. The y-intercept corresponds to the density of pure water
at 20 °C.
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Figure 3.10. Langmuir-type adsorption isotherm constructed for PGMAs,-PMMAg, nanoparticles
adsorbed onto azoxystrobin microparticles at 20 °C as determined by a supernatant depletion assay based
on solution densitometry.
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From the plateau region of the adsorption isotherm (Figure 3.10), the maximum adsorbed
amount, I', is estimated to be around 5.5 mg m2. A theoretical fractional surface coverage was

calculated from this adsorbed amount using Equation 3.1.

3r
0 = e, (3.1)

Here I is the adsorbed amount of nanoparticles per unit area (g m™), r is the mean nanoparticle
radius (m) and p, is the nanoparticle density (g m). For the PGMAsy-PMMAg, nanoparticles, pp

was taken to be 1.1 x 106 g m= and r is estimated to be 1.5 x 10 m.

This approach indicated a maximum fractional coverage of 0.25 for the PGMAs-
PMMAGg, nanoparticles. This value is comparable to that determined by Hayes and co-workers
for the physical adsorption of 40 nm diameter silica nanoparticles onto a planar aminated silicon

wafer at pH 5.6 in the presence of 0.01 M KNO; using optical reflectometry.5°

Zeta potential versus pH curves were determined for the PGMAso-PMMAg, nanoparticles, the
nanoparticle-coated azoxystrobin microparticles, and the original azoxystrobin crystals
(see Figure 3.11). The latter relatively coarse particles exhibited a zeta potential of around —23
mV above pH 9. In contrast, the PGMAs,-PMMAg, nanoparticles exhibited zeta potentials close
to zero (approximately —3 mV) across the whole pH range owing to the non-ionic nature of the
PGMA steric stabilizer chains.5* Clearly, nanoparticle adsorption is not driven by electrostatics
in the present study, which differentiates it from our earlier model system.'® Moreover, the
significant reduction in the zeta potential (around —8 mV at pH 9-10) observed for the
nanoparticle-coated anionic azoxystrobin microparticles provides further evidence for the partial

surface coverage of the azoxystrobin microparticles by the near-neutral nanoparticles.
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Figure 3.11. Zeta potential versus pH curves recorded for (a) aqueous dispersion of the PGMAsy-
PMMAgo nanoparticles alone, (b) diluted suspension concentrate comprising PGMAsy-
PMMAg, nanoparticle-coated azoxystrobin microparticles, and (c) coarse aqueous suspension comprising
azoxystrobin crystals only. Thus, physical adsorption of the non-ionic PGMAs,-PMMAg, nanoparticles
significantly reduces the anionic surface character of azoxystrobin.

Similar observations were made when using PGMAs,-PTFEMAg, nanoparticles in place of the
PGMAso-PMMAg, nanoparticles (Figure 3.12). As expected, PGMAso-PTFEMAGg, nanoparticles
alone had zeta potentials close to zero (approximately —2 mV), while the PGMAso-
PTFEMAGg, nanoparticle-coated azoxystrobin microparticles exhibited intermediate zeta

potentials of approximately —10 mV between pH 9 and pH 12.
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Figure 3.12. Zeta potential versus pH curves recorded for (a) aqueous dispersion of the PGMAsy-
PTFEMAgo nanoparticles alone, (b) diluted suspension concentrate comprising PGMAGse-
PTFEMAGgo nanoparticle-coated azoxystrobin microparticles, and (c) coarse aqueous suspension
comprising azoxystrobin crystals only. Thus, physical adsorption of the non-ionic PGMAs-
PTFEMAsgo nanoparticles significantly reduces the anionic surface character of azoxystrobin.

X-ray photoelectron survey spectra recorded for the azoxystrobin crystals, the PGMAse-
PMMAGg, nanoparticles alone, and the PGMAs,-PMMAg nanoparticle-coated azoxystrobin
microparticles are shown in Figure 3.13. The chemical structure of azoxystrobin includes three
nitrogen atoms (see Figure 3.1). In contrast, the PGMAs,-PMMAgo nanoparticles contain no
nitrogen atoms, so this element serves as a unique elemental marker for azoxystrobin
(see Figure 3.13).52 If the azoxystrobin microparticles are partially coated with such
nanoparticles and the mean nanoparticle diameter exceeds the X-ray photoelectron spectroscopy
(XPS) sampling depth of 2-5 nm, then, the XPS N1s signal observed for the nanoparticle-coated
azoxystrobin microparticles should be attenuated relative to that of azoxystrobin crystals alone.
This is indeed the case: the former signal is 1.9 atom %, whereas the latter signal is 7.9 atom %.
This implies a fractional surface coverage of approximately 1.9/7.9 = 0.24, which is consistent
with the calculated theoretical surface coverage of 0.25 (see above). A comparable fractional
surface coverage of 0.28 was calculated for the PGMAs,-PTFEMAGg, nanoparticle-coated

azoxystrobin microparticles using the X-ray photoelectron survey spectra shown in Figure 3.14.
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Figure 3.13. X-ray photoelectron survey spectra recorded for (a) pure azoxystrobin crystals, (b) PGMAso-
PMMAg, nanoparticles alone, and (¢) PGMAs-PMMAg, nanoparticle-coated azoxystrobin microparticles.
These spectra confirm that the N1s signal may be used as a unique elemental marker for the azoxystrobin
and that nanoparticle adsorption onto milled azoxystrobin microparticles leads to partial obscuration of this
signal. Comparing the relative intensities of the N1s signals, the surface coverage of the azoxystrobin
microparticles by the PGMAso-PMMAg, nanoparticles is estimated to be 0.24.
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Figure 3.14. X-ray photoelectron survey spectra recorded for (a) azoxystrobin crystals, (b) the PGMAsg-
PTFEMAg nanoparticles alone and (c) the PGMAs-PTFEMAg, nanoparticle-coated azoxystrobin
microparticles. These spectra confirm that the N1s signal can be used as a unique elemental marker for the
azoxystrobin and that nanoparticle adsorption onto milled azoxystrobin microparticles leads to partial
obscuration of this signal. Inspecting the relative intensities of the N1s signals, the surface coverage of the
azoxystrobin microparticles by the PGMAso-PTFEMAGg, nanoparticles is estimated to be 0.28.
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3.3.4 Preparation of Suspension Concentrates using Morwet D-425 as a Soluble Dispersant
A control experiment was conducted whereby a SC was prepared using a commercially available
water-soluble polymer dispersant, Morwet D-425, rather than the nanoparticles described herein.
Laser diffraction size distributions shown in Figure 3.15a confirm a similar reduction in the
volume-average particle diameter to just under 2 pm for the azoxystrobin microparticles when
using identical milling conditions. This mean size is consistent with images obtained by both
optical microscopy and SEM (Figure 3.15b,c). Moreover, the latter technique indicates a smooth
surface for the azoxystrobin microparticles, as expected when employing a soluble polymer as a
comparable dispersant rather than nanoparticles. Clearly, sterically stabilized diblock copolymer

nanoparticles offer dispersant performance to that achieved when using water-soluble polymers.

(@) milled azoxystrobin with j, iieqd azoxystrobin
Morwet D-425 dispersant d(0.5) = 76 £ 31 ym
d(0.5) = 1.9 + 2.6 ym

0.1 1 10 100 1000
Particle Diameter (um)

Figure 3.15 (a) Laser diffraction particle size distributions recorded for the original coarse azoxystrobin
particles and the much finer azoxystrobin microparticles obtained after ball milling in the presence of the
commercial Morwet D-425 using the same conditions employed for the PGMAs,-PMMAg, nanoparticles
(see Figure 3.4). (b) Representative optical microscopy image and (c) SEM image recorded for
azoxystrobin microparticles prepared using the Morwet D-425 dispersant. The latter technique confirms a
smooth surface morphology, unlike that observed when using the nanoparticles as a particulate dispersant
(see Figures 3.7 and 3.8).
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3.3.5 Long-term Stability of Suspension Concentrates and Nanoparticle Displacement
Studies

Finally, the nanoparticle-stabilized SCs reported herein were periodically sampled during storage
at ambient temperature. Laser diffraction studies indicated no significant change in particle size
over a 12-month period, suggesting good long-term stability (Figure 3.16). On the other hand,
addition of a non-ionic surfactant (Triton X-100) led to partial displacement of the adsorbed
nanoparticles from the surface of the azoxystrobin nanoparticles (Figure 3.17). Further long-term

stability studies will be discussed in Chapter 4.

25 | B 1Day ®m1Month m6 Months 12 Months
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Figure 3.16. Volume-average particle diameter data obtained via laser diffraction for azoxystrobin-based
aqueous SCs prepared using PGMAs-PMMAg, diblock copolymer nanoparticles, PGMAs,-PTFEMAgo
diblock copolymer nanoparticles or a commercial water-soluble Morwet D-425 dispersant. Laser
diffraction measurements were conducted on the initial dispersion immediately after milling (day one) and
after 1, 6 or 12 months storage at 20 °C.
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Figure 3.17. TEM images recorded for azoxystrobin microparticles prepared using (2) PGMAsy-PMMAgy
and (b) PTFEMAs-PMMAg, nanoparticles after addition of Triton X-100 surfactant. In each case, the
presence of this non-ionic surfactant clearly leads to (partial) displacement of the adsorbed nanoparticles
from the surface of the azoxystrobin microparticles.

3.4 Conclusions

Sterically stabilized diblock copolymer nanoparticles prepared by RAFT aqueous emulsion
polymerization can be used as a dispersant for the preparation of micron-sized organic crystals
via ball milling. This is exemplified for the specific case of azoxystrobin, a broad-spectrum
fungicide that is widely used to prevent crop diseases. Laser diffraction studies indicate that both
PGMAs,-PMMAg, and PGMAse-PTFEMAg, nanoparticles enabled the convenient preparation of
aqueous SCs containing azoxystrobin microparticles with a particle diameter of approximately 2
um. Electron microscopy studies confirm that the nanoparticles adsorb onto the azoxystrobin
microparticles and modify their electrophoretic behavior. The extent of nanoparticle adsorption
can be quantified using a supernatant assay based on solution densitometry. This indicates a
maximum adsorbed amount of approximately 55 mg m? for the PGMAsy-PMMAg
nanoparticles, which suggests a theoretical surface coverage of 0.25. Moreover, XPS studies
enable an experimental fractional surface coverage of approximately 0.24 as calculated from the
attenuation of the underlying N1s signal arising from the azoxystrobin microparticles.
Furthermore, no significant differences were observed in the initial milling, extent of nanoparticle

adsorption or overall long-term stability of the aqueous SC when switching the core-forming
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block from PMMA to PTFEMA. Overall, this study suggests that sterically stabilized diblock

copolymer nanoparticles may offer a useful alternative to traditional water-soluble copolymer

dispersants in the formulation of SCs for agrochemical applications.
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4.1 Introduction

Many types of agrochemicals, e.g. fungicides, herbicides or insecticides, are organic crystalline
compounds with relatively low solubility in aqueous solution. Traditionally, ball milling has been
employed to produce crystalline microparticles of such active ingredients (Als) in the form of so-
called aqueous suspension concentrates (SCs).? This processing technique has been used for
several decades to ensure the efficient delivery of Als to various crops — indeed, this is probably
the most widely used formulation within the agrochemical industry. The initial coarse particulates
are subjected to wet milling in the presence of a suitable surfactant and/or water-soluble polymer,
which acts as a dispersant. Such copolymers enhance the milling efficiency and are essential for
conferring steric stabilization to prevent agglomeration or crystal growth.® The final mean

microparticle diameter is usually targeted to be a few microns (or 1-2 um).*

Haas and co-workers investigated the influence of a wide range of commercially-available
copolymer surfactants on pesticidal SCs.® The effectiveness of each dispersant was assessed
according to three criteria: (i) the final size of the microparticles (i.e. the degree of dispersion
achieved), (ii) the milling efficiency and (iii) long-term stabilization against agglomeration.
Firstly, an effective polymeric surfactant should provide sufficient ‘wetting’ of the hydrophobic
Al crystals in water. Secondly, the target Al particle size should be achieved after ball milling for
a relatively short time period while producing a low-viscosity dispersion [in contrast, a relatively
slow reduction in particle size usually indicates poor milling efficiency for a given dispersant,
especially if foaming is also observed]. Finally, the long-term stability of the resulting aqueous

SC was studied by monitoring the mean particle size after storage at various temperatures.®

As previously discussed, polymerization-induced self-assembly (PISA) has become widely
recognized as a powerful platform technology for the efficient synthesis of many types of block
copolymer nano-objects in the form of concentrated dispersions in various solvents.>” One of the
most common PISA formulations reported in the literature is RAFT aqueous emulsion

polymerization, which is applicable to various water-immiscible commodity vinyl monomers
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such as styrene (S), n-butyl acrylate (nBA), vinyl acetate (VAc) or methyl methacrylate
(MMA).18-2 Of particular importance for the present study, it enables the convenient and efficient
synthesis of sterically-stabilized diblock copolymer spheres of tunable size with mean diameters
ranging from 20 to 200 nm depending on the degree of polymerization (DP) that is targeted for

the hydrophobic core-forming block.?%3°

Another relevant study was reported by Deane and co-workers, who chain-extended a non-ionic
poly(2-(N-acryloyloxy)ethyl pyrrolidone) (PNAEP) precursor with styrene, nBA or a statistical
mixture thereof via RAFT aqueous emulsion (co)polymerization.? High conversions (> 99%)
were achieved within 1 h and well-defined spherical nanoparticles were produced for all three
types of core-forming blocks. As a result, a series of nanoparticles with differing glass transition
temperatures (Tg) for the core-forming block were obtained. Thus, PS-based nanoparticles
exhibited a relatively high Tq, whereas PnBA-based nanoparticles had a much lower Tq. As

expected, the statistical copolymer exhibited an intermediate T4 value.

