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Abstract

Abstract

Polymerization-induced self-assembly (PISA) has become a widely used technique for the
rational design of diblock copolymer nano-objects in concentrated aqueous solution.
Depending on the specific PISA formulation, reversible addition—fragmentation chain transfer
(RAFT) aqueous dispersion polymerization typically provides straightforward access to either
spheres, worms, or vesicles. In contrast, RAFT aqueous emulsion polymerization formulations
often lead to just kinetically-trapped spheres. This limitation is currently not understood, and
only a few empirical exceptions have been reported in the literature.

In the present work, the effect of monomer solubility on copolymer morphology is explored
for an aqueous PISA formulation. More specifically a water-soluble poly(methacrylic acid)
(PMAA,) stabilizer block is chain-extended with six methacrylic monomers exhibiting a range
of water solubililties; benzyl methacrylate (BzMA), 2,2,2-trifluoroethyl methacrylate
(TFEMA), n-butyl methacrylate (BMA), methyl methacrylate (MMA), 2-hydroxybutyl
methacrylate (HBMA) and 2-hydroxypropyl methacrylate (HPMA). These studies
demonstrated that non-spherical (anisotropic) nanoparticles were only obtained during
polymerization of HBMA. Using HBMA (aqueous solubility = 20 g dm™2 at 70 °C) for the
core-forming block allows access to an unusual “monkey nut” copolymer morphology over a
relatively narrow range of target degrees of polymerization when using a poly(methacrylic
acid) RAFT agent at pH 5. These new anisotropic nanoparticles have been characterized by
transmission electron microscopy, dynamic light scattering, aqueous electrophoresis, shear-
induced polarized light imaging (SIPLI), and small-angle X-ray scattering (SAXS).
Polymerization of each of the other five monomers only lead to the formation of spherical
nanoparticles, indicating that aqueous monomer solubility is indeed a key parameter for the
synthesis of higher-order morphology nanoparticles via PISA in aqueous media. The
PMAA-PMMA, series of spherical block copolymer nanoparticles are characterized in more
detail by SAXS and DSC and also evaluated as Pickering emulsifiers for the stabilization of
oil-in-water emulsions.

The PISA formulations described above are sufficiently robust to enable high-throughput
experiments to be performed using a commercial synthesis robot (Chemspeed Autoplant
A100). More specifically, RAFT aqueous emulsion polymerization of either BMA and/or
BzMA is used to prepare various examples of methacrylic multiblock copolymer
nanoparticles using a PMAA stabilizer block. Adequate stirring is essential to generate
sufficiently small monomer droplets for such heterogeneous polymerizations to proceed
efficiently. Good reproducibility can be achieved under such conditions, with well-defined
spherical morphologies being obtained at up to 45% wi/w solids. GPC studies indicated high
blocking efficiencies but relatively broad molecular weight distributions (B = 1.36 — 1.85),
suggesting the formation of well-defined (albeit rather polydisperse) block copolymer chains.
These preliminary studies provide a sound basis for high-throughput screening of RAFT-
mediated PISA formulations, which is likely to be required for commercialization of this
technology. Our results indicate that PISA formulations enable the synthesis of methacrylic
diblock and triblock copolymer nanoparticles in high overall yield (94-99%) within 1-3 h at
70 °C. However, tetrablocks suffer from incomplete conversions (87-96% within 5 h) and
hence most likely represent the upper limit for this approach.

Finally, BMA is replaced with hexyl methacrylate (HXMA) in order to prepare a series of
diblock, triblock and tetrablock copolymer nanoparticles that form films at room temperature.
The resulting block copolymers are evaluated by NMR, DLS, TEM and GPC, and the
corresponding films are analyzed by visible absorption spectroscopy, DSC and SAXS.
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Chapter 1: Introduction

1.1.  Polymer Science

Polymers are ubiquitous in modern life. They can be found in a vast array of items
from the everyday (e.g. cooking utensils, clothing, plastic bags, food packing, new
bank notes) to more specialty items (e.g. bullet-proof vests, resins, coatings and
medical devices). Polymers are also prevalent in nature and help form the basis of life
(e.g. deoxyribonucleic acid (DNA), proteins, carbohydrates, polysaccharides and

cellulose).

A single polymer is formed of many repeat units (monomers) covalently-bonded
together to form a long chain molecule.! The mean number of repeat units per chain
is termed the number-average degree of polymerization (DP). If a polymer is
composed of only one monomer (all the repeat units are identical) it is known as a
homopolymer. A polymer containing two or more monomers is known as a
copolymer. The order and sequence of such monomers determines whether linear

copolymers have statistical, alternating or block architectures (Figure 1.1).?

Homopolymer A-A-A-A-A-A-A-A-A-A-A-A
Statistical copolymer A-B-A-A-A-B-A-B-B-A-B-B
Alternating copolymer A-B-A-B-A-B-A-B-A-B-A-B
AB diblock copolymer A-A-A-A-A-A-B-B-B-B-B-B

ABA triblock copolymer A-A-A-A-A-A-B-B-B-B-B-B-A-A-A-A-A-A
ABC triblock copolymer A-A-A-A-A-A-B-B-B-B-B-B-C-C-C-C-C-C

Figure 1.1 Schematic representation of various linear copolymer architectures, where A, B and C
represent different monomers.* 2

As each polymer chain can have a different number of monomer repeat units, polymers
do not have a finite molecular weight but a distribution of molecular weights.
Typically, molecular weight averages are reported as the number-average molecular

weight (My) and the weight-average molecular weight (Mw). These terms are defined
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by Equation 1.1 and Equation 1.2 respectively, where n; is the number of chains

consisting of i repeat units and M; is the molar mass of these chains.

_ EniMi 1.1
no Zni
Z’l’liMiZ 1.2
M, = ———
an’Ml'

The breadth of the molecular weight distribution (MWD) is often reported as the
polydispersity (PDI) or the molar-mass dispersity (D). The International Union of Pure
and Applied Chemistry (IUPAC) recommends the use of dispersity (D) therefore this
term will be used exclusively in this Thesis.® The dispersity is given by the ratio of My

to M, as shown in Equation 1.3.

1.3

In an ideal synthesis, the molecular weight of every single polymer chain would be
identical, giving a B value of unity. However, such perfect control cannot be achieved
in practice. For current polymerization techniques, broad MWDs are characterized by
P > 1.5 and narrow MWDs are characterized by B < 1.5.*

1.2. Polymerization Techniques

1.2.1. Free Radical Polymerization

Free radical polymerization is a widely-used technique for the synthesis of polymers
on an industrial scale.® It is applicable to a wide range of functional vinyl monomers,
can be performed in both protic and aprotic solvents and is tolerant to trace impurities
(such as inhibitors).® In addition, it can be performed under a range of physical
conditions such as bulk, solution, dispersion, emulsion or suspension.” The
polymerization involves three distinct steps: (i) initiation, (ii) propagation and (iii)

termination, as outlined by the mechanism shown in Figure 1.2.
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Initiator (I,) ——<—> 2l Initiator decomposition

|® + M ———> |-M (or Pn). Monomer initiation

P, + M ke Ppes Propagation
P L] ktrl ° o

n + I, ——— P, + | Transfer to initiator

kt
P,,. + M — T 5 P, + M* Transfer to monomer
. Kirs .

P, + s ——»P, + S Transfer to solvent
Pn. + P, Kirpoly P, - Px. Transfer to polymer
P, + Pm' Kic > Poim Termination by combination
Pn' + Pm' L P= + P,H Termination by disproportionation

Figure 1.2 The free radical polymerization mechanism consists of three main steps: (i) initiation, (ii)
propagation and (iii) termination. Possible radical transfer steps are also shown. |- = initiator radical,
M = monomer, Py and Pn* = propagating polymer radical, Px and Pn+m = dead polymer chain and
S = solvent.

An initiator is typically added to the formulation to act as the radical source. Azo
compounds or peroxides are often used as free radical initiators (Figure 1.3). These
undergo homolytic scission via thermolysis to generate two radicals.! Other initiator
decomposition methods can be used to generate radicals such as photolysis, redox
chemistry or electromagnetic radiation. However, these will not be discussed further

as only thermal initiators have been used in this Thesis.
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Figure 1.3 Formation of free radicals via thermal decomposition of two common types of free radical
initiators; (a) benzoyl peroxide and (b) 4,4 -azobis-4-cyanopentanoic acid.

The thermal initiator and reaction temperature are carefully selected in order to
provide an adequate radical flux at the desired polymerization temperature. Typically,
the rate constant for initiator decomposition (kg) should be approximately
10* - 10 528 The half-life, ti, is often used to express the decomposition rates of
different initiators. It describes the time taken for the initiator concentration to reduce
to half its original value and is calculated using Equation 1.4. Initiators are often
ranked according to the characteristic temperature at which their half-life is equal to
10 h. For example, 4,4-azobis(4-cyanovaleric acid) (ACVA) has a 10 h half-life of
69 °C, 2,2’-azobisbutryonitrile (AIBN) has a 10 h half-life of 65 °C, 2,2’-azobis(2-(2-
imidazolin-2-yl)propane dihydrochloride (VA-044) has a 10 h half-life of 44 °C.

t — ln_z 14
1/2 Ky

The rate of thermal decomposition of the initiator is slow compared to the rate of
monomer initiation. Therefore, the overall rate of initiation (R;) for a thermal initiation
can be expressed by Equation 1.5. This takes into account kg, the initiator efficiency
(f) and the generation of two radicals per initiator molecule. The initiator efficiency
describes the ability of the radical to react with monomer as opposed to undergoing
recombination. The rate of initiator decomposition is relatively slow; hence this is

considered to be the rate-determining step.

dll] 1.5
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Once the initiator radical (I-) has been generated, it can react with a vinyl monomer
(M) to produce an active radical center (I-M-). This active radical center then reacts
with further monomer to become the propagating polymer radical (Pn*). The rate for
the addition of each monomer unit (Rp) is assumed to be independent of DP, as

outlined in Equation 1.6.

d[M] _ 1.6

Propagation continues until two polymer radicals react with each other, causing chain
termination. There are two mechanisms for chain termination: combination and
disproportionation. When chain termination occurs via combination, the resulting
polymer chain (Pn+m) has a molecular weight equal to the sum of that of the two
polymer radicals (Pn + Pm). In contrast, if termination occurs via disproportionation, a
hydrogen atom is abstracted by one polymer radical from the other. This results in one
polymer chain with a terminal vinyl group (P»=) and one hydrogen-capped polymer
chain (Pm-H). Partly as a result of these two termination mechanisms the molecular
weight distribution of the final polymer can be relatively broad. These termination
reactions occur to differing degrees depending on the monomer type. Termination by
combination is the predominant mechanism for styrene, whereas disproportionation is
more prevalent for methacrylates.® The overall rate of termination (Ry) is given by in
Equation 1.7, where ki = ki + kiq.

d[P’] 1.7
Rt = —T = Zkt[P']z

Typically, the rate of termination is considerably faster than the rate of propagation.’
Therefore, in order to synthesize high molecular weight polymers, polymerizations
must be performed under conditions where Rt < Rp. As Ry is second-order with respect
to radical concentration (Equation 1.7) but Ry is first-order (Equation 1.6) this can be
achieved by keeping the radical flux relatively low. During free radical
polymerization, chain transfer reactions can also occur between the polymer radicals
and the initiator, monomer, solvent or dormant polymer chains (see Figure 1.2). These

side reactions can result in cross-linking or branching, thus impacting the molecular
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weight and the dispersity (D) of the final polymer chains. However, these reactions do
not have a significant impact on the overall rate of polymerization. Instead, only the
rates of initiation, propagation and termination influence the overall rate of

polymerization (Rpoiym). Accordingly, Rpoiym Can be expressed by Equation 1.8.