As discussed in Chapter 3, diblock copolymer nanoparticles can serve as an effective dispersant
to prepare SCs comprising micrometer-sized particles of a widely-used fungicide (azoxystrobin)
via ball milling.®> PGMA was employed as a non-ionic steric stabilizer block while the
hydrophobic core-forming block was either PMMA or PTFEMA. It was shown that both types of
nanoparticles survived the ball milling process and absorbed intact at the surface of the

azoxystrobin microparticles.

Chapter 4 examines how varying the nature of the steric stabilizer block, adjusting the mean
nanoparticle diameter and cross-linking the nanoparticle cores affects the size of the azoxystrobin
microparticles. In addition, the effect of varying the T, of the core-forming block on the formation
and colloidal stability of the final aqueous SC is examined. Moreover, this Chapter explores
whether this approach is also applicable to a further five common agrochemicals, namely
tebuconazole (TEB), difenoconazole (DFZ), cyproconazole (CCZ), isopyrazam (1ZM) and

pinoxaden (PXD), see Figure 4.1. Finally, the long-term stability of a series of SCs is assessed

153



Chapter 4: Using Alternative Diblock Copolymer Nanoparticles as Dispersants for Various Agrochemical
Actives

by using laser diffraction to monitor the mean particle diameter. The various types of diblock
copolymer nanoparticles are characterized using TEM, DLS, aqueous electrophoresis and 'H
NMR spectroscopy while the SCs comprising microparticles of the above six agrochemical

actives are characterized using optical microscopy, laser diffraction and TEM.

Azoxystrobin (AZ) Tebuconazole (TEB) Difenoconazole (DFZ)
Q\ /I\)\ Nr—,N T /é
e L @ﬁ
OCH; Q/
OH
Q J@KH ”\T
% '
CHF,
Cl
Cyproconazole (CCZ) Isopyrazam (I1ZM) Pinoxaden (PXD)

Figure 4.1. Chemical structures of the six agrochemical active compounds examined in this study:
azoxystrobin, tebuconazole, difenoconazole, cyproconazole, isopyrazam and pinoxaden. The latter
compound is a herbicide while the other five compounds are fungicides.

4.2 Experimental

4.2.1 Materials

Methyl methacrylate (MMA, 99%), 4,4'-azobis(4-cyanovaleric acid) (ACVA, 98%), 2-
cyanopropy! dithiobenzoate (CPDB, 97%), N,N-dimethylacrylamide (DMAC, 99%), benzyl
methacrylate (BzMA, 98%), styrene (S, 99%), n-butyl acrylate (nBA, 99%) and ethylene glycol
dimethylacrylate (EGDMA, 98%) were purchased from Sigma-Aldrich (Gillingham, UK) and
used as received. Diacetone acrylamide (DAAM, 99%) was purchased from Alfa Aesar (UK)
while methyl-2 (dodecylthiocarbonothioylthio)-2-methylpropionate (Me-DDMAT) was prepared
according to a literature protocol.®? Glycerol monomethacrylate (GMA, 99.8%) was donated by
GEO Specialty Chemicals (Hythe, UK). Azoxystrobin (AZ), tebuconazole (TEB), difenoconazole

(DFZ), cyproconazole (CCZ), isopyrazam (I1ZM) and pinoxaden (PXD) were provided by
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Syngenta (Jealott’s Hill, UK). 1.0 mm zirconium aluminium oxide beads were purchased from
Sigmund-Lindner (Germany). Silicone SAG1572 antifoam was purchased from Momentive
(Germany). Deionized water from an Elga Medica DV25 water purification unit was used in all

the experiments.

4.2.2 Synthesis of PGMAs, Precursor by RAFT Aqueous Solution Polymerization of GMA

See Chapter 2, section 2.2.2 for full details.

4.2.3 Synthesis of PGMAs,-PBzMA, Diblock Copolymer Nanoparticles by RAFT Aqueous

Emulsion Polymerization

A typical synthesis of PGMAs,-PBzMA, nanoparticles was conducted according to the following
protocol. PGMAs, precursor (0.150 g, 18.2 umol), BzZMA monomer (0.161 g, 0.91 mmol; target
DP =50), ACVA initiator (1.0 mg, 3.65 pumol; PGMAsi//ACVA molar ratio = 5.0) and deionized
water (2.806 g, 10 % w/w solution) were added to a 20 mL round-bottom flask. This flask was
placed in an ice bath and the resulting aqueous solution was deoxygenated using a N sparge for

30 min. The flask was then immersed in an oil bath set at 70 °C for 6 h. The BzMA polymerization

was quenched by exposing the contents of the flask to air while cooling to 20 °C.

4.2.4 Synthesis of Linear PGMAs;-PMMAg, Diblock Copolymer and Cross-linked
PGMAs-PMMAg-PEGDMA 1, Triblock Copolymer Nanoparticles by RAFT Aqueous

Emulsion Polymerization

Synthesis of linear PGMAs;-PMMAGg, diblock copolymer nanoparticles can be found in Chapter
3, section 3.2.3. The synthesis of cross-linked PGMAse-PMMAGg, nanoparticlesby RAFT aqueous
emulsion polymerization was conducted as follows. PGMAs, precursor (0.150 g, 18.2 pmol),
MMA monomer (0.146 g, 1.46 mmol; target DP = 80), ACVA initiator (1.0 mg, 3.64 pumol,
PGMAso/ACVA molar ratio = 5.0) and deionized water (2.675 g, 10 % w/w solution) were added
to a 20 mL round-bottom flask. The flask was placed in an ice bath and the aqueous emulsion was
deoxygenated using a N2 sparge for 30 min and then immersed in an oil bath set at 70 °C for 3 h.

EGDMA (0.036 g, 0.182 mmol; target DP = 10) was added and the aqueous dispersion was stirred
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for 12 h at 70 °C to ensure full EGDMA conversion. The polymerization was quenched by

exposing the contents of the flask to air while cooling to 20 °C.

4.2.5 Synthesis of PDMACs-PDAAMs, Diblock Copolymer Nanoparticles by RAFT
Aqueous Dispersion Polymerization

The poly(N,N-dimethylacrylamide) PDMACg; precursor was prepared via RAFT solution
polymerization using a literature protocol.®2 The synthesis of PDMACs;-PDAAMs, nanoparticles
by RAFT aqueous dispersion polymerization was conducted as follows. PDMACs; precursor
(0.200 g, 28.4 pmol), DAAM monomer (0.241 g, 1.42 mmol; target DP = 50) and ACVA initiator
(0.80 mg, 2.85 pmol; PDMACe//ACVA molar ratio = 10) were weighed into a 20 mL round-
bottom flask. Deionized water (1.767 g) was adjusted to pH 2.5 using HCI and added to make up
a 20% w/w solution. The flask was placed in an ice bath and the aqueous solution was
deoxygenated using a N2 sparge for 15 min prior to immersing the flask in an oil bath set at 70

°C. After 4 h, the polymerization was quenched by exposing the contents of the flask to air while

cooling to 20 °C.

4.2.6 Synthesis of PNAEPgs7, PNAEPs;-PS7s Diblock Copolymer Nanoparticles and
PNAEPs; P(S-stat-PnBA)100 Diblock Copolymer Nanoparticles by RAFT Aqueous

Emulsion Polymerization

The synthesis of PNAEP precursors by RAFT aqueous solution polymerization and the
preparation of both PNAEPs-PS7;s and PNAEPs;-P(S-stat-PnBA)ig diblock copolymer
nanoparticles by RAFT aqueous emulsion polymerization have been previously reported by

Deane and co-workers.? The same protocols were adopted in Chapter 4.

4.2.7 Preparation of Suspension Concentrates by Ball Milling

A typical protocol used for the preparation of a suspension concentrate at pH 7 was as follows.
Azoxystrobin (2.00 g), PGMAs-PBzMAs, nanoparticles (0.25 g, 2.5% w/w), SAG1572 antifoam
(0.10 g, 1.0% w/w) and deionized water (7.65 g) were added to a 30 mL tube containing 1.0 mm

ceramic beads (10.0 g). An IKA Ultra-Turrax Tube Drive was used to mill this suspension at 6000
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rpm for 15-40 min. The beads were removed by filtration to afford a 20% w/w suspension

concentrate.

4.2.8 Centrifugal Purification of Suspension Concentrates

SCs were purified by centrifugation using a Thermo Heraeus Biofuge Pico centrifuge for 5 min
at 5 000 rpm. The aqueous supernatant was carefully decanted and the sedimented microparticles
were redispersed using deionized water. Two further centrifugation-redispersion cycles were

performed before characterization to ensure removal of any excess non-adsorbed nanoparticles.

4.2.9 Characterization Techniques

Dynamic Light Scattering and Aqueous Electrophoresis

A Malvern Zetasizer NanoZS instrument was used to perform both DLS and aqueous
electrophoresis studies on 0.10% w/w nanoparticle dispersions. Hydrodynamic z-average
diameters were determined at 20 °C at a scattering angle of 173° and measurements were averaged
over three runs. Agqueous electrophoresis experiments were conducted in the presence of 1 mM
KCI as background electrolyte. The pH was adjusted as required with either HCI or NaOH. The
Smoluchkowski approximation was used to calculate zeta potentials (also averaged over three

measurements) via the Henry equation.

Optical Microscopy
A Cole-Palmer optical microscope fitted with a Moticam camera and an LCD tablet was used for

imaging both the initial unmilled Als and the final milled Al microparticles.

Transmission Electron Microscopy

Copper/palladium TEM grids (Agar Scientific, UK) were coated with a thin film of amorphous
carbon and then treated with a plasma glow discharge for 30 s. Either an aqueous dispersion of
nanoparticles or a suspension concentrate (10 pL, 0.10% w/w) was placed on each grid for 60 s
before blotting to remove excess sample. Each grid was stained using uranyl formate (9.0 pL of

a 0.75 % wi/w solution) for 20 s before removing excess stain and drying under vacuum. Grid
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were imaged at 100 kV using a Philips CM100 TEM instrument equipped with a Gatan 1 k CCD

camera.

Laser Diffraction

The initial coarse active ingredients and final milled microparticles were sized by laser diffraction
using a Malvern Mastersizer 3000 instrument equipped with a Hydro EV wet dispersion unit set
at 2 000 rpm, a red HeNe laser (A = 633 nm) and a light-emitting blue light source (A = 470 nm).
The volume-average particle diameter, d(0.5), was calculated by averaging over five
measurements. After each measurement, the instrument was thoroughly rinsed with deionized

water (three times) to prevent contamination.

Scanning Electron Microscopy
SEM Images were recorded using an FEI Inspect-F instrument using an accelerating voltage of
10 kV and a beam current of 200 nA. Samples were dried onto thin glass slides and then sputter-

coated with a thin overlayer of gold prior to imaging.

4.3 Results and Discussion

Initially, we sought to extend the work discussed in Chapter 3 by examining whether, and if so to
what extent, adjusting various synthesis parameters affected the preparation of aqueous SCs
comprising azoxystrobin, a widely used fungicide.®* Preparation of SC formulations involves
milling relatively coarse (20-76 um diameter) hydrophobic organic crystals in the presence of a
suitable polymeric dispersant. In Chapter 4, an IKA Ultra-Turrax Tube Drive was used for milling
rather than a planetary ball mill. This approach enabled the convenient preparation of SCs on a
relatively small scale (Scheme 4.1). Using the same general approach described in Chapter 3, a
series of sterically-stabilized nanoparticles were employed as putative dispersants, rather than

conventional commercially-available water-soluble polymers such as Morwet D-425.3!
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Scheme 4.1. Schematic cartoon of the preparation of a suspension concentrate comprising an agrochemical
active ingredient (Al) in the form of microparticles using sterically-stabilized diblock copolymer
nanoparticles as the sole dispersant. An IKA Ultra-Turrax Tube Drive containing 1.0 mm ceramic beads
was used to mill the initial coarse Al crystals. [N.B. Individual components are not drawn to scale].

4.3.1 Effect of Varying the Chemical Nature of the Steric Stabilizer Block

Four different types of sterically-stabilized nanoparticles were prepared via RAFT polymerization
using aqueous PISA formulations described in the literature.?2%3233 Three non-ionic steric
stabilizer blocks were employed and the relevant chemical structures for the resulting amphiphilic
diblock copolymers (PGMAsy-PMMAg, PGMAs-PBzMAs;, PDMACe-PDAAMs, and
PNAEPs-PS75) are shown in Figure 4.2a. TEM studies confirmed that a well-defined spherical
morphology was obtained in each case and DLS measurements indicated that these diblock
copolymer nanoparticles had comparable hydrodynamic z-average diameters (27-33 nm) and

relatively low polydispersities (0.04 < PDI < 0.13) (Figure 4.2b).

Coarse, polydisperse azoxystrobin crystals of approximately 76 um diameter were milled in the
presence of a 2.5% w/w aqueous dispersion of nanoparticles until a volume-average particle
diameter of approximately 2 um was achieved as judged by laser diffraction studies (Figure 4.2c).
In Chapter 3, it was demonstrated that planetary ball milling of azoxystrobin crystals in the
presence of PGMAs,-PMMAGg, nanoparticles produced the desired mean microparticle diameter
within 10 min.3! In the same study, it was found that switching the hydrophobic core-forming
block from PMMA to PTFEMA had no discernible effect on either the milling efficiency or the
final size of the azoxystrobin microparticles. Similar results were obtained herein when replacing
the PMMA core-forming block with PBzMA. More specifically, a final azoxystrobin
microparticle diameter of approximately 2 pm was produced within a milling time of 30 min

when using PGMAs,-PBzMAs, nanoparticles as a dispersant.
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The effect of varying the nature of the (non-ionic) steric stabilizer was further examined by
evaluating PDMACe7-PDAAMs, and PNAEPs;-PS7s nanoparticles as putative dispersants. Using
the former diblock copolymer led to a significant improvement in milling efficiency: a final
particle size of 2.1 pum was achieved after a milling time of just 15 min. The latter diblock
copolymer required a milling time of 30 min, which is comparable to the conditions required
when using either the PGMAso-PMMAg, or PGMAs-PBzMAs, nanoparticles. Clearly, all four
types of nanoparticles act as both a wetting agent and an effective dispersant: the chemical nature

of the non-ionic stabilizer block has minimal effect on dispersant performance.
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Figure 4.2. (a) Chemical structures of the four non-ionic sterically stabilized diblock copolymer
nanoparticles used in this study; (b) TEM images and DLS intensity-average particle size distributions (see
insets) recorded for each type of diblock copolymer nanoparticles; (c) Laser diffraction particle size
distribution curves (and corresponding volume-average diameters) recorded for unmilled coarse
azoxystrobin crystals (black trace) and milled azoxystrobin microparticles (red traces) prepared when using
such nanoparticles as the sole dispersant.

160



Chapter 4: Using Alternative Diblock Copolymer Nanoparticles as Dispersants for Various Agrochemical
Actives

Additional experiments were performed using amphiphilic diblock copolymer nanoparticles
comprising either cationic poly(2-(methacryloyloxy)ethyl trimethylammonium chloride)
[PMETAC] or anionic poly(methacrylic acid) [PMAA] as the steric stabilizer block (Figure
4.3a). Compared to sterically-stabilized nanoparticles prepared using non-ionic steric stabilizers,
such nanoparticles exhibit comparable DLS diameters (35 nm and 29 nm respectively) but
strikingly different electrophoretic footprints (Figure 4.4). For example, PGMAs,-PMMAg,
spheres exhibited zeta potentials close to zero (approximately —3 mV) throughout the whole pH
range. As expected, the PMAAss-PMMAs, spheres become progressively more anionic between
pH 2 and 6, before a maximum zeta potential of approximately —41 mV is observed above pH 6.
In contrast, the PMETAC-PMMAs, spheres retained their cationic character throughout the

whole pH range with a maximum zeta potential of approximately +37 mV being observed.

However, in neither case was it possible to obtain a final volume-average diameter of 2 um for
azoxystrobin microparticles even after a milling time of 60 min at pH 7 (Figure 4.3c). Moreover,
such formulations generated many air bubbles and/or foam, which could not be suppressed by
adding an antifoam agent. Thus, polyelectrolytic steric stabilizers do not seem to be appropriate
for the design of efficient nanoparticle dispersants, at least in the case of azoxystrobin. The
adsorption of soluble polymer chains onto surfaces is a rather generic enthalpically driven

phenomenon,* the same appears to be true for (non-ionic) sterically stabilized nanoparticles.
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Figure 4.3. (a) Chemical structure, (b) representative TEM image and DLS intensity-average particle size
distribution (see inset) for PMETAC4s-PMMAs, and PMAAss-PMMAs diblock copolymer nanoparticles;
(c) Laser diffraction particle size distributions curves (and corresponding volume-average diameters)
recorded for unmilled azoxystrobin (black) and milled azoxystrobin (red) in the presence of either (left)
PMETAC-PMMAs or (right) PMAAss-PMMAsy nanoparticles at pH 7.
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Figure 4.4. Zeta potential vs pH curves obtained for dilute aqueous dispersions of: (a) PMETACs-
PMMAs spheres; (b) PGMAso-PMMAg, spheres; and (¢) PMAAsc-PMMAs, spheres.

4.3.2 Effect of Varying the Mean Nanoparticle Diameter

A series of PGMAs,-PBzMA nanoparticles were prepared in which the mean diameter was
systematically varied simply by increasing the target DP for the core-forming PBzMA block
(Scheme 4.2). More specifically, targeting PBzMA DPs of 50 to 300 led to z-average diameters
ranging from 27 to 94 nm as judged by DLS (Figure 4.5a). TEM studies indicated an increase in
the number-average particle diameter (Figure 4.5b-f) and confirmed that only kinetically-trapped
spheres were produced (as opposed to higher order morphologies such as worms or vesicles).

Similar observations were reported by Cunningham and co-workers.?®

NC

g >
10% w/w, H,0, pH 7

o N,, 70 °C, 6 h
PGMA.,/ACVA = 5.0

HO

Scheme 4.2. Synthesis of PGMAso-PBzMA diblock copolymer nanoparticles by RAFT aqueous emulsion
polymerization of BzZMA using a PGMAs, precursor under the stated conditions. Systematic variation of
the target degree of polymerization of the PBzMA block (x) enables the mean nanoparticle diameter to be
tuned (see main text for further details).
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Figure 4.5. (a) DLS intensity-average particle size distributions recorded (plus z-average diameters and
DLS polydispersities) for PGMAse-PBzMAy nanoparticles, where x is varied from 50 to 300. (b-f)
Corresponding TEM images obtained for the same series of five PGMAs-PBzMAso-300 nanoparticles
prepared via RAFT aqueous emulsion polymerization of BzZMA according to Scheme 4.2.

Azoxystrobin was milled in turn using five examples of PGMAs,-PBzMA, nanoparticles of
varying z-average diameter. In this series of experiments, the dispersant concentration was
adjusted to ensure that a constant total surface area of nanoparticles was used to prepare each SC.

Full details of these formulations are summarized in Table 4.1.
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Table 4.1. Summary of suspension concentrate formulations to evaluate the effect of varying the mean
diameter for a series of PGMAso-PBzMA, spherical nanoparticles when milling a fixed mass of
azoxystrobin. The mass of nanoparticle dispersant was systematically varied to maintain a constant total
surface area of 55.6 m2,

PGMAGso- PGMAso- PGMAso- PGMAs;- PGMAse-
PBzMAs PBzMA 100 PBzMA 50 PBzMAq PBzMA3q0

Nanoparticle

diameter 27 nm 38 nm 51 nm 66 nm 94 nm
Azoxystrobin 2009 2.00¢ 2.00¢ 2009 2.00¢
Dispersant 0.25¢g 0.35¢g 047¢ 0.61¢g 0.87¢g
Antifoam 0.10¢g 0.10¢g 0.10g 0.10¢g 0.10g
Water 7.65¢ 755¢ 74349 7.29¢ 7.03¢g

Laser diffraction was used to size the azoxystrobin microparticles after milling for 30 min (Figure
4.6). A volume-average particle diameter of approximately 2 um was obtained when milling
azoxystrobin in the presence of PGMAGs:-PBzMAsy, PGMAsy-PBzMA100 0f PGMAso-PBzMA 150
nanoparticles (which possessed z-average diameters of 27 nm, 38 nm or 51 nm, respectively). In
contrast, milling for 30 min in the presence of the two largest nanoparticle dispersants (i.e.
PGMAso-PBzMA2p0 or PGMAse-PBzMAsw) only produced relatively large azoxystrobin

microparticles of approximately 3 pum diameter.

Three centrifugation-redispersion cycles were performed on the resulting SCs to remove any non-
adsorbed excess nanoparticles. Figure 4.6 includes SEM images recorded for such purified
azoxystrobin microparticles. In each case, individual microparticles are uniformly coated with a
layer of adsorbed PGMAs,-PBzMA, hanoparticles. Moreover, using larger nanoparticles appears
to result in lower surface coverages. This study suggests that smaller spheres ensure the most
efficient milling and perhaps also lead to higher surface coverages, at least when milling
azoxystrobin in the presence of this particular class of nanoparticle dispersants. The long-term

stability of this series of resulting SCs is also assessed using laser diffraction (section 4.3.6).
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Figure 4.6. (a-e) SEM images of individual azoxystrobin microparticles prepared via ball milling with five
examples of PGMAso-PBzMA nanoparticles of varying size (after removing excess non-adsorbed
nanoparticles by centrifugation). (f) Corresponding laser diffraction particle size distribution curves
recorded for azoxystrobin microparticles obtained after a milling time of 30 min when using the same five
examples of PGMAsy-PBzMA nanoparticles.

4.3.3 Effect of Crosslinking the Nanoparticle Cores

In 2012 Chambon et al. reported that linear diblock copolymer nano-objects prepared via aqueous
PISA could be covalently stabilized simply by chain extension using a divinyl monomer to
generate a third block.®® Accordingly, core-crosslinked PGMAs-PMMAg-PEGDMA o
nanoparticles were readily prepared by adding 12.5 mol% EGDMA (based on MMA monomer)

after the MMA was fully consumed (Scheme 4.3).

o)
Ao e
(o]
80 10

s MMA NC 50 o S
NG (i) 10% w/w, H,0, pH 7 o o]
50 N, 70°C, 3 h d d 0
o S PGMA,/ACVA = 5.0 . \
o] [0}
o HO
\/\O e}
HO
(@] HO o]

EGDMA
HO (ii) 70°C, N, 12 h, pH 7
EGDMA/PGMA,, = 10

Scheme 4.3. Synthesis of core-crosslinked PGMAs-PMMAg-PEGDMA;, triblock copolymer
nanoparticles via RAFT aqueous emulsion polymerization of (i) BzZMA and (ii) EGDMA at 70 °C.
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Representative TEM images obtained for the linear PGMAso-PMMAg, precursor nanoparticles
dried from water and the final core-crosslinked PGMAso-PMMAg-PEGDMA o hanoparticles
dried from DMF are shown in Figure 4.7. The former nanoparticles exhibit a well-defined
spherical morphology as expected. DMF is a good solvent for both the PGMAs, stabilizer block
and the PMMAg, core-forming block, thus molecular dissolution of the linear nanoparticles
occurs in this solvent (indeed, DMF is the eluent of choice for GPC analysis of such diblock
copolymer chains).*®* However, TEM indicates a similar spherical morphology for the PGMAso-
PMMAg-PEGDMA;1, nanoparticles dried from DMF, which confirms successful core-

crosslinking in this case.

Dried from water Dried from DMF

Figure 4.7. TEM images obtained for linear PGMAs,-PMMAg, nanoparticles dried from water and core-
crosslinked PGMAso-PMM Ago-PEGDMA o nanoparticles dried from DMF.