Fleall] 18

ke

Rpolym = kp [M]

The kinetic chain length (v) is defined as the average number of monomer units
consumed per active radical and is given by the ratio of the rate of propagation to the
rate of termination.® For a thermally-initiated polymerization, this can be calculated
using Equation 1.9, and depends on the initiator efficiency (f) and the rate constants

for initiator decomposition (kq), propagation (kp) and termination (k).

Ry  kp[M] 1.9

Re  2.[Fkak,I]

The kinetic chain length can be used to calculate the DP, dependent on whether the
mechanism of termination occurs by combination (Equation 1.10) or by

disproportionation (Equation 1.11).8

Combination DP =2v 1.10

Disproportionation DP =v 1.11

Despite being widely used in industry, there are some significant drawbacks to free
radical polymerization. In particular, control over the molecular weight distribution is
difficult to achieve and it is impossible to synthesize pure block copolymers.” Broad
molecular weight distributions result from the short life-time of the propagating chains
(<<1 s), and the slow rate of initiation relative to the rate of propagation (Ri < Rp)

which causes high molecular weight polymers to be formed relatively quickly.’
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1.2.2. Conventional Dispersion Polymerization

Free radical dispersion polymerization has been widely used since it and was first
reported by scientists working for Imperial Chemical Industries (ICI) in 1962.%° The
development of dispersion polymerization has important applications for the coatings
industry. By identifying the conditions required for the synthesis of stable latex
particles in either non-polar or polar solvents, coating formulations could be prepared
with high polymer content (> 50% by mass) without a substantial increase in solution

viscosity.

Fundamental research into dispersion polymerization was also conducted by Rohm &
Haas in the USA.1! This company examined the synthesis of latex particles in organic
solvents with the aim of formulating coatings for use in extreme temperatures (cold
climates or inside drying ovens) and pressures. Rohm & Haas scientists also
investigated aqueous dispersion polymerization in order to simplify aqueous syntheses

which required numerous purification steps.

The mechanism of particle formation via dispersion polymerization was studied by
Shen et al.*? In a dispersion polymerization, the reaction solution is initially
homogeneous with the monomer, initiator and stabilizer all being soluble in the
continuous phase (Figure 1.4, Stage 1). Initially, the polymerization proceeds in
solution because the shorter chains (oligomers) are soluble (Figure 1.4, Stage 2). As
the chains grow they become increasingly hydrophobic causing the polymer chains to
aggregate and form particle nuclei (Figure 1.4, Stage 3).2 In the absence of any
polymeric stabilizer, these nuclei would simply form a macroscopic precipitate.
Initially, the nuclei are not fully stabilized by the polymeric stabilizer, this makes them
unstable with respect to aggregation. The polymeric stabilizer adsorbs onto the
aggregated nuclei to form fully-coated colloidally stable particles (Figure 1.4,
Stage 4). These particles become monomer-swollen as monomer diffuses from the
aqueous phase into the particle cores. As the polymerization proceeds, the particles
continue to grow until all monomer has been consumed (Figure 1.4, Stage 5), forming

sterically-stabilized latex particles (Figure 1.4, Stage 6).

Initially the majority of dispersion polymerizations were performed in non-agqueous
solvents (e.g. non-polar solvents or alcohol).*? 1" Subsequently, aqueous dispersion

polymerizations were also conducted,’®?? including the polymerization of
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2-hydroxypropyl methacrylate (HPMA) using poly(N-vinylpyrrolidone) (PNVP) as

the steric stabilizer.'® The steric stabilizer can be a soluble homopolymer,? a block®®

or a graft polymer?3, or it can be a polymer containing a polymerizable functionality.'®

16 The effect of the steric stabilizer on the polymerization of styrene in both polar

solvents®® and aqueous** media has been well-studied. One limitation of dispersion

polymerization is that it requires a solvent-miscible monomer that forms an insoluble

polymer. For aqueous dispersion polymerization, there are only a few water-miscible

monomers that form water-insoluble polymers.?®

Stage 1: Homogenous Solution

Stage 2: Early Chain Propagation

Stage 3: Nascent Particle Formation
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Figure 1.4 Cartoon representing the mechanism for aqueous dispersion polymerization.*2
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1.2.3. Conventional Emulsion Polymerization

Conventional emulsion polymerization is widely used in industry to produce polymer
latexes for use in many applications such as coatings, pigments, adhesives and
rheology modifiers.22® A typical aqueous emulsion polymerization requires a
water-immiscible monomer, water-soluble initiator, surfactant and water and proceeds
as a free radical polymerization. The use of water as the continuous phase is a key
reason why emulsion polymerization is ideally suited to industrial scale-up. It is cheap,
non-toxic, environmentally-friendly, non-flammable and has a high heat capacity.
Surfactant is usually required in the formulation to stabilize the growing polymer
particles and prevent coagulation. However, high levels of surfactant can be
detrimental to the final polymer properties, e.g. film formation.?® ?” Surfactant-free
emulsion polymerization formulations have also been reported.?®3! However, such
formulations typically involve the synthesis of a surface-active species in situ during

the polymerization.

The mechanism for emulsion polymerization can be considered in terms of three key
stages; Intervals I, 11 and 111 (Figure 1.5).24? Interval | involves the particle nucleation
stage. Firstly, the water-immiscible monomer and surfactant are emulsified to generate
surfactant-stabilized monomer droplets (approximately 1-10 um in diameter) and
surfactant micelles.?” These monomer droplets contain the majority of the monomer
present in the system and act as monomer reservoirs during the polymerization. A
small amount of monomer also resides in monomer-swollen micelles (5-10 nm in
diameter), if the surfactant concentration is above the critical micelle concentration.
Depending on its aqueous solubility, a low concentration of monomer will also be
dissolved in the aqueous phase.?* This soluble monomer fraction is available to react
with the radicals in the aqueous phase generated by the initiator. As the polymerization
proceeds, these oligomers become increasingly hydrophobic and, at some critical
chain length, migrate into the surfactant-stabilized micelles. As the polymer chains
continue to propagate, the micelles are transformed into growing particle nuclei. The
micelles are the main locus of polymerization and minimal polymerization occurs
inside the monomer droplets. This is owing to the large oil-water interfacial area of
the micelles in comparison to the monomer droplets, making them more efficient at
capturing free radicals.?* Monomer diffuses from the monomer droplets into these

nuclei to feed the growing polymer chains. Interval | is complete once all micelles are

10
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either transformed into latex particles or undergo dissociation to supply the increasing
demand for surfactant as the latex surface area increases.

Interval | [

‘Mm@ %

e Owmymy,

Interval Il “e z?” Mpm Mm@
2, T8 =

Monomer
M droplet

water

M
Ve
o’
o TN N
water
M = Monomer @ = Initiator \'. = Surfactant
Figure 1.5 Scheme representing the three intervals (I, I1, 1) that occur during conventional emulsion

polymerization.?4?
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Interval Il is the particle growth stage (Figure 1.5). The number of latex particles
remains constant and the polymer chains continue to grow inside these particles. As
monomer is consumed, it is replenished by monomer diffusing from the aqueous
phase. The concentration of dissolved monomer in the aqueous phase remains
relatively constant as it continually diffuses from the surfactant-stabilized monomer
droplets to the aqueous phase. Thus, the rate of polymerization during Interval 1l
remains constant (Figure 1.6). Once all monomer droplets have been consumed and

only monomer-swollen latex particles remain, Interval 11 is complete.

Interval | Interval ll Interval Il

Polymerization rate

0 50 100
Monomer conversion (%)

Figure 1.6 Relationship between polymerization rate and monomer conversion during the three key
intervals (I, 11 and 111) of a conventional emulsion polymerization.® 2*

The final stage of the polymerization is Interval I1l. The remaining monomer inside
the particles is consumed, leaving colloidally stable latex particles. The reduction in
monomer concentration during Interval 111 causes a reduction in the polymerization
rate (Figure 1.6).%

The mechanism of particle formation described above is termed ‘micellar
nucleation’.?” The growing oligomers migrate into monomer-swollen surfactant
micelles and continue to propagate to form polymer particles. Particle formation can
also occur by a ‘heterogeneous nucleation’ mechanism.?’ In this case, when the
growing oligomer chains become sufficiently hydrophobic, they collapse to form
particles. These particles are then stabilized by the adsorption of surfactant and absorb

monomer to become the main locus of polymerization.

12
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1.2.4. Living Anionic Polymerization

In contrast to free radical polymerization, living polymerization techniques afford
much more control over copolymer composition, architecture and molecular weight.®
In order for a polymerization to be considered living, termination must be eliminated
and the rate of initiation must be much faster than the rate of propagation. Rapid
initiation results in simultaneous initiation of all chains, which then have equal
probability to grow, leading to a linear evolution of molecular weight with conversion
and a relatively narrow final MWD.! 8 Conversely, in the case of free radical
polymerization, high molecular weight polymers are formed even at low
conversions.® After all monomer is consumed, the living character of the chains is
retained, enabling the synthesis of well-defined block copolymers via sequential
monomer addition. In addition, selective termination of living chain-ends can yield

functionalized polymers.