Moreover, DLS studies of the same PGMAso-PMMAg,-PEGDMA 1, nanoparticles dispersed in
DMF (Figure 4.8) indicated the presence of slightly swollen spheres with a z-average diameter
of 34 nm, rather than molecularly-dissolved copolymer chains. Given that the linear precursor
PGMAs,-PMMAg, nanoparticles had a z-average diameter of 29 nm, this suggests relatively high
degree of core-crosslinking. Furthermore, DLS experiments conducted on a dilute aqueous
dispersion of the PGMAs,-PMMAg-PEGDMA, core-crosslinked nanoparticles indicated a z-
average particle diameter of 31 nm (Figure 4.8), which suggests that core cross-linking has a

minimal effect on the nanoparticle dimensions.
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Figure 4.8. DLS intensity-average particle size distributions recorded for 0.1% w/w dispersions of linear
PGMAs-PMMAg, nanoparticles (in water) and core-crosslinked PGMAs;-PMMAg-PEGDMA1o
nanoparticles (in water and DMF).

Subsequently, the nanoparticle dispersant performance of the core-crosslinked nanoparticles was
directly compared to that of the linear nanoparticles for the same SC formulation under identical
milling conditions. The SCs produced in each case were then sized by laser diffraction (Figure
4.9a). Clearly, covalent stabilization of the nanoparticle cores has essentially no effect on the size
of the final azoxystrobin microparticles. This is an important observation because it eliminates
the possibility that individual amphiphilic diblock copolymer chains are in equilibrium with the
linear diblock copolymer nanoparticles, with the former species potentially playing an important
role in either initial surface wetting or subsequent steric stabilization of the azoxystrobin

microparticles.

Moreover, three centrifugation-redispersion cycles were performed to remove any excess non-
adsorbed nanoparticles from these two SCs. TEM images of the resulting purified azoxystrobin
microparticles are shown in Figure 4.9b. A relatively high surface coverage is obtained when
using either the linear PGMAs-PMMAg, nanoparticles or the core-crosslinked PGMAso-
PMMAGg,-PEGDMA 1, nanoparticles. Such images provide compelling evidence that crosslinking
the nanoparticle cores has no discernible effect on either the milling efficiency or their ability to

adsorb at the surface of the azoxystrobin microparticles.
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Figure 4.9. (a) Laser diffraction particle size distribution curves (and corresponding volume-average
diameters) recorded for the unmilled azoxystrobin (black) and milled azoxystrobin coated with either linear
PGMAs-PMMAg, nanoparticles (blue) or cross-linked PGMAsy-PMMAg-PEGDMA1, nanoparticles
(red); (b) TEM images recorded for azoxystrobin microparticles prepared by milling in the presence of
either linear or cross-linked nanoparticle dispersions after removal of excess nanoparticles by
centrifugation.

4.3.4 Effect of Varying the Glass Transition Temperature (Tg) of the Core-forming Block
High T4 PNAEPs7-PS100 nanoparticles were prepared by RAFT aqueous emulsion polymerization
of styrene. In addition, analogous diblock copolymer nanoparticles comprising a core-forming
statistical block exhibiting a much lower T4 were prepared by statistical copolymerization of
styrene (45 wt %) with n-butyl acrylate (55 wt %) using the same PNAEPg; precursor. Differential
scanning calorimetry (DSC) curves recorded for the PNAEPs; precursor, PNAEPs-PSi00

nanoparticles and PNAEPs;-P(S-stat-nBA)igo nanoparticles are shown in Figure 4.10. The

PNAEPg7-PS100 diblock copolymer exhibits two Tq values at -1.8 and 83.4 °C respectively, which
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is the result of microphase separation between the two mutually incompatible blocks. In contrast,
only a single Ty of 8.6 °C was observed for the PNAEPs7-P(S-stat-nBA)100 diblock copolymer.
The theoretical T, of a statistical copolymer can be calculated using the Fox equation (Equation

4.1).

— = (4.1)

Here wi and w, are the weight fractions of each component, and Tg and Ty are the T4 values of
the respective homopolymers. Using known experimental T4 values for the PSip and PnBA1go
blocks,? a theoretical T4 of 9°C was calculated for the PNAEPs7-P(S-stat-nBA)i0 diblock
copolymer. This value compares well to the experimental value measured by DSC in Figure 4.10.
Furthermore, two overlapping thermal transitions are observed for the blue curve: this is attributed

to the PNAEPs; block and the statistical copolymer block possessing similar Tg values.

DLS studies indicated that these PNAEPs7-PS100 and PNAEPs7-(PS-PnBA)100 Nanoparticles had

comparable z-average particle diameters of 35 nm and 39 nm, respectively (Figure 4.11).

- 11.8°C
' 83.4°C  pNAEP,,-PS,,,
- 4.2°C

- _—_—_—— PNAEP,
60 40 -20 0 20 40 60 80 100 120 140
Temperature (°C)

Figure 4.10. Differential scanning calorimetry (DSC) curves recorded for PNAEPs-PSi00 Spheres
PNAEPs;-P(S-stat-nBA)100 (NBA = 55% by mass) spheres and the PNAEPs; precursor.

Normalized heat flow (mW)
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Figure 4.11. DLS intensity-average particle size distributions recorded for 0.1% w/w aqueous dispersions
of PNAEPs7-PS100 and PNAEPs7-P(S-stat-nBA)100 diblock copolymers.

Both types of nanoparticles were evaluated as putative dispersants during the milling of
azoxystrobin. Laser diffraction studies confirmed that azoxystrobin microparticles with a volume-
average diameter of approximately 2 um could be obtained after milling for 30 min when using
either nanoparticle dispersant (Figure 4.12). SEM images of the azoxystrobin microparticles after
the removal of excess nanoparticles are shown in Figure 4.13. SEM studies provide evidence for
the adsorption of PNAEPs7-PS100 Nanoparticles onto azoxystrobin, but comparable images could
not be obtained for the low-Tq PNAEPs7-P(S-stat-nBA)100 nanoparticles, which is consistent with
in situ film formation in this case. These experiments suggest that retention of the original
copolymer morphology is not required for sterically-stabilized nanoparticles to act as a dispersant

for azoxystrobin.
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Figure 4.12. Laser diffraction particle size distribution curves (and corresponding volume-average
diameters) recorded after milling azoxystrobin with either PNAEPg7-PS100 nanoparticles (red curve) or
PNAEPg7-P(S-stat-nBA)100 nanoparticles (blue curve) for 30 min.
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Figure 4.13. SEM images recorded for azoxystrobin microparticles prepared by milling in the presence of
either PNAEPg7-PS100 or PNAEPs7-P(S-stat-nBA)10o diblock copolymers after removal of excess
nanoparticles by centrifugation.

4.3.5 Effect of Varying the Chemical Nature of the Agrochemical Active

Finally, we wished to examine whether this nanoparticle dispersant approach could also work for
alternative hydrophobic organic crystalline compounds exhibiting minimal aqueous solubility.
Accordingly, the following five agrochemical actives were evaluated for the preparation of
nanoparticle-stabilized aqueous SCs: cyproconazole (CCZ), difenoconazole (DFZ), isopyrazam
(1ZM), tebuconazole (TEB) and pinoxaden (PXD). The first four compounds are alternative

fungicides to azoxystrobin with varying modes of action, whereas the latter is a highly selective
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systemic herbicide that is used to control monocotyledonous grass weeds in crops such as wild

oats, wheat and barley.>¢-3°

PGMAso-PMMAg, nanoparticles were used as the dispersant when attempting to mill each of
these alternatives to azoxystrobin. SC formulations comprising just the agrochemical active, the
nanoparticle dispersant, an antifoam agent and water were used in this set of experiments. Figure
4.14 summarizes the laser diffraction curves recorded before and after milling: organic
microparticles with a volume-average particle diameter of approximately 2 um could be obtained
in each case after milling for 25-40 min using the IKA tube drive. Optical microscopy images
recorded for the various coarse crystals prior to milling and the much finer corresponding
microparticles obtained after milling are shown in Figure 4.15. These observations clearly
demonstrate that PGMAs-PMMAGg, nanoparticles can act as an effective wetting agent and

dispersant for a range of agrochemical actives, not just azoxystrobin.

Azoxystrobin (AZ) Difenoconazole (DFZ) Tebuconazole (TEB)
21*46pm 76%31um 21+24um 41%34pum 23+25um 67 %40 pum
30 min 25 min 40 min
0.1 1 10 100 1000 | 0.1 1 10 100 1000 | 0.1 1 10 100 1000
Particle Diameter (um) Particle Diameter (um) Particle Diameter (um)
Cyproconazole (CCZ) Isopyrazam (I1ZM) Pinoxaden (PXD)
2.3+3.0um 50%49 pum 2.0+£3.7pm 20*55pum 20+£3.0pm 67.1148pum
25 min )
ha— 30 min
25 min
0.1 1 10 100 1000 | 0.1 1 10 100 1000 | 0.1 1 10 100 1000
Particle Diameter (um) Particle Diameter (pm) Particle Diameter (um)

Figure 4.14. Laser diffraction particle size distribution curves (and corresponding volume-average
diameters) recorded for (i) six unmilled (black curves) agrochemical active ingredients (azoxystrobin,
difenoconazole, tebuconazole, cyproconazole, isopyrazam and pinoxaden) and (ii) after milling each of
these active ingredients in the presence of PGMAse-PMMAg, nanoparticles (red curves).
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Figure 4.15. Optical microscopy images recorded for the following five active ingredients (a) before ball
milling and (b) after ball milling using the tube drive: difenoconazole, tebuconazole, cyproconazole,
isopyrazam and pinoxaden. In these experiments, ball milling of each active ingredient was performed in
the presence of PGMAse-PMMAg, nanoparticles (z-average diameter = 29 nm).

These five new SCs were each subjected to three centrifugation-redispersion cycles to remove
any non-adsorbed PGMAso-PMMAg, nanoparticles. Figure 4.16 shows representative TEM
images of individual CCZ, DFZ, 1ZM, TEB and PXD microparticles, which are each clearly
coated with a uniform layer of PGMAs-PMMAg, nanoparticles. In the case of I1ZM, analysis
using ImageJ software indicates a surface coverage of approximately 40-45%. This is somewhat
higher than that estimated for azoxystrobin microparticles coated with the same nanoparticles (32-
35 %). However, the grayscale adjustment within ImageJ software is rather subjective, so these
apparently higher fractional surface coverages ideally require corroboration by conducting further
XPS studies, similar to the approach discussed in Chapter 3. In that case, a surface coverage of
24% was determined by XPS for azoxystrobin microparticles coated with PGMAso-PMMAg,

nanoparticles.
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Figure 4.16. TEM images recorded for microparticles prepared by milling six different agrochemical active
ingredients in the presence of PGMAso-PMMAg, nanoparticles (after removal of excess nanoparticles by
centrifugation-redispersion cycles). In each case, the nanoparticles are clearly adsorbed at the surface of the
organic crystalline microparticles at relatively high surface coverage.

4.3.6 Long-term Stability of Azoxystrobin-based Suspension Concentrates

The long-term stability of azoxystrobin-based SCs was assessed using laser diffraction. Given the
mean size and density of the azoxystrobin microparticles, such formulations tended to sediment
over time in the absence of any structuring agents. However, in each case redispersion was readily
achieved upon hand-shaking. This enabled repeated particle size analyses to be conducted on each

suspension after one, six and twelve months, as well as on the fresh (i.e. day-old) suspension

(Figure 4.17).
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Figure 4.17. Volume-average particle diameter data obtained via laser diffraction for various azoxystrobin-
based suspension concentrates using the stated diblock copolymer nanoparticles as dispersants and
subsequently aged at 20 °C for 1 day, 1 month, 6 months or 12 months. In such experiments, an
approximately constant mean particle diameter indicates a stable suspension.