The concept of a living polymerization was first exemplified for anionic
polymerization by Szwarc and co-workers in 1956. Styrene was polymerized in dry
tetrahydrofuran (THF) using sodium naphthalenide as the initiator. The anionic
naphthalenide ions act as electron transfer agents to generate styrene radical anions.
The anions are unstable and almost instantaneously dimerize to generate a
dicarbanion. Continuous addition of styrene monomer to both ends of this dicarbanion
initiator occurs to form polystyrene chains comprising a reactive carbanion at each

chain-end.

Under appropriate conditions, anionic polymerization fulfils all the criteria of a living
polymerization and can be employed to synthesize polymers with a high degree of
both structural and compositional control. In addition, intrinsic termination is
prevented by mutual electrostatic repulsion from the anionic reactive centers, leading
to the formation of polymers with low dispersity (B < 1.12).83

For a monofunctional initiator, the DP of the polymer chains can be calculated using
Equation 1.12.%* Unlike free radical polymerization, the DP is not dependent on the
rate constants for initiator decomposition (kq), propagation (kp) or termination (ki) or
the initiator efficiency (f), see Equations 1.9 to 1.11. It follows that the My can be

simply calculated using Equation 1.13.

13
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[M] 1.12
DP = —=
[]
[M] 1.13
M, = —=—.monomer molar mass

[7]

Living anionic polymerization can be used to polymerize styrene,® 2-vinyl pyridine,*
isoprene,® butadiene,® methacrylates,® acrylates,® ethylene oxide* and lactones,?
typically using initiators such as n-butyllithium or sodium naphthalenide (Figure 1.7).8
However, living anionic polymerization cannot be easily used to polymerize
functional monomers.*" #? This is because many functional groups are incompatible
with carbanions. In more recent work, strategies have been developed to facilitate the
living anionic polymerization of functional monomers via protecting group

chemistry. 42

H, H

n-Bu—Li n-Bu—-=C ) N

H,C O ® n-BurvvnCc o @

? Q.:H _ NCH Li —— Nen L

T
Nucelophilic addition Propagation
reaction
)

Styrene Living polystyryl lithium

Figure 1.7 Living anionic polymerization of styrene utilizing n-butyllithium as the electron transfer
agent.®

1.2.5. Reversible Deactivation Radical Polymerization

Controlled radical polymerization methods offer comparable control over molecular
weight to living anionic polymerization but afford the versatility of free radical
polymerization. As in living anionic polymerization, termination needs to be
suppressed relative to propagation. This is achieved through reversibly deactivating
the active polymer radicals by establishing a rapid equilibrium between active and
dormant polymer chains.*® To describe polymerizations utilizing this equilibrium,

IUPAC recommends the use of the term ‘reversible deactivation radical

14
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polymerization’ (RDRP).** TUPAC describes a living polymerization as “a chain
polymerization from which irreversible chain transfer and irreversible chain
termination (deactivation) are absent”.** This definition does not accurately describe
RDRP therefore the use of terms such as living, controlled living, controlled/living,

pseudo-living and quasi-living are discouraged.

In recent years, RDRP methods have become increasingly popular,” *3° because they
offer numerous advantages.*® RDRP provides a high level of control over the
polymerization, leading to reliable targeting of molecular weights and narrow MWDs
(B <1.2). This occurs as there is a constant number of chains, all with an equal

opportunity to grow throughout the polymerization.

Finally, block copolymers can be synthesized via sequential monomer addition. These
attractive features, along with the ease of implementation and tolerance of many
monomer functionalities, impurities and solvents make RDRP ideally suited to the
synthesis of functional copolymers of various architectures, such as block

copolymers,” 4" star polymers,*® 49 and graft polymers*®*° (Figure 1.8).% %!

YWN v EELssE

AB diblock copolymer AB alternating copolymer AB graft copolymer
ABC triblock copolymer AB diblock copolymer brush Star copolymer

Figure 1.8 Examples of various block copolymer architectures prepared using RDRP techniques
reported in the literature? % 47-51
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All RDRP formulations involve a rapid equilibrium between propagating radical
chains and dormant species. This can occur via two mechanisms; polymer radicals
either participate in a reversible deactivation/activation process (Figure 1.9) or in a
reversible transfer process (Figure 1.10).> 744

° ° kdeact -
u\mPn + X —_—— J\J‘VPn—X
kact
+M e
Kk .
P N dead
polymer

Figure 1.9 Reversible deactivation/activation of propagating polymer radicals by radicals X-.% 4

kex
E——

MJ\Pn + MPm—X ~—————— mnPn: + J\NPn—X

Lk sk

+M Wt +M Lt

k " k "
P ‘ dead P ‘ dead

polymer polymer

Figure 1.10 Reversible transfer mechanism of propagating polymer radicals.® 44

Polymerizations that proceed via the reversible deactivation/activation mechanism
rely on the persistent radical effect (PRE).” 5 A deactivating species (X), such as a
nitroxide or organometallic complex, is employed to rapidly deactivate (Kgeact) the
propagating radicals (Pn-). These dormant species can then be activated (Kact) to reform
the propagating radicals. The propagating radical can continue to grow (kp) or
terminate (ki). Species X forms persistent radicals (X-) which cannot react with each
other to terminate, leading to an increase in the concentration of X- as the reaction
proceeds. This causes a reduction in the concentration of propagating radicals.
Propagating radicals are therefore more likely to react with X- than to undergo self-
termination. RDRP techniques such as nitroxide-mediated polymerization (NMP) 5%
% and atom transfer radical polymerization (ATRP)” 9-%4 ytilize the PRE to confer

control over radical polymerization.? %
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Alternatively, RDRP techniques can proceed via a second mechanism (Figure 1.10).>
44,85 This involves reversible transfer of a labile end-group (X) between a dormant
chain and a transfer agent.*® This can occur as a direct exchange via degenerative
transfer or via an addition-fragmentation process. A well-studied example based on
the latter mechanism is reversible addition-fragmentation chain transfer (RAFT)
polymerization, which utilizes various thiocarbonylthio compounds as the chain
transfer agents.** This is the technique that has been utilized for all the synthetic work
carried out in this Thesis.

1.3. Reversible  Addition-Fragmentation Chain  Transfer

Polymerization
RAFT polymerization was first reported in 1998 by Chiefari et al.%® In comparison to
other RDRP techniques (NMP and ATRP), RAFT is often considered to be more
convenient and versatile.®’ It is compatible with a wide range of functional monomers,
solvents and conditions (bulk, solution, dispersion, emulsion etc.).®® RAFT
polymerizations are based on the addition of a RAFT agent (Figure 1.13) which acts
as a chain transfer agent (CTA) throughout the polymerization.®® A conventional free
radical polymerization can be converted into a RAFT polymerization simply by
adding a suitable RAFT agent. All other components and conditions (monomer,
initiator, solvent and temperature) can be kept the same.® RAFT polymerizations
demonstrate key characteristics of RDRP, including linear evolution of molecular
weight with conversion and narrow molecular weight distributions.® They also afford
good control over the target molecular weight and allow access to various copolymer

architectures.

ReactiveC=S g S—R Weak S-Rsingle bond
double bond

y 4 Radical stabilizing Z group

Figure 1.13 General chemical structure of a thiocarbonylthio RAFT chain transfer agent (CTA).
Depending on the Z group, there are four main classes of RAFT CTA: dithioester (Z = alkyl or aryl),
trithiocarbonates (Z = SR), dithiocarbamates (Z = NR2) and xanthates (Z = alkyl). The R group =
alky1.68.69
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The RAFT CTA must be carefully selected for each monomer class to ensure good
control.%® The generic chemical structure of a RAFT CTA is shown in Figure 1.13.
The R group and Z group are very important in ensuring the effectiveness of a RAFT
agent. The R group must be a good radical leaving group that is also capable of
reinitiating polymerization.®® The Z group activates the C=S double bond towards
radical addition, ensuring a high chain transfer constant.®® ® Based on the Z group,
these RAFT CTAs can be split into four classes: dithioesters (Z= alkyl or aryl),
trithiocarbonates (Z = SR), dithiocarbamates (Z= NR2) or xanthates (Z= O-alkyl). The
R group is an alkyl group.”® For example, to polymerize a methacrylate or
methacrylamide monomer it is best to use a dithioester (e.g. 4-cyano-4-
(phenylcarbonothioylthio)penatoic acid) or a trithicarbonate CTA (e.g. (4-cyano-4(2-
phenylethanesulfanylthiocarbonyl)sulfanylpentanoic  acid). In  contrast, a
trithiocarbonate CTA would be a more suitable choice for the polymerization of
acrylates or acrylamides, whereas dithiocarbamates are most effective for styrenic
monomers. Finally, to achieve a well-controlled polymerization of a vinyl ester or

vinyl amide then a xanthate CTA would be the ideal choice.”

1.3.1. Mechanism

For work carried out in this thesis, thiocarbonylthio RAFT agents were used. The
RAFT agent interacts with the growing polymer radicals through a rapid reversible
addition-fragmentation process,’? which suppresses irreversible termination. As
RAFT polymerization does not make use of the PRE, an external source of radicals is
required to initiate the polymerization (eg. azo initiators, redox initiation) (Figure
1.14, step 1). Reaction between the initiator and monomer leads to the formation of a
propagating radical (Pn-) which then undergoes addition to the thiocarbonylthio
compound. This intermediate carbon-centered radical (Figure 1.14, step 2) fragments
via 3-scission to generate a new radical (R-) and a dormant polymeric thiocarbonylthio
compound (Figure 1.14, step 3). This R- radical reacts with monomer to form a new
propagating radical (Pm’). The key mechanistic step is the rapid equilibrium between
the two active propagating radicals (P, and Pn') and the dormant thiocarbonylthio
compounds (Figure 1.14, steps 3 and 4). This rapid equilibrium provides equal
opportunity for all chains to grow leading to the synthesis of polymers with narrow
molecular weight distributions. Upon termination (Figure 1.14, step 5) of the

polymerization, the thiocarbonylthio moieties are retained at the end of the polymer
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chains, making RAFT ideally suited for the synthesis of block copolymers via

sequential monomer addition.

For a well-controlled RAFT polymerization, the rates of each of these reaction steps
must be carefully balanced. Firstly, the R group is chosen such that -scission to form
the polymeric RAFT adduct (3) is more favorable than fragmentation to reform the
propagating species and RAFT agent (1). If R- is also effective at reinitiating
polymerization, then the chain equilibrium step is rapidly established (Figure 1.14,
step 4). This equilibrium must ensure that the concentration of the dormant
thiocarbonylthio species (Figure 1.14, (3) and (4)) is significantly greater than the
concentration of the active species (5), but exchange between active and dormant

species is rapid.”

1. Initiation

Initiator ——> |* ———> ———> P_e

2. Chain Transfer
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Figure 1.14 RAFT mechanism showing the steps of initiation, propagation, reversible chain-transfer,
re-initiation, chain equilibrium and termination.5 7
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The target DP is simply calculated as the ratio of monomer concentration to RAFT
CTA concentration, see Equation 1.16. As for other RDRP techniques, it is not
dependent on rate constants or other Kinetic parameters.®2

_[M] 1.16
bP = [CTA]

The main disadvantages of RAFT polymerization are the physical properties of the
sulfur-based RAFT CTA end-groups, which make the polymer chains intrinsically
colored and malodorous. However, various chemistries have been developed to

remove these chain ends after polymerization.’® 7382

1.3.2. RAFT Polymerization Techniques
RAFT polymerizations can be performed in many solvents, including alcohols,33-%
n-alkanes,®’ and water.? 8 This body of work focuses solely on using water as the

solvent so only aqueous conditions will be discussed in any detail.

Aqueous RAFT polymerizations can occur under different conditions depending on
the water solubility of the monomer and the corresponding polymer. If the monomer
is water-miscible and polymerizes to form a water-insoluble polymer, such as HPMA
(aqueous solubility ~100 g dm™ at 70 °C)% then chain growth proceeds via RAFT
aqueous dispersion polymerization. On the other hand, if the monomer is
water-immiscible and polymerizes to form a water-insoluble polymer, such as benzyl
methacrylate (BzMA, aqueous solubility ~0.40 g dm= at 70 °C),” then the chain
growth proceeds via RAFT aqueous emulsion polymerization. In addition, bulk
polymerization (when the monomer itself is used as the solvent) can be used, while
RAFT solution polymerization is where both the monomer and its resulting polymer

are fully soluble in the solvent.

20



Chapter 1: Introduction

1.4. Block Copolymer Self-Assembly
The term ‘self-assembly’ has been widely used in various contexts. Herein, we use
self-assembly to describe the autonomous organization of components into patterns or

structures without human intervention, as defined by Whitesides and Grzybowski.*

1.4.1. Water and the hydrophobic effect

In order to understand the underlying principles of self-assembly in agueous media, it
is first important to consider the unique behavior and properties of water. Each water
molecule is composed of two hydrogen atoms covalently bonded to a central oxygen
atom. A distorted tetrahedral structure is adopted due to the two lone pairs of electrons
on the oxygen atom (Figure 1.15). The covalent bonds between the oxygen and
hydrogen atoms are polarized due to difference in electronegativity of the atoms.
Hydrogen bonds (H-bonds) can be formed between the oxygen lone pair of one water
molecule and a hydrogen atom on a neighboring water molecule.®® 1 With each
molecule able to form four such bonds, liquid water forms one of the densest H-bond
networks of all solvents.’®® These hydrogen bonds explain many of the unusual
properties of water, such as its unexpectedly high boiling and melting point and that

the density of ice is less than that of the liquid water,102 103
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Figure 1.15 Water has two lone pairs on its oxygen atom and a bond angle of 104.5 ° between the two
hydrogen atoms. The blue dashed lines represent hydrogen bonds between the oxygen lone pair of one
water molecule and a hydrogen atom on a neighboring water molecule.1%3
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Of particular relevance here is the behavior of water as a solvent.*%® Many hydrophilic
(water-loving) molecules have a strong propensity to form H-bonds with water. In
contrast, many hydrophobic molecules are incapable of forming H-bonds with water
and are therefore insoluble in aqueous media. Typically, these are non-polar molecules
such as alkanes, aromatic hydrocarbons or fluorocarbons. The presence of such
molecules disrupts the extensive H-bond network in liquid water. This is often referred
to as the hydrophobic effect.®* 1% Non-polar molecules are only sparingly water-
soluble owing to the highly unfavorable free energy of solubilization as a result of the

entropic cost of increasing order in the system.%®

1.4.2. Surfactants and Packing Parameter

Amphiphilic molecules undergo spontaneous self-assembly in aqueous solution. An
amphiphilic molecule is composed of a hydrophilic component and a hydrophobic
component, which are covalently connected by one or more chemical bonds.
Surfactants are a common example: here a hydrophilic head-group is connected to a
hydrophobic alkyl tail.1%® The head-group is solvated by water whereas the non-polar
tail group is not solvated by the water molecules. Surfactants are classified as anionic,

cationic, zwitterionic or neutral, depending on the properties of the hydrophilic head-
group.

Surfactant aggregation in aqueous solution is a thermodynamically-driven process; the
entropic cost of the formation of higher order structures is less than the enthalpy of
solubilization. The micellar aggregates are sometimes known as association
colloids.® They are held together by van der Waals forces, H-bonding and the
hydrophobic effect. Moreover, rapid exchange occurs between the individual
surfactant molecules and the micelles (Figure 1.16). A surfactant molecule spends
only 10 to 10" seconds inside a micelle.1%
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Aggregate Unimers
(micelle) (surfactant)

5 | VvV ng
Figure 1.16 Schematic cartoon demonstrating the dynamic equilibrium between unimers (surfactant)
and their colloidal aggregates (micelles).1%3

Surfactant micelles can form various structures (spheres, worms, vesicles or bilayers),
as shown in Figure 1.17. The micelle morphology depends on the surfactant

concentration and is also influenced by solution pH or electrolyte concentration.

The amphiphilic nature of a surfactant molecule creates two opposing forces.% The
hydrocarbon tails cluster together to form the micelle cores in order to minimize
contact with the water molecules. In contrast, the hydrophilic head-groups remain in
contact with the water.’®® Micellar self-assembly is driven by the balance between
these two opposing forces, for which there is a minimum interaction energy that is

related to an optimal head group area (ao).1%

The micelle structure depends on the geometric packing of the surfactant molecules
(Figure 1.17), which depends on the optimal head-group area (ao), the volume
occupied by the hydrocarbon chain (V) and the maximum effective length of the
chains, also known as the critical chain length (Ic). Generally speaking, smaller

structures with lower aggregation numbers (N) are entropically favored.
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Figure 1.17 Schematic representation of self-assembled surfactant aggregates. Four morphologies
(spheres, worms, vesicles and bilayers) and their approximate dimensions and corresponding packing
parameters (p) are shown as described by Israelachvili, 03 107

These three parameters can be used to define the dimensionless packing parameter

(p), see Equation 1.17.

v 1.17

The fractional value of p determines the aggregate structure corresponding to the
minimum free energy (Figure 1.17). Different micelle structures are obtained as p
increases: spherical micelles (p < 1/3), worm-like micelles (1/3 > p <%), vesicles (1/2

>p <1)and bilayers (p ~ 1). If p exceeds unity, then ‘inverted” micelles are formed.

1.4.3. Self-Assembly of AB Diblock Copolymers

The self-assembly of AB block copolymers has been extensively studied.’%1! |n the
bulk, this leads to microphase separation as the enthalpic incompatibility between the
two comonomers exceeds the entropy of mixing.%® 112 Macroscopic separation is
prevented by the covalent bond connecting the two blocks. The resulting copolymer
morphology depends on three parameters (Figure 1.18). Firstly, the relative volume
fraction of each block (fa and fg), where the total volume fraction equals unity
(fa + fs = 1). Secondly, the total DP (N) of the two blocks (where N = DPa + DPg).
Thirdly, the Flory-Huggins parameter (yas), which indicates the degree of
incompatibility between the two blocks, as defined in Equation 1.18.108: 111, 113
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XAB = kT AB 5 \Eaa BB

The Flory-Huggins parameter depends on Boltzmann’s constant (kg), the absolute
temperature (T) and the three interaction energies between the A and B blocks (eas,
eaa and epg).1® When an AB diblock copolymer has equal volume fractions for each
block, then a lamellae structure is observed (Figure 1.18). When the fa is less than 0.5,
either spheres or worms are obtained, and if fa is higher than 0.5, then inverted

structures are formed (Figure 1.18).
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Figure 1.18 Theoretical AB diblock copolymer morphology as a function of volume fraction of the A
block (fa).1*2
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In aqueous solution, amphiphilic AB diblock copolymers self-assemble like
surfactants, where the final block copolymer morphology depends on the balance
between the hydrophilic and hydrophobic components of the diblock copolymer.!t
The concept of a packing parameter (previously discussed in Section 1.4.2), can also
be applied here to predict the final copolymer morphology. Each of the terms in
Equation 1.17 can be related to the block copolymer; ag is the cross-sectional area of
the hydrophilic block, V is the volume occupied by the hydrophobic block and I is the
effective length of the hydrophobic chain. Various copolymer morphologies can be
obtained as p increases; spherical micelles (p < 1/3), worm-like micelles (1/3 > p < %)

and vesicles (1/2 >p<1). 1%

Traditionally, the self-assembly of block copolymers to obtain such morphologies has
been achieved by post-polymerization processing techniques such as a solvent
switch,®® pH switch* 115 116 or thin film hydration.'® However, these processes are
often time-consuming and typically conducted in dilute solution (< 1% w/w block
copolymer). This is a significant limitation with regards to potential industrial

applications of the resulting nanoparticles.

1.4.4. Polymerization-Induced Self-Assembly (PISA)

Over the last fifteen years, polymerization-induced self-assembly (PISA) has become
a powerful and versatile method for the formation of sterically-stabilized block
copolymer nanoparticles. PISA offers an attractive alternative to post-polymerization
processing because it can be performed at significantly higher copolymer
concentrations (10 - 50% w/w).%* 117119 First reported by Ferguson et al. in 2002, PISA
is based on the chain extension of a soluble homopolymer using a second monomer,
whose corresponding polymer is insoluble, thus driving in situ self-assembly to form
polymeric nanoparticles (Figure 1.19).1%° This technique can be used to prepare a wide
range of organic polymeric nanoparticles of various morphologies, including spheres,
worms and vesicles. In practice, the copolymer morphology depends on the stabilizer

block DP, the core-forming block DP and the copolymer concentration. !4
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Figurel.19 Schematic representation of the formation of diblock copolymer nanoparticles via
polymerization-induced self-assembly (PISA). Chain extension of a soluble homopolymer with a
second monomer, whose corresponding polymer is insoluble, drives in situ self-assembly to form
sterically-stabilized diblock copolymer nanoparticles, whose morphology can be related to the packing
parameter (p). Reproduced from Reference.!’