In each case, the original SC exhibited an initial volume-average particle diameter of
approximately 2 um after ball milling. For the formulation prepared using the largest PGMAso-
PBzMAsgo nanoparticles, the milling time was extended to 45 min to achieve the desired 2 pm
diameter for the azoxystrobin microparticles. Over time, these SCs exhibited minimal change in
particle size after six months and in most cases remained stable after one year of storage at
ambient temperature. The outlier was the SC prepared using the largest PGMAso-PBzMAzno
nanoparticles but even for this least stable formulation the mean particle diameter only increased
from 2.0 um to 2.5 um after twelve months. Interestingly, there was no discernible difference in
long-term stability when varying the chemical nature of the steric stabilizer block, the core-
forming block, or when employing soft, film-forming diblock copolymer nanoparticles as the

dispersant.
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4.4 Conclusions

Various sterically-stabilized diblock copolymer nanoparticles prepared via RAFT polymerization
using various aqueous PISA formulations have proven to be effective dispersants for the
preparation of SCs comprising six different agrochemical actives via ball milling. Changing the
chemical nature of the non-ionic core-forming block had essentially no effect on dispersant
performance. However, nanoparticles comprising either cationic or anionic steric stabilizer chains
proved to be ineffective. A series of PGMAs-PBzMA« nanoparticles with varying mean
diameters were also evaluated as dispersants. In this case, nanoparticles of up to 51 nm diameter
were effective but larger nanoparticles led to less efficient ball milling and the formation of
marginally less stable microparticles. The effect of crosslinking the nanoparticle cores and
adjusting the Ty of the core-forming block was also examined. In the former case, the covalently-
stabilized nanoparticles performed as well as the corresponding linear nanoparticles, which
suggests that individual amphiphilic diblock copolymer chains do not play a significant role in
the production of SCs. In the latter case, stable SCs could be obtained when using film-forming
nanoparticles, so perseveration of the original copolymer morphology after adsorption at the
surface of the azoxystrobin crystals is not a prerequisite for successful processing. Moreover, this
nanoparticle dispersant approach developed for azoxystrobin was extended to include five other
common agrochemical actives, which suggests that is likely to be generic in scope. Finally, laser
diffraction studies of the long-term stability of azoxystrobin-based SCs suggests that most of these

formulations remained stable for at least one year.
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5.1 Introduction

Polyaromatic hydrocarbons (PAHS) such as anthracene, phenanthrene, perylene, and pyrene are
naturally occurring molecules found in coal and petroleum deposits, oil shale, hydrothermal vents,
and volcanic ash.! They are also present in cigarette smoke and automotive exhaust gas and can
be generated during wood burning. As such, PAHs are considered to be long-lived organic
pollutants whose persistence in the environment is linked to their strong resistance to oxidative
and photochemical degradation. However, it is this chemical stability that has attracted growing
interest from the space science community, not least because infrared emission spectroscopy

studies have confirmed the ubiquitous presence of PAHs throughout the universe.?™®

Indeed, Greenberg et al. have postulated that photoprocessing of organic dust mantles within the
interstellar medium during solar irradiation may be a possible mechanism for generating PAHs.®
More recently, PAHs have been detected in Martian meteorites,” interplanetary dust,?® in the
upper atmosphere of Titan,>'% and within comets.'*'? They have even been implicated as an
important component in the emergence of early life on Earth — the so-called ‘Aromatic World’
hypothesis.?*4 Moreover, one of the objectives of the ExoMars rover mission is to search for

such molecules up to 2 m below the surface of the Martian soil.*°

In principle, laboratory-based high energy impact experiments can shed considerable light on the
behavior of various types of micrometeorites, which typically travel at hypervelocities (> 1 km s
1) in outer space.® This is because when such fast-moving micrometeorites strike a metal target,
they are almost instantaneously converted into molecular and/or atomic fragments by the high-
energy impact.}” This enables their chemical composition to be inferred by time-of-flight mass
spectrometric analysis of the ionic plasma.’®? Indeed, this was the fundamental detection
mechanism for the Cosmic Dust Analyzer (CDA) instrument deployed by the CASSINI
spacecraft when orbiting Saturn and its moons.? For example, this CDA detector has detected
both low- and high-mass aromatic compounds within the plumes of water ejected from the interior

of the Saturnian satellite Enceladus.??*
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In practice, it is not trivial to design appropriate synthetic mimics that can be accelerated up to
the hypervelocity regime that typically characterizes the behavior of such ‘cosmic dust’.
Nevertheless, Armes and co-workers have prepared a series of (sub)micrometer-sized particles
that have proven to be useful mimics for either carbonaceous or silicate-rich micro-meteorites.
This has been achieved by coating either polystyrene or silica particles with an ultrathin overlayer
of polypyrrole (PPy).?>2 This relatively air-stable organic conducting polymer ensures that such
synthetic particles can acquire sufficient surface charge to enable their electrostatic acceleration
up to the hypervelocity regime using a high-field van de Graaff accelerator.?” In addition, certain
naturally-occurring mineral grains such as olivine, pyroxene and pyrrhotite have been coated with
PPy and successfully accelerated for hypervelocity impact experiments.?-° Moreover, by coating
appropriate particles with PPy, it has been possible to demonstrate via laboratory experiments
that impact ionization time-of-flight spectra can be used to distinguish between at least some types
of aromatic and aliphatic organic microparticles.?®3 However, it has not yet been possible to

examine PAH-based particles in this context.

One of the simplest members of the PAH family is anthracene (see Figure 5.1). This planar fused
molecule forms large organic crystals with very limited solubility in common organic solvents
and is essentially insoluble in water. In Chapters 3 and 4, it was demonstrated that suspension
concentrates comprising hydrophobic micrometer-sized particles could be readily prepared via
ball milling. Chapter 5 utilizes a similar protocol to prepare micrometer-sized anthracene particles
in the presence of a commercial dispersant (Morwet D-425). Originally, we envisaged that
anthracene might be a useful benign surrogate for various agrochemical actives. However, this
requirement was eventually deemed unnecessary. Subsequently, it was found that PPy could be
deposited onto such anthracene microparticles to produce an electrically conductive overlayer.
These new microparticles are expected to become useful synthetic PAH mimics for laboratory-
based hypervelocity experiments using either a light gas gun?’*** or a van der Graaf

accelerator.1”%
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Figure 5.1. Chemical structures for (a) anthracene, (b) polypyrrole (PPy), and (c) Morwet D-425 dispersant.
[N.B. The chemical structure shown for PPy is the typical idealized structure reported in the literature; in
reality, the conjugated backbone also contains unpaired electrons (radicals) as well as delocalized cationic
charge].

5.2 Experimental

5.2.1 Materials

Iron(111) chloride hexahydrate (97%) was purchased from Alfa Aesar (UK). (NH.)2S20s (APS),
anthracene (97%), and pyrrole were each purchased from Sigma-Aldrich (UK). Pyrrole was
purified by alumina chromatography (basic alumina, Sigma-Aldrich UK) prior to use. Silicone
SAG1572 (Momentive, Germany) was used as an antifoaming agent, while Morwet D-425
(Nouryon, Sweden; molecular weight range = 1 000 to 5 000 g mol?) was used as a dispersant.
Deionized water was obtained from an Elga Medica DVV25 water purification unit. Finally, 1.0
mm ceramic beads (zirconium aluminum oxide) were obtained from Sigmund-Lindner

(Germany).
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5.2.2 Synthesis of PPy Bulk Powder

FeCl;.6H,0 (9.10 g) was dissolved in deionized water (100 mL) in a 125 mL glass bottle, and this
orange-brown aqueous solution was stirred using a magnetic stirrer bar. The pyrrole monomer
(1.0 mL) was added to this reaction solution and allowed to polymerize for 12 h at 20 °C. The
resulting black precipitate was vacuum-filtered using a Buchner funnel and washed first with
deionized water and then methanol. The purified moist black powder was placed on a petri dish
and dried in a 50 °C oven overnight. The approximate isolated yield of PPy was 0.87 g (73%

based on the pyrrole monomer).

5.2.3 Preparation of Anthracene Microparticles

(a) By IKA Ultra-Turrax Tube Drive

Anthracene (2.28 g, 20% w/w), Morwet D-425 dispersant (0.2850 g, 2.5% wi/w), silicone
antifoam (0.114 g, 1.0% w/w), and deionized water (8.72 g, 76.5% w/w) were mixed in a 30 mL
tube with approximately 15 g of 1 mm ceramic beads. The tube was then attached to the IKA
Ultra-Turrax tube drive and milled at 6 000 rpm for 90 to 120 min until the target particle size
was achieved. The ceramic beads were then removed by filtration to obtain a white free-flowing

aqueous dispersion.

(b) By Retsch Planetary Ball Mill

Anthracene (5.00 g, 20% w/w), Morwet D-425 dispersant (0.6250 g, 2.5% w/w), silicon antifoam
(0.250 g, 1.0% w/w), and deionized water (19.125 g, 76.5% w/w) were added to a 50 mL ball
milling jar together with 10 g of 2 mm beads. This mixture was milled at 250 rpm using a Retsch
Planetary Ball Mill PM 100 for a rotation time of 15 min and a break time of 10 min at 250 rpm.
Once the target particle size was achieved, the ceramic beads were removed by filtration to obtain

a white free-flowing dispersion.
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5.2.4 Purification of Aqueous Anthracene Dispersions to Remove Excess Dispersant

Aqueous anthracene dispersions were subjected to three centrifugation—redispersion cycles (6 000
rpm, 10 min per cycle). Each cycle required careful decantation of the aqueous supernatant and
redispersion of the sediment using fresh deionized water. The purified aqueous dispersions were
either then freeze-dried to recover anthracene microparticles in the form of a fine white powder

or coated with an ultrathin overlayer of PPy prior to further characterization studies.

5.2.5 Synthesis of PPy-Coated Anthracene Crystals

The following protocol was used to coat 0.50 g of 4 um anthracene microparticles with a target
PPy overlayer of 20 nm and is representative. A 20% w/w aqueous dispersion of anthracene
microparticles (2.50 g), pyrrole (37.0 uL; equivalent to a mass loading of 3.5%), and deionized
water (25.0 mL) were added to a 120 mL glass bottle to give a low-viscosity dispersion.
FeCl;.6H,0 (0.34 g) was dissolved in deionized water (5.0 mL), and the final aqueous dispersion
was stirred for 24 h at 20 °C. The resulting black dispersion was purified by three centrifugation—
dispersion cycles (6 000 rpm, 10 min) to remove excess inorganic salts and any unreacted pyrrole
and then freeze-dried overnight to recover a fine black powder. To target other PPy overlayer
thicknesses, the masses of anthracene and water were kept constant and the amounts of the pyrrole
monomer and FeCl; oxidant were varied accordingly (always employing a fixed

oxidant/monomer molar ratio of 2.33).

Table 5.1 summarizes the various target and actual PPy mass loadings required to achieve a
desired nominal overlayer thickness. Such mass loadings depend on the mean diameter of the
anthracene microparticles and the solid-state densities of the anthracene (1.25 g cm=) and PPy
(1.46 g cm™), which were determined by helium pycnometry. Similar calculations have been
previously reported by Lascelles and Armes, who assumed a core—shell morphology to derive a
simple equation for coating experiments involving well-defined spherical polystyrene latex

particles.?®
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In the present case, the core comprises anthracene, while the shell is composed of PPy. The

targeted polypyrrole overlayer thickness, x (in nm), was calculated using Equation 5.1.:

~ R [(M + 1)1/3 - 1] 5.1)

where R is the mean radius of the anthracene microparticles in nm, My and p; are the mass fraction
and density of the anthracene component and M> and p- are the mass fraction and density of the

polypyrrole component.

In practice, the anthracene microparticles do not have a well-defined spherical morphology (see
later). Thus, the target PPy overlayer thicknesses are calculated for “sphere-equivalent”
anthracene microparticles. It is implicitly assumed that (i) all of the pyrrole is converted into PPy
and (ii) all of the PPy is deposited onto the surface of the anthracene microparticles. In principle,
the actual PPy mass loading can be calculated by nitrogen microanalysis by comparing the
nitrogen content of the PPy-coated anthracene microparticles to that of PPy bulk powder prepared
in the absence of any anthracene microparticles.?®

Table 5.1. Summary of the target PPy overlayer thicknesses, target PPy mass loadings, nitrogen

microanalyses, and actual PPy mass loadings (calculated by nitrogen microanalyses) for the two types of
anthracene microparticles prepared in this study.

Anthracene  Target PPy  Target PPy Calculated PPy

Sample microparticle overlayer mass Nitrogen mass loading
P rop eriay ; microanalysis® from
description diameter? thickness loading . .
(um) (nm) (%) (%) microanalysis
H ° (%)
PPy bulk N/A N/A 100 15.90 100 +2.7
powder
Uncoated 4 N/A N/A 0.0 N/A
anthracene
PPy-coated 4 10 18 0.0 0.0
anthracene
PPy-coated 4 20 35 0.43 27+19
anthracene
PPy-coated 4 30 5.0 0.96 6.0+1.9
anthracene
PPy-coated 2 20 6.7 1.36 86 +19
anthracene
a. As determined by laser diffraction studies b. Microanalysis has an error of 0.3%
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5.2.6 Characterization Techniques
Helium Pycnometry
The solid-state densities of anthracene and PPy bulk powder were determined to be 1.25 and 1.46

g cm3, respectively, using a Micromeritics AccuPyc 1330 instrument operating at 20 °C.

Optical Microscopy

Optical images were recorded using a Cole—Palmer compound optical microscope equipped with
a LCD tablet display and a Moticam BTW digital camera. This technique was used to estimate
the mean number—average diameter of the anthracene microparticles (approximately 100 particles

counted per sample).