To determine the conditions required for the reproducible synthesis of each
nanoparticle morphology, a phase diagram can be constructed.'?* This is achieved by
systematically varying two of the three parameters. For example, the stabilizer block
DP can be fixed and the core-forming block DP and copolymer concentration can be
systematically varied. By analyzing the diblock copolymer nanoparticles via dynamic
light scattering (DLS) and transmission electron microscopy (TEM), the copolymer

morphology can be determined and mapped out to produce a phase diagram.

PISA can be conducted using NMP, ATRP or RAFT polymerization.?® % 117 Of
particular relevance to this Thesis is the recent review by Canning et al. on
RAFT-mediated PISA.1?? There are numerous examples of such PISA formulations
under various conditions including both aqueous®® 8% and non-aqueous
media.83-8 117, 123127 Eqr this Thesis, polymers were prepared by PISA using RAFT
aqueous dispersion polymerization and RAFT aqueous emulsion polymerization, thus

these formulations are discussed in more detail in the following sections.
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1.4.5. PISA by RAFT Aqueous Dispersion Polymerization

RAFT aqueous dispersion polymerization involves the chain extension of a
water-soluble polymer with a water-miscible monomer which forms a water-insoluble
polymer.?8 The growing core-forming block is initially soluble but at some critical
DP it becomes water-insoluble, thus driving in situ self-assembly. The water-soluble
precursor polymer is first synthesized by RAFT solution polymerization. Thus, it is
capped with RAFT end-groups and can act as a macromolecular chain transfer agent
(macro-CTA). In contrast to a conventional dispersion polymerization, addition of a
polymeric stabilizer is not required as the water-soluble macro-CTA acts as a steric

and/or electrostatic stabilizer.

Over the last ten years, there have been numerous PISA reports involving RAFT-
mediated aqueous dispersion polymerization,?® 8 0. 122,128,129 por example, Li and
Armes reported the chain extension of a water-soluble poly(glycerol
monomethacrylate) (PGMA) macro-CTA with HPMA to form PGMAess-PHPMAy
diblock copolymer nanoparticles, where y = 30 - 300 (Figure 1.20).** When
synthesized at 10% w/w copolymer concentration, only spherical nanoparticles were
formed, whose mean diameter increased with PHPMA DP. However, vesicles could
be obtained by targeting a relatively asymmetric diblock composition
(PGMAGs5-PHPMAz0) at 20% w/w copolymer concentration. The synthesis of
PGMAx-PHPMA, diblock copolymer nanoparticles via RAFT aqueous dispersion
polymerization has been extensively studied as a model system. %! 130133 Onpe reason
for this is the limited number of monomers that are suitable for PISA under these
conditions; it requires a water-miscible monomer that polymerizes to form a water-

insoluble polymer.55 122

RAFT aqueous dispersion polymerization ;‘%’
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Figure 1.20 Synthesis of sterically-stabilized poly(glycerol monomethacrylate)-poly(2-hydroxypropyl
methacrylate) (PGMAgs-PHPMA,) diblock copolymer nanoparticles (where y = 30-300) via PISA
utilizing RAFT aqueous dispersion polymerization.1®
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In-depth studies regarding the evolution of copolymer morphology during PISA were
conducted. Blanazs et al. performed a detailed kinetic study during the synthesis of
PGMA47-PHPMAZqo Vesicles.®! Aliquots of the reaction solution were taken at
regular time intervals throughout the HPMA polymerization. *H nuclear magnetic
resonance (NMR) spectroscopy was used to monitor the kinetics of polymerization,
with > 99% monomer conversion being achieved within 2 h at 70 °C. Self-assembly
was monitored by DLS and TEM, see Figure 1.21. This study showed the gradual
evolution of copolymer morphology from molecularly-dissolved chains, to spheres, to
dimers and trimers, to worms. These worms then began to branch, forming bilayer
‘octopi” which underwent ‘wrap-up’ to form jellyfish and subsequently formed

vesicles.

Highly branched | Junction points morph
Branched worms | worms, swelling of | to bilayer octopi with

junction points radial “tentacles”

PSS Y |

Bilayers ‘wrap-up’ to Jellyfish enclose
form jellyfish

Increasing PHPMA Block Length

Figure 1.21 Evolution of diblock copolymer morphology during the synthesis of PGMA47-PHPMA2q0
vesicles by RAFT dispersion polymerization. Reproduced from Reference.!

Blanazs et al. constructed three phase diagrams to demonstrate that the systematic
variation of the PHPMA DP and the copolymer concentration enables pure phases of

each of the three main morphologies to be obtained (Figure 1.22).1%
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Figure 1.22 Three phase diagrams for (a) PGMA4-PHPMAy (b) PGMA7s-PHPMAy and (c)
PGMA:12-PHPMAy diblock copolymer nanoparticles synthesized by RAFT aqueous dispersion
polymerization. Morphologies were assigned by TEM (S = spheres, W = worms, BW = branched worms
and V = vesicles). Reproduced from Reference.?

The phase diagram constructed using the PGMA7s macro-CTA (Figure 1.22b)
indicates that different copolymer morphologies can be formed by identical diblock
copolymers. For example, PGMA7-PHPMAsy can form either spherical
nanoparticles or vesicles depending on the copolymer concentration. Clearly, only one
of these morphologies can be the equilibrium morphology. Given this copolymers
compositional asymmetry, this must be the vesicle morphology, which suggests that
the spherical morphology is kinetically-trapped. In this case, sphere-sphere fusion
does not occur, which is the essential first step required for the transition from spheres
to worms.3! Similarly, if the stabilizer block is too long (e.g. PGMAu1,), then
predominantly spherical nanoparticles are obtained regardless of the PHPMA DP or
copolymer concentration (Figure 1.22c). The longer macro-CTA provides more
effective steric stabilization and also hinders sphere-sphere fusion. It was also
demonstrated that, for a shorter macro-CTA DP (PGMA47), the copolymer
concentration had no influence over the morphology. This is presumably because

sphere-sphere fusion occurs much more readily in this case (Figure 1.20a).

The various diblock copolymer nanoparticles synthesized by RAFT aqueous
dispersion polymerization have potential applications. These often require the
identification of pure phases of each morphology, in particular the higher order
morphologies (worms and vesicles) which have more interesting properties.
Worme-like particles typically form soft free-standing gels at room temperature owing
to multiple inter-worm contacts.%” 3 Interestingly, these worms can undergo a
reversible morphology transition to spheres on cooling to 4 °C, causing a gel-sol

transition (Figure 1.23).1%2 Variable temperature *H NMR studies suggest that this
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thermal transition is caused by an increase in surface plasticization of the PGMAsas-
PHPMA140 worms. This results in an increase in the volume fraction of the stabilizer
block relative to the core, thus reducing the effective p. Numerous publications by
Armes and co-workers have explored novel applications of these worms (or worm
gels), including as effective Pickering emulsifiers,** for the cryopreservation of red
blood cells!® and as a cost-effective storage medium for the transportation of human

stem cells without loss of pluripotency.t®’

Free-standing
wormlike micelle

Free-flowing
spherical micelle
solution at 4°C

Figure 1.23 PGMAss-PHPMA14 diblock copolymer worms form free-standing gels at 21°C. Upon
cooling these worms undergo a worm-to-sphere transition, resulting in a free-flowing solution at 4 °C.
This transition was fully reversible. Reproduced from Reference.

The vesicular morphology also has interesting applications in the context of
encapsulation. Mable et al. showed that silica nanoparticles can be encapsulated inside
PGMAss-PHPMA2s0 Vesicles during their PISA synthesis.'*® These vesicles also
exhibit thermoresponsive behavior, enabling the thermally-triggered release of the
silica nanoparticles on cooling to 0 °C.1*® In addition, by further chain-extending
PGMAg3-PHPMAG350 vesicles with BzZMA (PBzMA DP 25 - 400) the preparation of
well-defined framboidal vesicles was achieved, as a result of microphase separation
between the PHPMA and PBzMA blocks co-located within the vesicle membrane
(Figure 1.24).1%
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Figure 1.24 Representative TEM images of a PGMAg3:-PHPMAgso vesicle precursor and a series of

framboidal PGMAs3-PHPMAzs50-PBzMA; vesicles (where z = 25 — 400). Scale bar is the same for all
images. Reproduced from Reference, where G = PGMA, H = PHPMA and B = PBzMA.**®

-

Despite being restricted to a limited number of monomers, an important advantage of
RAFT aqueous dispersion polymerization is the ability to synthesize
stimuli-responsive  nanoparticles such as those described above. For
thermally-induced copolymer morphology transitions, the solvent must be able to
diffuse into the nanoparticle core. This is not possible via RAFT aqueous emulsion
polymerization, owing to the much greater hydrophobicity of the core-forming blocks

in such syntheses.

1.4.6. PISA by RAFT Aqueous Emulsion Polymerization

For both conventional emulsion and dispersion polymerization, either a surfactant or
a polymeric stabilizer is required for the formation of stable polymer particles. For
RAFT aqueous dispersion polymerization, as discussed previously, addition of a
polymeric stabilizer is not required as the water-soluble macro-CTA acts as a
(electro)steric stabilizer enabling the formation of colloidally stable particles via
PISA.

The first successful RAFT aqueous emulsion polymerization was reported in the
original RAFT publication by Rizzardo and co-workers.®® However, during this
polymerization of n-butyl methacrylate (BMA) two important experimental factors are
worth considering; the presence of added surfactant (sodium dodecyl sulfate, SDS)
and the gradual addition of BMA monomer via syringe pump. Thus, this

polymerization was performed under monomer-starved conditions. Despite this initial
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success, subsequent attempts to develop robust RAFT emulsion polymerization
formulations proved to be problematic with substantially incomplete conversions,

poor molecular weight control and broad MWD typically being observed.140-146

For example, Uzulina et al. aimed to adapt the RAFT polymerization of styrene in
bulk to a RAFT -emulsion polymerization using a commercial CTA
(S-(thiobenzoyl-)thioglycolic acid).!** The CTA was dissolved in the styrene
monomer and then suspended in an aqueous phase (pH < 7) containing both surfactant
(SDS) and initiator (potassium persulfate, KPS). Although the observed
polymerization displayed living characteristics it proceeded relatively slowly, only
reaching low conversion. The precipitation of unreacted CTA also resulted in a partial

flocculation.

The fundamental issue with RAFT agueous emulsion polymerizations was considered
to be the solubility of the CTA in the monomer and its ability to diffuse through the
aqueous phase. For a successful RAFT emulsion polymerization, the CTA needs to be
adequately water-soluble to enable its transport with the monomer to the growing
polymer particles. However, if the CTA is too water-soluble it may diffuse out of the
particles during the polymerization. It was found that using the triethyl amine salt of
this CTA addressed both of these issues. The salt form of the CTA is sufficiently
water-soluble to enable its diffusion through the aqueous phase, where it readily
dissociates to yield the monomer-soluble CTA and triethyl amine. Application of this
triethylamine CTA salt enabled the RAFT aqueous emulsion polymerization of
styrene (17% conversion), methyl methacrylate (MMA, 17% conversion), and vinyl
acetate (VA, up to 40% conversion). This study indicated that RAFT polymerization
could be performed under emulsion conditions with acrylic, styrenic or vinylic

monomers, but was limited to rather low levels of monomer conversion.

To further investigate the effect of exit of the CTA from the growing polymer particles
on the rate of polymerization and the MWD of the polymer chains, Monteiro et al.
studied the seeded emulsion polymerization of styrene.*? These polymerizations were
carried out using a poly(methyl methacrylate) seed in the presence of surfactant. Two
different CTAs were compared: 2-(ethoxycarbonyl)propyl-2-yl dithiobenzoate
(EMA) and 2-phenylprop-2-yl dithiobenzoate (cumyl dithiobenzoate). Both CTAs

resulted in a significant reduction in polymerization rate, relative to the rate of
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conventional emulsion polymerization, which was explained by the exit of the CTA
from the particles after fragmentation. Broad MWDs and coagulum were also
observed, most likely resulting from polymerization occurring within the monomer
droplets throughout the polymerization. Monteiro and co-workers concluded that, in
order to improve their results, larger seed particles were required to further reduce exit
of the CTA.

In order to facilitate transport of the CTA to latex seed particles, Prescott et al. utilized
acetone as a co-solvent.'*” During the seeded emulsion polymerization of styrene,
acetone was added to the polystyrene seed latex (previously prepared by conventional
aqueous emulsion polymerization and surfactant-stabilized) in addition to solid
crystals of the RAFT agent (2-phenylprop-2-ylphenyldithioacetate, PPPDTA). This
method gave reasonable control over the molecular weight distribution (1.2 <P <1.4)
and was identified as a living system, owing to the linear evolution of molecular
weight with conversion (Figure 1.25). In addition, little or no coagulum was formed
during the polymerization. By assisting transport of the CTA into the particles, less
polymerization could occur in the monomer droplets due to the absence of the CTA.
Despite these improvements, long inhibition periods (45 min to 3 h) were observed
along with a 30 to 50% reduction in rate, as reported previously for RAFT emulsion
formulations. > 148 However, these effects were minimized by increasing the initiator

(sodium persulfate) concentration by a factor of nine up to 1.39 mM.
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Figure 1.25. Molecular weight (M) evolution with conversion for the seeded RAFT emulsion
polymerization of styrene, using a sodium persulfate initiator concentration of either 0.446 mM or 1.39
mM. The linear evolution of molecular weight with conversion indicates living character. For each data
point, D varied from 1.20 to 1.40. Reproduced from Reference.*¥’
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The use of acetone as a co-solvent (also termed nanoprecipitation) was adapted by
Szkurhan et al. to polymerize styrene.4%1%° The CTA (PPPDTA) was used to prepare
RAFT-agent terminated polystyrene (PS) oligomers. This hydrophobic macro-CTA
was then dissolved in acetone and added drop wise to a stirred aqueous solution of
poly(vinyl alcohol) (PVA). This protocol resulted in the formation of PV A-stabilized
particles, with the PS macro-CTA chains located in the particle core. After removal of
acetone, these particles were swollen with styrene monomer and polymerized.
Originally, these polymerizations were initiated by the addition of KPS. However, this
initiator resulted in both poor control and reproducibility issues. These results were
attributed to the high water-solubility of KPS, which caused a delay in entry to the
growing polymer particles until PS oligomers were formed. Better results were
achieved at higher temperatures (105 °C), by employing the auto-initiation mechanism
of styrene. This increased the conversion to 74% within 54 h and led to the synthesis
of living polymers with narrow molecular weight distributions, which formed stable
particle latexes of ~150 nm (Figure 1.26). These high temperature reactions were

performed in a pressurized Parr bomb reactor at 6.9 bar.
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Figure 1.26. GPC chromatograms obtained for the RAFT emulsion polymerization of styrene under
RAFT emulsion polymerization conditions, using autoinitiation as a radical source. The chromatograms
correspond to 3.5, 7, 11, 16, 32, and 54 h of polymerization from right to left. Reproduced from
Reference. 1%
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Although these seeded emulsion polymerizations helped to gain insight into the
mechanism of RAFT emulsion polymerization, significant problems remain
unresolved.'** 148150 The main issues include poor monomer conversions (< 74%),
polymer seed contamination of the final product and the limitations of the
acetone-assisted monomer transport technique on an industrial scale. The majority of
these formulations also still required addition of surfactant. Prior to 2002, the only
successful ab initio RAFT emulsion polymerization reported was the polymerization
of BMA, as described in the seminal RAFT publication.®® As discussed above, all
other attempts at unseeded RAFT aqueous emulsion polymerization were susceptible

to mUItlple issues 5,120, 141, 142, 144, 146

These mechanistic insights were used by Ferguson et al. to develop a novel ab initio
RAFT emulsion polymerization method which overcame the impracticalities of the
seeded mechanism (Figure 1.27).120 151 152 The seeded emulsion polymerization
studies indicated that, for a successful RAFT emulsion polymerization, all of the CTA
must be located inside the particles as they form, rather than in the monomer droplets,
thus allowing the polymerization to proceed under RAFT control. 147 152 120 The new
concept explored by Ferguson et al. was to stabilize the growing polymer particles
using a water-soluble precursor block, instead of relying on the surfactants typically

used in conventional emulsion polymerization.
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Figure 1.27. Ab initio RAFT aqueous emulsion polymerization of a poly(acrylic acid) macro-RAFT
agent with butyl acrylate. 120152
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Thus, a water-soluble monomer (acrylic acid, AA) was polymerized using an
amphiphilic CTA (2-[(butylsulfanyl)-carbonothioyl]sulfanyl propanoic acid or
2-[(dodecylsulfanyl)-carbonothioyl]sulfanyl propanoic acid) to form a PAAx
macro-CTA with a low DP (x = 5). This precursor was then chain-extended with a
hydrophobic monomer (butyl acrylate, BA) to form PAAx-PBAy oligomers. At a
critical PBA DP, the second block becomes sufficiently hydrophobic to form micelles
via in situ self-assembly. These micelles act as a seed and contain the hydrophobic
CTA. Under monomer-starved conditions, no monomer droplets form and the BA
monomer diffuses into the growing particles. The particles then continue to grow as
the PBA block increases in length, allowing emulsion polymerization to proceed

rapidly under RAFT control.

This first example of ab initio RAFT aqueous emulsion polymerization was a
considerable improvement on previous formulations. The polymerization proceeded
under living conditions to high conversion within 6 h, resulting in polymers of
controlled molecular weight and low dispersity (B < 1.5). The particles formed during
the polymerization were colloidally stable and ~60 nm diameter, as judged by capillary
hydrodynamic fractionation.'?® This ab initio method successfully eliminated the need
for added surfactant and co-solvent, improving the quality of the polymer product.
This advance paved the way for a considerable increase in research activity focused

on RAFT aqueous emulsion polymerization.

Many such reports utilize styrene as the hydrophobic monomer. A range of non-ionic
macro-CTAs has been investigated, based on poly(ethylene oxide) (PEO),'%
polyacrylamide®®® and poly(N,N-dimethylacrylamide).'® The use of both anionic and
cationic macro-CTAs was also investigated, including PAA,** % poly(sodium
acrylate),*® poly(sodium 4-styrenesulfonate),’>”  poly(4-vinylpyridine)'*® and
poly[2-(diethylamino)ethyl methacrylate] (PDEAEMA).**° [N.B. The latter two
macro-CTAs become water-soluble in their protonated form below their respective
pKa values]. This research showed that either ionic or non-ionic homopolymers can

act as efficient stabilizers in the absence of surfactant, see Figure 1.28.

Jing et al. adapted this method further by applying ultrasonic irradiation to the RAFT
aqueous emulsion polymerization of styrene.*®® Ultrasonic irradiation led to the

formation of a stable emulsion, where the styrene droplets were stabilized by a
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polyacrylamide macro-CTA. This enabled RAFT aqueous emulsion polymerization to
proceed without the need for a surfactant or organic co-solvent. The resulting spherical

nanoparticles had relatively narrow particle size distributions.
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Figure 1.28 Chemical structures of various types of water-soluble macromolecular chain transfer agents
(macro-CTAs) utilized in RAFT aqueous emulsion polymerization. These macro-CTAs form the

stabilizer block of sterically-stabilized nanoparticles synthesized by polymerization-induced self-
assembly_lls, 129, 153-159, 161, 162

The Charleux group has conducted extensive research into the synthesis of diblock
copolymer nanoparticles via RAFT aqueous emulsion polymerization. They utilized a
water-soluble PEO macro-CTA for the RAFT aqueous emulsion polymerization of
both styrene and n-butyl acrylate (nBA).}?® PEO was first coupled with
(2-(dodecylthiocarbonothioylthio)-2-methylpropanoic acid) (TTCA) to produce an
amphiphilic macro-CTA. This macro-CTA acts as both the chain transfer agent for
the RAFT polymerization and the particle stabilizer, leading to the formation of core-
shell latex particles. These nanoparticles are composed of a hydrophilic stabilizer shell
(PEO) and a hydrophobic (styrene or nBA) core. Polymerizations were well-
controlled, affording good control over target molecular weight and narrow molecular
weight distributions. It was shown that the particle size could be tuned by
systematically altering the macro-CTA to monomer molar ratio. Similarly, it was
shown that altering the PEO macro-CTA DP influenced the nanoparticle size.1®3
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Other water-soluble macro-CTAs were also researched, including poly(AA),64 165167
poly(methacrylic acid) (PMAA),'%* 188 poly[2-(diethylamino)ethyl methacrylate]
(PDEAEMA),™ PEO,*° poly[methacrylic acid-co-poly(ethylene oxide) methyl ether
methacrylate],}’®  poly[ethylene  glycol)  methyl  ether  acrylate)]-co-
poly(N-hydroxyethyl acrylamine) (PEGA-co-PHEAA)! and poly(styrene-co-acrylic
acid),’® see Figure 1.28. All acted as effective stabilizers and CTAs for the RAFT
aqueous emulsion polymerizations of hydrophobic monomers such as styrene, nBA or
MMA.