Particle Size Analysis by Laser Diffraction

Uncoated and PPy-coated anthracene microparticles were analyzed using a Malvern Mastersizer
3000 laser diffraction instrument equipped with a Hydro EV sample dispersion unit, a He—Ne
laser (A = 633 nm), and a solid-state blue laser (A = 466 nm). The stirring rate was set at 2 000
rpm, and data from five measurements were averaged. The standard operating procedure
parameters were assumed non-spherical particles with an absorption index of 0.01. The refractive

index for anthracene was taken to be 1.5948.

Solution Densitometry

The solution densities of a series of aqueous solutions of Morwet D-425 (ranging from 0.05 to
3.00% w/w) were determined using an Anton Paar DMA 4500 M density meter at 20 °C.
Subsequently, ball milled anthracene dispersions with mean diameters of either 2 or 4 pm were
centrifuged at 10 000 rpm for 10 min and the solution densities of their respective supernatants
were measured. This information was used to calculate the amount of Morwet D-425 that was

adsorbed onto the surface of the anthracene microparticles.

188



Chapter 5: Synthesis and Characterization of Polypyrrole-Coated Anthracene Microparticles

Scanning Electron Microscopy
Images were obtained using an Inspect-F instrument operating at an accelerating voltage of 5 kV.
Each powder was dispersed and dried onto a thin glass layer before being sputter-coated with a 5

nm overlayer of gold to prevent sample charging.

FT-IR Spectroscopy

FT-IR spectra were recorded for the uncoated anthracene microparticles, PPy bulk powder, and
PPy-coated anthracene microparticles using a Thermo Scientific Nicolet iS10 spectrometer
equipped with a Diamond ATR Golden Gate accessory. The spectral resolution was 4 cm* and

32 scans were averaged per spectrum.

Raman Microscopy

Raman spectra were recorded using a HORIBA LabRam-HR spectrometer equipped with an
infrared laser (A = 785 nm, 3 mW). This wavelength was selected to minimize the well-known
problem of fluorescence associated with the Raman spectra of polymers.*® Given the well-known
strongly absorbing nature of highly conjugated polymers such as PPy,* either 1 or 10% filters
were employed to attenuate the laser power in order to avoid sample degradation. The
spectrometer utilized a 600 mm™* grating with a spectral resolution of approximately 2 cm™ and
an Olympus BX41 microscope equipped with a x100 objective lens, which provided a spatial
resolution of 1-2 um. The spectra were obtained from individual anthracene microparticles, with

typically five spectra being averaged per sample.

Aqueous Electrophoresis

Zeta potential versus pH curves were constructed using a Malvern Zetasizer NanoZS instrument
operating at 20 °C. Measurements were conducted on dilute (0.5% w/w) aqueous dispersions in
the presence of 1 mM KCI as the background electrolyte, with the pH being adjusted using either
NaOH or HCI. Zeta potentials were calculated from an average of three measurements via the

Henry equation using the Smoluchkowski approximation.
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X-ray Photoelectron Spectroscopy

Uncoated and PPy-coated anthracene microparticles and PPy bulk powder were analyzed in turn
by X-ray photoelectron spectroscopy (XPS) using a Kratos Axis Supra X-ray photoelectron
spectrometer. Step sizes of 0.5 and 0.05 eV were used to record the survey spectra and high
resolution coreline spectra, respectively. In each case, powders were placed on an indium foil and

spectra were recorded from at least two separate areas.

Light Gas Gun Experiments and Impact Crater Analysis

A two-stage light gas gun?” was used to fire PPy-coated anthracene microparticles (4 um diameter;
coated with a nominal PPy overlayer thickness of 30 nm) at an aluminum foil target with a mean
thickness of 110 um. The target chamber was evacuated to less than 0.5 mbar while firing the
gun, and the shot speed was determined to be 1.87 km s (£0.5%). After this shot, the aluminum
foil target was examined using a Hitachi S4700-N FEG-SEM instrument equipped with a Bruker

Xflash EDX detector to identify impact craters caused by the impinging microparticles.

5.3 Results and Discussion

5.3.1 Preparation of Anthracene Microparticles via Ball milling

As demonstrated in Chapters 3 and 4, ball milling can be used to prepare micron-sized particles
of molecular organic crystals. It is thought that the same approach could be applicable to PAHs
such as anthracene, which form relatively large crystals. Accordingly, ball milling was used to
prepare aqueous dispersions of anthracene microparticles using a commercially available anionic
polymeric dispersant (Morwet D-425) to prevent aggregation of the microparticles via a steric

stabilization mechanism.383°

Two commercial ball milling devices were examined: an IKA Ultra-Turrax tube drive was used
to mill relatively small quantities of material, while a planetary ball mill enabled larger
(multigram) quantities to be processed. A substantial reduction in the mean size of the anthracene
microparticles was achieved in both cases. Figure 5.2a shows the laser diffraction size

distributions obtained for the initial anthracene crystals and the anthracene microparticles
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obtained after grinding an aqueous suspension of anthracene for 30-90 min in the presence of
Morwet D-425 dispersant using the tube drive. This particle sizing technique reports a “sphere-
equivalent” volume—average diameter, d(0.5), which is defined such that 50% of the particles fall
below this size. The as-supplied anthracene crystals have an initial volume—average diameter of
302 + 65 pm, but this was reduced to 7 + 2 pm within a milling time of 30 min. Longer milling
times (60-90 min) produced reasonably uniform microparticles with a volume—average diameter

of 4 + 2 um, but thereafter, there was little or no further reduction in mean particle size.

Unmilled
(a) 30 min d(0.5) =302 £ 65 um
d(0.5)=7t2um

60 min
d(0.5) =52 um

90 mins
d(0.5) =42 um

0.1 1 10 100 1000
Particle Diameter (um)

60 min
(b) d(0.5) =412 um
120 min Unmilled
d(0.5)=3+t2um d(0.5) =302 £ 65 um
180 min
d(0.5)=2+2 um

0.1 1 10 100 1000
Particle Diameter (um)

Figure 5.2. Laser diffraction particle size distribution curves obtained for the reduction in anthracene
particle size via ball milling in the presence of Morwet D-425 dispersant using (a) the 1KA Ultra-Turrax
tube drive and (b) Retsch planetary ball mill.
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Even smaller microparticles could be achieved using the planetary ball mill (Figures 5.2b).
However, the latter technique usually gave broader size distributions owing to the formation of a
population of relatively fine particles. It is noteworthy that mean anthracene microparticle
diameters of 2—4 pum are comparable with that expected for PAH-based microparticles in space.
For example, the NASA Stardust mission collected similar-sized cometary dust within its aerogel
targets during a cometary fly-by at 6.1 km s71.4%41 Moreover, the plumes of water erupting from
the interior of the Jovian satellite Europa and the Saturnian satellite Enceladus are also believed

to contain microparticles within this size range.*24

The aqueous dispersion of 4 pm anthracene microparticles was purified to remove excess non-
adsorbed dispersant. This was achieved by three centrifugation—redispersion cycles, with careful
decantation of each supernatant prior to redispersion of the sedimented microparticles. Laser
diffraction studies indicated no change in the mean anthracene particle size after washing,

suggesting a colloidally stable dispersion (Figure 5.3).

Uncoated anthracene after

milling + 3x centrifugation
redispersion cycles

d(0.5)=4.1+2.0 um

Uncoated anthracene
solution after milling
d(0.5)=4.0% 2.1 pm

1 10
Particle diameter (um)
Figure 5.3. Laser diffraction particle size distribution curves recorded for uncoated anthracene

microparticles obtained immediately after ball milling (black curve) and after centrifugal purification to
remove the excess Morwet D-425 dispersant (red curve).
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Solution densitometry was used to monitor the concentration of the Morwet D-425 dispersant in
the agueous phase before and after ball milling (Figure 5.4). A linear calibration plot was obtained
for solution density vs. Morwet D-425 concentration. This relationship was used to calculate the
Morwet D-425 concentration remaining in the aqueous supernatant after ball milling to produce:
(a) 2 um anthracene microparticles and (b) 4 um anthracene microparticles. In each case, an initial
concentration of 2.50% was used to prepare the anthracene dispersion. The solution densities
determined for the aqueous supernatants in (a) and (b) indicated Morwet D-425 concentrations of
2.19% and 2.40%, respectively (Figure 5.4). Based on the initial mass of anthracene, the latter
measurement indicated that the 4 pm anthracene microparticles contained approximately 0.50%
Morwet D-425 by mass. As expected, the 2 um anthracene microparticles contained a higher

Morwet D-425 content (1.50% by mass).
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Morwet D-425 Concentration (%)

Figure 5.4. Linear calibration plot obtained for solution density vs. Morwet D-425 concentration. This
relationship was used to calculate the Morwet D-425 concentration remaining in the aqueous supernatant
after ball milling to produce: (a) 2 um anthracene microparticles and (b) 4 um anthracene microparticles.
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5.3.2 Coating Anthracene Microparticles with Polypyrrole

PPy is readily prepared in agueous solution using mild chemical oxidants such as FeCls. It is
usually obtained in the form of an insoluble macroscopic precipitate that has a distinctive globular
morphology, but it is well known that PPy can be deposited onto various types of colloidal
particles with good control over its coating thickness.?>3"4 This aqueous deposition process
works rather well for hydrophobic substrates such as polystyrene latex but is less suitable for
hydrophilic substrates such as silica, for which chemical modification of the surface is usually
required.?>45-4" However, for the highly hydrophobic anthracene microparticles reported herein,

the aqueous deposition of PPy was expected to be straightforward.

Accordingly, the pyrrole monomer and FeCls;.6H,O oxidant were added to an aqueous dispersion
of anthracene microparticles, and the pyrrole polymerization was allowed to proceed for 24 h at
20 °C. The PPy-coated anthracene microparticles were then subjected to three centrifugation—
redispersion cycles to remove the spent oxidant and any unreacted pyrrole prior to freeze-drying
overnight (Figure 5.5). Some of this purified aqueous dispersion was retained for particle size

analysis.

(i) Centrifugal
purification

a»

Anthracene (i) Freeze-dry

Dispersion Powder

(i) Centrifugal purification
(i) Pyrrole, FeCl;, 20 °C, 24 h

(i) Centrifugal
purification

»

F (ii) Freeze-dry
‘ \ 10-30 nm

Dispersion PPy overlayer Powder

Figure 5.5. Schematic representation of the aqueous deposition of an ultrathin PPy overlayer onto the
surface of ball milled Morwet-stabilized anthracene microparticles.
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5.3.3 Characterization of Polypyrrole-coated Anthracene Microparticles

The mean particle size of the purified PPy-coated anthracene microparticles was assessed using
laser diffraction (Figure 5.6). The dried black powder proved to be relatively hydrophobic, so a
wetting agent, Aerosol OT-B (0.01% w/w based on PPy-coated anthracene microparticles), was
required to disperse it. A volume—average diameter of approximately 6 + 3 um was determined,
which was significantly larger than what was expected, given that a PPy overlayer of just 20 nm
was targeted. This indicates incipient flocculation of the PPy-coated anthracene microparticles
during drying, which is not unexpected in view of the relatively high Hamaker constant for this
conducting polymer.“® However, ultrasonication for 3 min just prior to laser diffraction analysis
enables the microparticle floccs to be broken up. This protocol produces a volume—average
diameter of 4.3 £ 2.1 um, which is comparable to that of the original uncoated Morwet-stabilized

anthracene microparticles (Figure 5.6).

PPy-coated anthracene
microparticles after sonication
d(0.5)=4.3+2.1 um

PPy-coated anthracene
microparticles
(redispersed after
freeze-drying)
d(0.5)=6.3+3.1 um

Uncoated anthracene
microparticles
d(0.5)=4.1+£2.0 um

I 1 T 1

0.1 1 10 100
Particle diameter (um)

Figure 5.6. Laser diffraction particle size distribution curves recorded for an aqueous suspension of
uncoated anthracene microparticles (red) and PPy-coated anthracene microparticles before (black) and after
(blue) ultrasonication.

Optical microscopy images of the milled anthracene microparticles obtained using Morwet D-
425 were in good agreement with the laser diffraction measurements (Figure 5.7a,c). The visual
appearance of the PPy-coated anthracene microparticles did not differ significantly from that of
the uncoated anthracene microparticles (Figure 5.7b,d). This is attributed to the rather low

conducting polymer mass loadings and hence relatively thin overlayers (see Table 5.1). It is
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perhaps worth emphasizing that the PPy grain size is around 5-10 nm,* so a PPy thickness of 10
nm is essentially the thinnest coating that can be targeted to achieve a contiguous overlayer, which
is required for the efficient accumulation of surface charge in van de Graaff accelerator

experiments.16-21

(c) Uncoated 2 um anthracene particles

(a) Uncoated 4 um anthracene particles

(d) PPy-coated 2 um anthracene particles

(b) PPy-coated 4 um anthracene particles

Figure 5.7. Optical microscopy images recorded for (a) uncoated and (b) PPy-coated 4 um anthracene
microparticles (PPy overlayer thickness = 20 nm) and (c) uncoated and (d) PPy-coated 2 um anthracene
microparticles (PPy overlayer thickness = 20 nm).