This same method was utilized by Cunningham et al. who chain-extended a non-ionic
PGMA macro-CTA (Figure 1.28) with BzMA via RAFT aqueous emulsion
polymerization to form a series of spherical nanoparticles of increasing particle
diameter with PBzMA DP, at up to 50% w/w copolymer concentration.®* Similar
PGMA macro-CTAs were also chain-extended with 2,2,2-trifluoroethyl methacrylate
(TFEMA),12  glycidyl methacrylate (GlyMA)"™® or isopropylideneglycerol
(IPGMA)"* to give sterically-stabilized spherical nanoparticles by PISA. The RAFT
aqueous emulsion polymerization of phenyl acrylate (PhA) was also reported using a
poly(dimethyl acrylamide) (PDMAC) macro-CTA.X® However, all of the RAFT
aqueous emulsion polymerizations discussed above only led to the formation of
spherical nanoparticles by PISA. This is in spite of the fact that equivalent or similar
diblock copolymers have been synthesized via RAFT alcoholic dispersion

polymerization and can form either worms or vesicle under appropriate conditions.

Considerable research has also been conducted into the use of macro-CTAs
comprising a statistical mixture of monomers, see Figure 1.28. Use of these macro-
CTAs typically enables access to non-spherical morphologies via RAFT aqueous
emulsion polymerization. For example, the polymerization of styrene using a
poly[(acrylic acid)-co-poly(ethylene glycol methyl ether acrylate)] (P(AA-co-PEGA))
macro-CTA led to the formation of ‘amphiphilic nano-fibers’ or worms.!6 Similarly,
chain-extending a poly[methacrylic acid-co-poly(ethylene oxide) methyl ether
methacrylate] (P(MAA-co-PEOMA)) macro-CTA with styrene and/or MMA, enabled
the formation of spheres, worms or vesicles via PISA (Figure 1.29).162 176-178 Dyring
these syntheses, various parameters including the statistical copolymer composition,

core-forming block DP, salt concentration, stirring rate, copolymer concentration and
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pH were all determined to have a significant impact on polymerization control and the

final diblock copolymer morphology.

a) MAA/PEOMA = 50/50
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Figure 1.29. (a) Phase diagram showing the effect of macro-CTA molecular weight and degree of
polymerization of styrene on the final nanoparticle morphology for the RAFT aqueous emulsion
polymerizations of styrene at pH 5, in the presence of P(MAA-co-PEOMA). (b) TEM images showing
the three morphologies depicted in (a). Reproduced from Reference.™®

It is not well understood why the use of statistical copolymers as macro-CTAs enables
the synthesis of higher order morphologies by RAFT aqueous emulsion
polymerization. Recent empirical experiments have aimed to gain further insights.
Lesage de la Haye et al. investigated the effect of hydrophile structure on the
morphology of diblock copolymer nanoparticles synthesized via RAFT aqueous
emulsion  polymerization  of  styrene.®®  Three different  hydrophilic
poly(N-acryloylmorpholine) (PNAM) macro-CTAs were synthesized, each containing
three poly(ethylene glycol acrylate) (PEGA) units, see Figure 1.30. It was
demonstrated that the position of the PEGA units had a dramatic effect on the final
diblock copolymer morphology. For pure PNAM-PS diblock copolymers only

spherical nanoparticles were obtained, but pure vesicles were observed by inserting
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three PEGA units at the end of the PNMA chain. Mixed phases of spheres and vesicles
were also obtained when the PEGA units were inserted either statistically or at the

beginning of the PNAM chain.

N-acryloyl morpholine Poly(ethylene glycol) acrylate Styrene
(NAM) (PEGA) (S)

1. PNAM,¢
2 A
. Y 200 2 ® PNAM,5-b-P(NAM;-co-PEGA,)-b-PS

: @

3. ‘o 2 P(NAM,;-co-PEGA,)-b-PS
: [ ]

4. '] . P(NAMg-co-PEGA,)-b-PNAM, 5-b-PS

1. spheres 2. vesicles 3. vesicles & spheres 4. vesicles & spheres

Figure 1.30 Influence of the position of poly(ethylene glycol acrylate) (PEGA) units along a poly(N-
acryloylmorpholine) macro-CTA on the final copolymer morphology of P(NAM-co-PEGA)-PS
diblock copolymer nanoparticles. Four different PNAM macro-CTAs were used; (1) pure PNAM, (2),
PEGA units at end of PNAM chain, (3) PEGA units statistically throughout the PNAM chain and (4)
PEGA units at the beginning of the PNAM chain. The TEM of the corresponding particle morphology
is also shown for each macro-CTA. Taken in part from Reference.'®

Truong et al. also recently reported the synthesis of novel non-spherical ‘filomicelle
nanomaterials’ by employing RAFT aqueous emulsion polymerization followed by a
‘temperature-induced morphological transition’ (TIMT).*8! At the end of the initial
polymerization, only spherical micelles were obtained. On cooling in the presence of
additional monomer, a morphological transition from spheres to filomicelles (worms)
and/or vesicles was observed. In this case, it appears that the additional monomer acts
as a plasticizer for the frustrated core-forming block. However, application of this
TIMT approach would not be particularly attractive from a commercial perspective

due to the presence of residual monomer.
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Another recently published article from the Davis group, demonstrated that spheres,
worms and vesicles could be synthesized by RAFT aqueous emulsion polymerization
provided that the macro-CTA end-group and the radical initiator concentration are
carefully chosen.'® More specifically, two poly[N-hydroxyethyl acrylamide-co-
poly(ethylene glycol) methyl ether acrylate] P(HEAA-co-PEGA) macro-CTAs were
synthesized by RAFT solution copolymerization. A carboxylic acid-functionalized
4-cyano-4-(ethylthiocarbonothioylthio)pentanoic acid RAFT agent was used
alongside its methylated analogue. For the subsequent RAFT emulsion polymerization
of styrene, only spheres were obtained when using the carboxylic acid-terminated
macro-CTA, whereas vesicles were formed when utilizing the methyl ester-terminated
macro-CTA. Additionally, it was shown that halving the initiator concentration during
the above vesicle synthesis (macro-CTA:initiator ratio adjusted from
1:0.25 to 1:0.125) resulted in the formation of spheres only. In this case, the synthesis
of spheres is thought to occur as a result of the reduced number of growing polymer

chains and thus, a lower number of chains aggregating in one particle.

More recently, diblock and triblock copolymers have been utilized as the macro-CTA
for RAFT aqueous emulsion polymerizations, instead of homopolymers. For example,
Qiao et al. synthesized a poly(acrylic acid)-poly(2,2,2-trifluoroethyl acrylate)-
poly(acrylic acid) ABA triblock copolymer which was then chain extended with
2,2,3,4,4,4-hexafluorobutyl acrylate by RAFT aqueous emulsion polymerization to
give ABCBA penta-block copolymer spherical nanoparticles via PISA.18 Similarly,
Pham et al. polymerized styrene from either a P(AA-co-BA)-PS AB diblock
copolymer or a P(AA-co-BA)-PS-P(AA-co-BA) ABA triblock copolymer. The
resulting polymers were shown to self-assemble to form not only spherical
nanoparticles but worm and vesicles as well.'8*

Although this empirical research!®-182 undoubtedly constitutes useful progress, the
critical synthesis parameters that determine whether only kinetically-trapped spheres
are obtained or the full range of morphologies are observed have not yet been

established.
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1.5. Thesis Outline

The work presented in this Thesis aims to better understand the synthesis of diblock
copolymer nanoparticles in aqueous media. There is a considerable volume of work
published on RAFT aqueous dispersion polymerization, involving the polymerization
of a water-miscible monomer from a water-soluble homopolymer. Under these
conditions, a wide range of diblock copolymer morphologies (spheres, worms and
vesicles) can be accessed by PISA. This Thesis focuses on the polymerization of
water-immiscible monomers via RAFT aqueous emulsion polymerization. The
literature indicates that such formulations often only lead to the synthesis of
kinetically-trapped spherical nanoparticles via PISA. The critical synthesis parameters
that determine whether or not the full range of morphologies can be obtained have not

yet been established.

In Chapter 2, the RAFT aqueous emulsion polymerization of a range of monomers is
explored using a water-soluble PMAAx macro-CTA. Anionic macro-CTAs are
well-known to provide good electrosteric stability, required for the synthesis of stable
nanoparticles. More specifically, PMAA was an attractive stabilizer block for my PhD
sponsor (AkzoNobel) owing to its high glass transition temperature, an attractive
property for potential applications in paints and coatings. Initially, BzZMA was chosen
as a suitable water-immiscible monomer. Two series of PMAAx-PBzMA, diblock
copolymers are synthesized using different RAFT agents (CPCP and PETTC). The
same PMAA-PBzMA\ diblock copolymers are then prepared at varying copolymer
and salt concentrations. Six core-forming monomers of varying water solubility are
then used to synthesize a series of diblock copolymer nanoparticles by chain-
extending a PMAAx macro-CTA. These six monomers were; BzMA,
2,2,2-trifluoroethyl methacrylate (TFEMA), n-butyl methacrylate (BMA), methyl
methacrylate (MMA), 2-hydroxybutyl methacrylate (HBMA) and 2-hydroxypropyl
methacrylate (HPMA). These monomers exhibit a range of water solubilities, enabling
the influence of this parameter to be studied. All block copolymers are analyzed by
NMR, GPC, DLS and TEM. The PMAAx-PMMA\ series is investigated in more detail
by Small-angle X-ray scattering (SAXS) and differential scanning calorimetry (DSC)

and evaluated as Pickering emulsifiers for the stabilization of oil-in-water emulsions.

Chapter 3 examines the effect of aqueous monomer solubility on the diblock

copolymer morphology obtained during PISA by investigating the RAFT aqueous
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emulsion polymerization of HBMA in more detail. A novel ‘monkey-nut” morphology
is observed and these anisotropic nanoparticles are characterized by DLS, TEM,
scanning emission microscopy (SEM), shear-induced polarized light imaging (SIPLI)
and SAXS.

Chapter 4 examines the optimization of the high-throughput synthesis of diblock
copolymer nanoparticles in aqueous media via PISA. The synthesis of
PMAA:ss-PBzMAy and PMAAss-PBMAy diblock copolymer nanoparticles via RAFT
aqueous emulsion polymerization is optimized using a high-throughput protocol
combined with an automated Chemspeed Autoplant A100 synthesizer. The
reproducibility of such high-throughput PISA syntheses is evaluated. This approach is
then extended to the synthesis of diblock, triblock and tetrablock copolymer

nanoparticles at up to 45% w/w copolymer concentration.