Scanning electron microscopy (SEM) images obtained for PPy bulk powder are shown in Figure
5.8 and indicate a distinctive globular morphology similar to that reported in the literature.*
Further SEM studies confirmed that the milled anthracene microparticles were somewhat ill-
defined in terms of their size and morphology (Figure 5.9a,b). Nevertheless, the mean
microparticle dimensions are consistent with those indicated by optical microscopy and laser
diffraction studies. There is also some evidence for an unusual perforated, porous surface

morphology. Targeting a PPy loading of 3.5% by mass (mean coating thickness = 20 nm)
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produced a relatively uniform overlayer (Figure 5.9¢,d). The deposited PPy overlayer has a

distinct globular morphology that resembles that of PPy bulk powder, albeit with finer features.

Figure 5.8. Scanning electron microscopy images recorded for polypyrrole bulk powder, which has a
distinctive globular morphology.

Figure 5.9. SEM images recorded for (a,b) uncoated 4 pm anthracene microparticles and (c,d) PPy-coated
4 pm anthracene microparticles (PPy mass loading = 3.5%, corresponding to a mean coating thickness of
20 nm).
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The same PPy morphology was observed on smaller 2 um anthracene microparticles, which were
coated with a target overlayer of 20 nm (Figure 5.10). A similar surface morphology has been
observed for other PPy-coated particles.3” Moreover, the surface voids observed for the uncoated
anthracene microparticles were no longer visible for the PPy-coated anthracene microparticles

(Figure 5.9d and 5.10b).

Figure 5.10. SEM images recorded for (a) uncoated 2 um anthracene microparticles and (b) PPy-coated 2
pum anthracene microparticles (target PPy mass loading = 6.7 %, corresponding to a mean target coating
thickness of 20 nm).

The nitrogen content of PPy bulk powder is 15.9% by mass (see Table 5.1). However, the highest
target PPy mass loading for the anthracene microparticles (which have zero nitrogen content) was
6.7%, which means that their nitrogen contents should be of the order of 1.0% by mass. Given
that the generally accepted accuracy for nitrogen microanalysis is typically +0.30%, this
technique is clearly not very reliable for compositional analysis of this particular system.
Nevertheless, we conducted nitrogen microanalyses of PPy bulk powder and the four examples
of PPy-coated anthracene microparticles (see Table5.1). Within the admittedly large
experimental uncertainty, the PPy mass loadings calculated from the nitrogen microanalyses are
consistent with those targeted, with higher PPy loadings being obtained when coating finer

anthracene microparticles (2 vs 4 um diameter).
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Transmission mode FT-IR spectra recorded for PPy bulk powder, milled anthracene
microparticles prepared using the Morwet D-425 dispersant, and a series of PPy-coated
anthracene microparticles are shown in Figure 5.11. The latter three samples exhibit strong bands
at 1550, 1180, and 1030 cm?, corresponding to the PPy overlayer, which became more intense

as thicker PPy overlayers are targeted.

1
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Figure 5.11. FT-IR spectra recorded for (a) PPy bulk powder; (b) uncoated milled 4 um anthracene
microparticles prepared using the Morwet D-425 dispersant; (c) 4 um anthracene microparticles coated
with a nominal 10 nm PPy overlayer; (d) 4 um anthracene microparticles coated with a nominal 20 nm PPy
overlayer; and (e) 4 um anthracene microparticles coated with a nominal 30 nm PPy overlayer.
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Raman spectra recorded for PPy bulk powder, pure anthracene, and PPy-coated anthracene
microparticles are shown in Figure 5.12. The Raman spectrum for pure anthracene exhibited
strong sharp bands at 121, 395, 752, 1401, and 1556 cm™*, which correspond well to those reported
in the literature.®® The PPy bulk powder reference spectrum exhibited strong broad bands at 925,
1066, 1237, 1370, and 1592 cm™, which are in good agreement with our previously reported

observations.*49
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Figure 5.12. Raman spectra recorded for (a) pure anthracene crystals, (b) PPy-coated 4 pm anthracene
microparticles (target PPy overlayer thickness = 10 nm), (c) PPy-coated 4 um anthracene microparticles
(target PPy overlayer thickness = 20 nm), and (d) PPy bulk powder. The five most intense Raman lines in
the pure anthracene crystals are at 121, 395, 752, 1401, and 1556 cm™ (see vertical dashed lines), which is
in good agreement with the literature.® The two spectra obtained for the PPy-coated anthracene
microparticles are both dominated by signals from the conducting polymer component owing to a resonance
Raman effect.

The Raman spectrum recorded for the anthracene microparticles coated with a nominal 10 nm
PPy overlayer is strikingly similar to that recorded for the PPy bulk powder, with relatively weak
bands attributable to the underlying anthracene being observed at 121, 395, 752, and 1401 cm~

15155 There is also some evidence for the 1556 cm™ band as a rather weak shoulder on a strong
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PPy band. The first four bands are also present for the anthracene microparticles coated with a
nominal 20 nm PPy overlayer, although they are all somewhat attenuated (compare Figure 5.12b
and Figure 5.12c). These observations are rather remarkable, given that the 10 nm PPy-coated
anthracene microparticles contain more than 98% anthracene by mass (see Table 5.1). Similar
observations have been previously reported for PPy-coated latex particles and have been
explained in terms of a resonance Raman effect. This leads to efficient absorption of the incident
laser light by the conducting polymer overlayer, which causes obscuration of the underlying

substrate. 304151

It is perhaps worth emphasizing that such attenuation is much weaker for infrared radiation
(see Figure 5.11). In summary, these observations provide good evidence for a relatively
uniform, rather than patchy, PPy overlayer at the surface of the anthracene microparticles. Such
a core=shell morphology is highly desirable if such synthetic mimics are to be useful in the context
of space science applications. For light gas gun experiments, it means that the PPy overlayer can
serve as a sacrificial layer with a strong spectroscopic signature, which makes such microparticles
potentially useful when assessing the likely extent of thermal ablation suffered by PAH dust
grains during their capture within aerogel targets at hypervelocities of 1-6 km s1.3® Similarly, a
contiguous PPy overlayer should enable the efficient accumulation of surface charge, which is a
prerequisite for acceleration up to the hypervelocity regime when using a van de Graaff

instrument.1”-?

Zeta potential versus pH curves were determined for both the milled anthracene microparticles
and the PPy-coated anthracene microparticles via aqueous electrophoresis (see Figure 5.13). The
former microparticles exhibited negative zeta potentials (approximately —40 to —50 mV)
regardless of the solution pH, which is consistent with the surface presence of the anionic Morwet
D-425 dispersant. In contrast, the PPy-coated anthracene microparticles exhibited an isoelectric
point at around pH 7.7 and acquired cationic character at low pH (e.g., +30 mV at pH 3). These
observations are consistent with the deposition of an electrically conductive PPy overlayer at the

surface of the anthracene microparticles.
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Figure 5.13. Zeta potential versus pH curves recorded for (a) 4 um anthracene microparticles prepared

using the anionic Morwet D-425 dispersant and (b) PPy-coated 4 um anthracene microparticles (nominal
overlayer thickness = 20 nm).

The milled 4 um anthracene microparticles prepared using the Morwet D-425 dispersant, PPy
bulk powder, and a series of PPy-coated anthracene microparticles were studied using XPS. In
addition to the expected strong C1s signal, the survey spectrum recorded for the milled anthracene
microparticles also contained Si2s and Si2p signals (Figure 5.14). These features are attributed
to the silicone-based antifoam agent, which is not fully removed after the centrifugation—
redispersion wash cycles. A weak S2p signal was also discernible, which is assigned to the anionic

sulfonate groups of the Morwet D-425 dispersant.
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Figure 5.14. X-ray photoelectron survey spectra recorded for (a) uncoated milled 4 pm anthracene
microparticles prepared using the Morwet D-425 dispersant; (b) PPy-coated 4 pm anthracene microparticles
(nominal overlayer thickness = 10 nm); (c) PPy-coated 4 um anthracene microparticles (nominal overlayer
thickness = 20 nm); (d) PPy-coated 4 um anthracene microparticles (nominal PPy overlayer thickness = 30
nm); and (e) PPy bulk powder.

As expected, the survey spectrum obtained for PPy bulk powder contains both N1s and CI2p
signals.® These signals are also detected in the spectra recorded for the series of three PPy-coated
anthracene microparticles (nominal PPy overlayer thicknesses = 10, 20 and 30 nm). Comparing
the relative intensities of the O1s and N1s signals for each of these three spectra, it is clear that
the latter signal becomes progressively stronger as thicker PPy overlayers are targeted. The CI/N
atomic ratio calculated for the PPy bulk powder spectrum is 0.23, which is consistent with the
chloride-doped, electrically conductive form of this organic polymer.*55” Similar CI/N atomic
ratios (0.22-0.30) were determined for the PPy overlayers deposited at the surface of the
anthracene microparticles. Moreover, the S2p and Si2s/Si2p signals assigned to the Morwet D-
425 dispersant and the silicone defoamer, respectively, gradually become attenuated as higher
mass PPy loadings are targeted. It is also noteworthy that the survey spectra recorded for the PPy

bulk powder and the PPy-coated anthracene microparticles (nominal PPy overlayer thickness =
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30 nm) are strikingly similar. Such observations are understandable given the highly surface-

specific nature of XPS analysis, which has a typical sampling depth of not more than 10 nm.5®

Finally, C1s core-line spectra for selected samples are shown in Figure 5.15. Interestingly, the
C1s core-line spectrum recorded for the uncoated anthracene microparticles (Figure 5.15a) is
significantly shifted in its binding energy compared to those recorded for PPy alone (Figure
5.15e) and the three examples of PPy-coated anthracene microparticles (Figure 5.15b-d). This
provides good evidence that the former sample is electrically insulating, whereas the latter four

samples are electrically conductive, as expected.*
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Figure 5.15. X-ray photoelectron C1s core-line spectra recorded for: (a) uncoated 4 pum anthracene
microparticles prepared using the Morwet D-425 dispersant; (b) PPy-coated 4 pm anthracene
microparticles (nominal overlayer thickness = 10 nm); (c) PPy-coated 4 um anthracene microparticles
(nominal overlayer thickness = 20 nm); (d) PPy-coated 4 um anthracene microparticles (nominal PPy
overlayer thickness = 30 nm); (e) polypyrrole bulk powder.
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5.3.4 Light Gas Gun Experiments and Impact Crater Analysis

A preliminary hypervelocity experiment was conducted using a two-stage light gas gun?’ to fire
PPy-coated 4 um anthracene microparticles (nominal PPy overlayer thickness = 30 nm) at 1.87
km st into an aluminum foil target (mean foil thickness = 110 pm). Subsequent SEM studies of
this target revealed impact craters created by the impinging microparticles (see Figure 5.16a).
These craters are relatively shallow, with barely raised lips at their edges. There is no visible sign
of significant projectile fragments or residue lining the craters. Nevertheless, a faint ring of
carbonaceous debris is discernible when the same crater is subjected to X-ray elemental mapping
analysis (see Figure 5.16b). Some larger carbon-rich fragments are also visible that may also
originate from the impinging projectile. However, we cannot be certain that the latter debris does

not originate from contamination by the sabot employed in this light gas gun experiment.

Figure 5.16. (a) SEM image of an impact crater formed by firing PPy-coated anthracene microparticles (4
pm diameter; coated with a nominal PPy overlayer thickness of 30 nm) at an aluminum foil target (mean
thickness = 110 pm) at 1.87 km s using a two-stage light gas gun. (b) Corresponding elemental carbon
image obtained when using X-ray elemental mapping to examine the same impact crater. Carbonaceous
debris is discernible as a faint crater ring, with some larger fragments also being visible (see main text for
further details).

These observations can be compared to earlier attempts to simulate what would happen if organic
microparticles entrained in the water plumes emitted from icy satellites of Jupiter and Saturn (i.e.,
Europa and Enceladus, respectively) were to be intercepted by a passing spacecraft. For example,
New et al.*® fired poly(methyl methacrylate) microparticles of 4, 6, and 10 um diameter at five

different metal targets (including aluminum) at hypervelocities ranging from 0.5 to 3 km s
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Below the hypervelocity regime (<1 km s), the impinging microparticles either adhered or
rebounded. At hypervelocities of around 1 km s%, imprints were left in the surface of the metal
target, with carbon residues being detected by X-ray elemental mapping analysis. At 2-3 km s,
craters lined with partially melted residues were obtained. Up to and including impacts at 2 km s~
! Raman microscopy studies confirmed the presence of PMMA fragments, but at higher speeds,
no such debris was found. This is consistent with the prior work by Burchell and co-workers,*
who found that PPy-coated polystyrene microparticles of 20 pm diameter survived intact when
fired at aerogel targets at up to 2 km s* but underwent extensive thermal ablation when impinging

at higher hypervelocities.

Separately, Burchell and Harriss® recently reported that firing polystyrene and PMMA
microparticles at aluminum targets at 5 km s produced impact craters that were solely lined with
carbonaceous residues-there were no identifiable polystyrene or PMMA residues. The
preliminary data reported herein extend the growing number of hypervelocity impact studies
involving organic microparticles to include PAH-rich projectiles. Moreover, they suggest that the
chemical nature of the projectile is an important factor, so the earlier observations made for
PMMA microparticles cannot be assumed to be valid for all types of organic microparticles. Thus,
given the ubiquity of PAH throughout the universe, it is clearly important to develop suitable

synthetic mimics to understand the behavior of this type of organic cosmic dust.

5.4 Conclusions

The simplest member of the PAH family, anthracene, can be conveniently prepared in the form
of microparticles by ball milling macroscopic organic crystals using a commercial polymeric
dispersant (Morwet D-425). These precursor microparticles were then coated with PPy, an air-
stable electrically conductive polymer. Both the original uncoated microparticles and the PPy-
coated microparticles were characterized by optical microscopy, laser diffraction, aqueous
electrophoresis, SEM, vibrational spectroscopy, and XPS. These techniques are consistent with

the presence of an ultrathin contiguous overlayer of PPy on the surface of the anthracene
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microparticles. Such microparticles are expected to be useful synthetic mimics for PAH-rich

cosmic dust, which is found throughout the universe. Finally, we demonstrate that a light gas

gun?”*334 can be used to accelerate such microparticles up to the hypervelocity regime. Moreover,

we note that the electrically conductive nature of the PPy overlayer should enable the efficient

accumulation of surface charge!’?"3 and hence provide access to higher hypervelocities using a

van de Graaff accelerator. In such experiments, this overlayer is also likely to be a useful

sacrificial layer for assessing the extent of thermal ablation of such microparticles during their

capture within aerogel targets.*®
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Over the last twenty years or so, pseudo-living radical polymerization techniques have
underpinned substantial developments in synthetic polymer chemistry. In particular, RAFT
polymerization has become a widely used method for the efficient synthesis of amphiphilic
diblock copolymers, which can undergo polymerization-induced self-assembly (PISA) to form

nano-objects in the form of concentrated colloidal dispersions.t?

Diblock copolymers have been utilized as dispersants for carbon black, silica, titanium oxide or
iron oxide particles.>® Interestingly, the use of diblock copolymer micelles for certain
agrochemical applications has already been patented by Syngenta.” However, the aim of such
prior studies was to moderate active ingredient (Al) release by creating a copolymer layer on the
surface of the Al particles, rather than using diblock copolymer nanoparticles as a dispersant.
Thus, the primary objective of the current PhD project was to examine whether diblock copolymer
nanoparticles could be used to prepare a range of agrochemical Als in the form of suspension

concentrates.

Accordingly, the RAFT aqueous emulsion polymerization of MMA using a non-ionic PGMA
stabilizer is explored in Chapter 2. Colloidally stable PGMA-PMMA diblock copolymer
nanoparticles could be prepared at 10% w/w solids but only flocculated nanoparticles were
produced when targeting DPs above 100 for the PMMA core-forming block.2 This was wholly
unexpected given that similar PGMA precursors have been used to target much higher DPs of
alternative hydrophobic core-forming blocks to produce relatively large spheres.®® Gyorgy et al.
recently reported similar colloidal instability problems: flocculated spheres were invariably
produced when targeting PMMA DPs at or above 108 for the PISA synthesis of PLMAz-PMMA
nano-objects in mineral oil.} For this non-polar formulation, nanoparticle aggregation appears to
be related to the relatively high Ty of the core-forming PMMA block. Interestingly, replacing the
non-ionic PGMA stabilizer with an anionic PMAA stabilizer enables colloidally stable
nanoparticles to be prepared when targeting PMMA DPs of up to 2000. Similar observations were

made when using a cationic PMETAC precursor to target PMMA DPs of up to 500. Clearly, the
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additional electrostatic repulsion between neighbouring polyelectrolytic chains provides

sufficient electrosteric stabilization to allow access to relatively large spherical nanoparticles.

Organosulfur-based RAFT chain end-groups confer a distinct malodor and intrinsic color, which
is undesirable for industrial applications.? In this Thesis, chain-end removal via visible light
irradiation has been briefly explored to address these problems, which are likely to prevent
commercialization of diblock copolymer nanoparticles for applications in agrochemical
formulations. Accordingly, blue LED light irradiation (A = 405 nm) was used in Chapter 2 to
cleave dithiobenzoate end-groups from a 10% w/w aqueous dispersion of PGMAs-
PMMAGg, nanoparticles. UV GPC studies indicated 87% end-group removal within 12 h at 80 °C.
Furthermore, the same visible light irradiation protocol was used to remove trithiocarbonate end-
groups from HOO-PGMAss-PMMAGg, nanoparticles. This method does not require any chemical
reagents and would likely only require dialysis to remove the small molecules. In principle, a
more intense visible light source might mean that the reaction temperature and/or reaction time
could be significantly reduced. Using UV irradiation is likely to offer similar benefits but such
shorter wavelengths may lead to copolymer degradation. Future work could also include
investigating how end-group removal via light irradiation is affected by varying the copolymer
composition, copolymer morphology (e.g. worms or vesicles), or the nature of the RAFT end-

group (e.g. xanthates or dithiocarbamates).

As reported in Chapter 2, PGMA-PMMA nanoparticles with appreciable anionic character could
be prepared using a carboxylic acid-functionalized RAFT agent. In as-yet-unpublished work
conducted during this PhD project (but not included in this Thesis), a morpholine-functionalized
trithiocarbonate-based PGMAus precursor was chain-extended via RAFT aqueous emulsion
polymerization of MMA to afford colloidally stable cationic PGMA-PMMA spherical
nanoparticles when targeting a PMMA DP of 80. Thus, PGMA-PMMA nanoparticles can be
prepared with comparable mean particle diameters with the steric stabilizer chain-ends bearing
neutral, anionic or cationic charge. An on-going collaboration with a senior Syngenta scientist

(Dr. P. Taylor) is focused on determining the effect of such terminal charge on the extent of
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nanoparticle adsorption at the oil-water interface. More specifically, physical adsorption of each
of the three types of nanoparticles from agueous solution onto giant (mm-sized) oil droplets is
monitored by studying their interfacial rheology at various pH values. Furthermore, the effect of
varying the chemical nature of the hydrophobic nanoparticle cores on the extent of interfacial
adsorption is currently being investigated by using the PGMA-PMMA, PGMA-BzMA and

PGMA-PTFEMA nanoparticles described within this Thesis.

Various diblock copolymer nanoparticles were evaluated as putative dispersants for six
agrochemical Als in Chapters 3 and 4. Initial attention focused on wet ball milling techniques to
reduce the particle size of macroscopic hydrophobic organic crystals of azoxystrobin, a widely-
used fungicide originally developed by Syngenta. Despite unexpected constraints being observed
for the PGMA-PMMA formulation (e.g. nanoparticle aggregation when targeting a PMMA DP
above 100), a colloidally stable dispersion of PGMAs,-PMMAGs, nanoparticles was prepared and
utilized to prepare azoxystrobin microparticles.*? Subsequently, the same nanoparticles proved to
be an effective generic dispersant for five further Als, which suggests that this new approach is
likely to be rather generic. Nanoparticle adsorption at the surface of each type of Al microparticle
was confirmed by electron microscopy, with the azoxystrobin microparticles also being
characterized by XPS and aqueous electrophoresis. Furthermore, these nanoparticle dispersants
proved to be as effective as a commercial water-soluble polymer dispersant (Morwet D-425). One
interesting finding was that the chemical nature of the hydrophobic core-forming block (e.g.
PMMA vs. PBzMA vs. PTFEMA) did not have a discernible effect on the milling efficiency of
the nanoparticles. Further changes to the nanoparticle composition were investigated in Chapter
4, including variation of the nature of the stabilizer block, the mean nanoparticle diameter, and
the glass transition temperature (Tg) of the core-forming block. Diblock copolymer nanoparticles
prepared using a non-ionic steric stabilizer proved to be more effective dispersants than
nanoparticles comprising either cationic or anionic steric stabilizer chains. Moreover,

nanoparticles with mean particle diameters of up to 51 nm were found to be optimum for efficient
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milling and lowering the T, of the core-forming block to produce relatively soft nanoparticles had

little, if any, effect on milling performance.

The majority of the diblock copolymer nanoparticles discussed in this Thesis have been prepared
via RAFT aqueous emulsion polymerization. However, PDMAC-PDAAM nanoparticles
synthesized via RAFT aqueous dispersion polymerization also proved to be an effective
dispersant for azoxystrobin. Moreover, only a relatively short milling time of 15 min was required
when using such PDMAC-PDAAM nanoparticles, compared to approximately 30 min when
using PGMA-PMMA nanoparticles. Thus the former system may offer a significant processing
advantage. In summary, this project has confirmed that a wide range of diblock copolymer
nanoparticles can act as effective dispersants for azoxystrobin and, most likely, many other

agrochemical Als.

Laser diffraction studies of selected agrochemical SCs indicated little or no change in their
apparent size on storage at 20 °C for up to 12 months, suggesting good stability over this
timescale. According to Syngenta scientists, commercial SC formulations require a shelf-life of
at least two years,*® therefore further long-term stability testing is desirable. This may involve
using standard industrial test methods. For example, SC stability could be monitored when
subjected to a temperature cycle to ensure that the Al properties are not affected by elevated
temperature. In principle, such experiments might also give some indication of the likely long-

term storage stability of such SCs within a shorter time frame.

This Thesis has focused solely on the preparation and use of spherical nanoparticles as
dispersants. However, alternative copolymer morphologies such as worms or vesicles can also be
accessed via PISA and have offered various potential applications ranging from stem cell storage
to next-generation lubricants for automotive engine oils to nanoparticle encapsulation and
controlled release.’**¢ Although beyond the scope of this project, such nano-objects might be
suitable for other agrochemical purposes. For example, vesicles could be used to encapsulate Als,

which may enable their transportation to the appropriate site. Alternatively, highly anisotropic
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worms could be effective rheological modifiers for SCs and therefore prevent sedimentation of

the Al microparticles during their long-term storage.

Finally, Chapter 5 described the preparation of 2-4 um sized anthracene microparticles through
similar ball milling techniques reported in Chapters 3 and 4. Ultimately, this crystalline
polyaromatic hydrocarbon (PAH) was not required as a model agrochemical Al system in this
PhD project. However, such anthracene microparticles could be coated with an ultrathin overlayer
of polypyrrole (PPy), which is an electrically conductive polymer. SEM, elemental microanalysis,
FT-IR spectroscopy, Raman spectroscopy and XPS studies were used to characterize the resulting
PPy-coated anthracene microparticles.'” Moreover, these PPy-coated anthracene microparticles
could be accelerated up to the hypervelocity regime using a light gas gun. Importantly, the
electrically conductive PPy overlayer should enable the efficient accumulation of surface charge
and hence provide access to higher hypervelocities when using a van de Graaff accelerator.®
Indeed, acceleration of these PPy-coated anthracene microparticles up to 20 km s has been
recently achieved by Dr. Z. Sternovsky and his team at U. Boulder, with subsequent impact

ionization producing intriguing preliminary mass spectra.

This work could be further extended by investigating alternative PAHs such as phenanthrene,
which consists of three benzene rings fused to give a non-linear structure. Although a structural
isomer of anthracene, phenanthrene has been reported to exhibit significantly greater chemical
stability.'® Moreover, phenanthrene has a melting point of 100 °C, whereas anthracene has a much
higher melting point of 216 °C.% Thus, it may be feasible to drip-feed molten phenanthrene into
an aqueous solution containing a suitable water-soluble polymeric dispersant to produce more
well-defined, spherical microparticles. If such microparticles can be coated with a thin overlayer
of PPy, then comparing their performance in various hypervelocity experiments could be of

considerable interest.
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