In Chapter 5, a PMAAss macro-CTA is chain-extended with BzMA and hexyl
methacrylate (HXMA) in turn via RAFT aqueous emulsion polymerization to
synthesize a series of diblock, triblock and tetrablock copolymer nanoparticles that
film-form at room temperature to give highly transparent films (> 95% for triblock
copolymer films and > 89 % transmittance for tetrablock copolymer films at 600 nm).
The resulting block copolymers are evaluated by NMR, DLS, TEM and GPC, and the

corresponding films are analyzed by visible absorption spectroscopy, DSC and SAXS.
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2.1. Introduction

There has been considerable research into RAFT polymerization conducted in a wide
range of solvents, including alcohols,** n-alkanes,>® and water.'° This Thesis
focuses on wusing water as a solvent because it is cheap, non-toxic,
environmentally-friendly, non-flammable and has a high heat capacity.
Polymerization of a monomer in water, whose corresponding polymer is insoluble,
from a water-soluble homopolymer leads to in situ self-assembly and the formation of
nanoparticles via PISA.2° This PISA can occur by two methods dependent on the
aqueous solubility of the core-forming monomer. Either by RAFT aqueous dispersion
polymerization,'? 13.18.21-23 \yhen the monomer is water-miscible or by RAFT aqueous
emulsion polymerization,'” 202 2428 \when the monomer is water-immiscible.

The synthesis of nanoparticles via RAFT aqueous dispersion polymerization is
well-studied.> 13 18. 21-23 The resulting nanoparticles have a wide range of potential
applications. In particular utilizing water as a solvent has increased the possibility for
bio-applications.?®32 A wide range of nanoparticle morphologies can be targeted
(including spheres, worms and vesicles) by adjusting the hydrophilic (stabilizer) block
DP, the hydrophobic (core-forming) block DP and the copolymer concentration.*
During PISA, the core-forming chains are solvated by unreacted monomer which
facilitates the evolution in copolymer morphology from spheres to worms to vesicles.
These nanoparticles can also be stimulus-responsive, a desirable quality for many
applications.® 31 33-% However, RAFT aqueous dispersion polymerization is restricted
to a limited number of monomers.?

In contrast, there are many more water-immiscible monomers which can be
polymerized via RAFT aqueous emulsion polymerization. Although much research
has been conducted in this area over recent years, there are fewer reports of higher
order morphology nanoparticles (worms and vesicles), with most systems being
limited to the synthesis of kinetically-trapped spherical nanoparticles.!” 23 26. 28, 37-42
Of particular relevance to this body of work is the synthesis of PGMAs1-PBzMAy
diblock copolymers via RAFT aqueous emulsion polymerization of BzZMA. A range
of PBzMA DPs (y = 50 to 1000) and copolymer concentrations (10 to 50% w/w) were
targeted but only spherical nanoparticles were obtained.!’” During this polymerization
the water-immiscible BzZMA monomer may diffuse through the aqueous phase too

slowly to provide sufficient plasticization/swelling of the core-forming block on the
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timescale of the polymerization. If this is correct, then there may be insufficient
solvation to enable the evolution of nanoparticle morphology from spheres to worms
to vesicles.” Despite this limitation, there are reports of higher order morphologies
synthesized via RAFT aqueous emulsion polymerization. In many cases, these
syntheses involve the use of a statistical copolymer macro-CTA.2”> 47 The reasons
for this are not well understood. Thus, recent empirical experiments have aimed to
gain further insights.*’*® However, the critical synthesis parameters that determine
whether only kinetically-trapped spheres are obtained or the full range of

morphologies are observed have not yet been established.

This Chapter focuses on the chain extension of a water-soluble PMAAx macro-CTA
with a range of core-forming monomers via RAFT aqueous polymerization. Firstly,
the RAFT agueous emulsion polymerization of BzZMA was studied in detail. Then the
effect of increasing the core-forming monomer aqueous solubility was assessed with

the aim of synthesizing higher order morphologies via aqueous PISA.

2.2. Experimental

2.2.1. Materials

Methacrylic acid (MAA), benzyl methacrylate (BzMA), 2-hydroxypropyl
methacrylate (HPMA), methyl methacrylate (MMA), n-butyl methacrylate (BMA),
2,2,2-trifluoroethyl ~ methacrylate (TFEMA), 2-hydroxybutyl methacrylate
(HBMA; actually a 1:1 molar ratio of 2- and 4-isomers as judged by 'H NMR
spectroscopy),”®  4,4'-azobis(4-cyanovaleric acid) (ACVA) and 4-cyano-
4-(phenylcarbonothioylthio)pentanoic acid (CPCP) were purchased from Sigma-
Aldrich UK and used as received unless otherwise specified. Deionized water was
used in all experiments. 4-cyano-4-(2-phenylethanesulfanylthiocarbonyl)sulfanyl-
pentanoic acid (PETTC) RAFT CTA was prepared in house, as described previously.>!
The trimethylsilyldiazomethane solution (2.0 M in diethyl ether), THF
(HPLC, > 99.9%) and glacial acetic acid (= 99.85%) used for the preparation and
analysis of the methylated diblock copolymers were also purchased from Sigma-
Aldrich UK. ds-Methanol, ds-dimethyl sulfoxide and d7-dimethylformamide
(d7-DMF) were purchased from Goss Scientific Instruments Ltd. (Cheshire, UK). All

other solvents were purchased from Sigma-Aldrich UK.
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2.2.2. Preparation of poly(methacrylic acid) (PMAAx) macro-CTA agent

PETTC RAFT agent (3.169 g, 9.3 mmol), MAA (45.00 g, 0.5227 mol, target DP = 50),
ACVA (0.523 g, 1.0 mmol; CTA/initiator molar ratio = 5.0), and ethanol (73.04 g,
40% w/w) were weighed into a 500 mL round-bottom flask and degassed with N for
30 min in an ice bath. The reaction solution was then heated for 3 h at 70 °C in a pre-
heated oil bath. The resulting macro-CTA was then purified by precipitation into
diethyl ether (1.5 L). The insoluble polymer was isolated by filtration and redissolved
in the minimum amount of ethanol, before a second precipitation step. The polymer
was then collected and redissolved in the minimum amount of water for isolation by
lyophilization. The mean degree of polymerization was calculated to be 56 for this
PMAAs¢ macro-CTA by "H NMR in dy-methanol. This synthesis was also performed
using 4-cyano-4-(phenylcarbonothioylthio)pentanoic acid (CPCP) as the RAFT agent.
Throughout this Thesis PMAAsc-TTC macro-CTA refers to the macro-CTA made
using PETTC and PMAAss-DB macro-CTA refers to the macro-CTA made using
CPCP.

2.2.3. Synthesis of PMAAx-PBzMAy diblock copolymer nanoparticles via RAFT
aqueous emulsion polymerization
A typical protocol for the synthesis of PMAAss-PBzMAse-TTC nanoparticles was as
follows: PMAAss-TTC macro-CTA (0.0293 g, 0.0057 mmol), ACVA
(0.30 mg; 0.0011 mmol, macro-CTA/initiator molar ratio = 5.0) and water (4.77 g,
10% w/w) were weighed into a 15 mL vial. The solution pH was adjusted to pH 5
using 1 M NaOH and BzMA monomer (0.50 g, 2.84 mol) was then added. A magnetic
flea was added and the reaction vial was sealed using a rubber septum. The reaction
solution was purged under N for 15 min and the vial was then placed in a pre-heated
water bath at 70 °C for 2 h, prior to its removal and exposure to air to quench the

polymerization.

2.2.4. Synthesis of PMAAx-PBzMAy diblock copolymer nanoparticles via RAFT
agueous emulsion polymerization in the presence of CaCl: salt.

A typical protocol for the synthesis of PMAAs4-PBzMAse-DB nanoparticles in the

presence of 0.04 M CaCl, was as follows: PMAAss-DB macro-CTA (0.0472 g,

0.01 mmol), ACVA (0.60 mg; 0.002 mmol, macro-CTA/initiator molar ratio = 5.0),

CaCl salt (0.0419 g; 0.40 mmol) and water (9.43 g, 10% wi/w) were weighed into a

15 mL vial. The solution pH was adjusted to pH 5 using 1 M NaOH and BzMA
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monomer (1.00 g, 5.7 mmol) was then added. A magnetic flea was added and the
reaction vial was sealed using a rubber septum. The reaction solution was purged
under N2 for 15 min and the vial was then placed in a pre-heated water bath at 70 °C

for 2 h, prior to its removal and exposure to air to quench the polymerization.

2.2.5. Chain extension of PMAAx macro-CTA with monomers of varying aqueous
solubility

A PMAAGss-TTC macro-CTA was chain-extended with various monomers (TFEMA,
BMA, MMA, HBMA or HPMA) to form diblock copolymer nanoparticles in water
via PISA. These diblock copolymer nanoparticles were synthesized by the same
method used for the synthesis of PMAAyx-PBzMA, nanoparticles, as described above.
In all syntheses the same conditions were used: 20% w/w copolymer concentration,
pH 5, macro-CTA/ACVA molar ratio = 5 and 70 °C

2.2.6. Synthesis of PMAAx-PBzMAy diblock copolymer nanoparticles via RAFT
alcoholic dispersion polymerization
A typical protocol for the synthesis of PMAAss-PBzMAso-TTC nanoparticles was as
follows: PMAAss-TTC macro-CTA (0.5857 g, 0.1135 mmol), ACVA (6.36 mg;
0.0227 mmol, macro-CTA/initiator molar ratio = 5.0), BzZMA monomer (1.00 g,
5.68 mmol) and ethanol (6.37 g, 20% w/w) were weighed into a 15 mL vial. A
magnetic flea was added and the reaction vial was sealed using a rubber septum. The
reaction solution was purged under N2 for 15 min and the vial was then placed in a
pre-heated water bath at 70 °C for 24 h, prior to its removal and exposure to air to

guench the polymerization.

2.2.7. Preparation of Pickering Emulsions

2.0 mL of oil (methyl myristate or squalene) was homogenized with 2.0 mL of an
aqueous dispersion of PMAAss-PMMA2q0 diblock copolymer nanoparticles (0.05 to
2.0% wiw) for 2 min using a IKA Ultra-Turraz T-18 homogenizer with a 10 mm
dispersing tool operating at 12,000 rpm. Mean droplet diameter was determined by

laser diffraction. The emulsions were imaged by optical microscopy.
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2.3. Copolymer Characterization

2.3.1. 'H NMR Spectroscopy
All 'TH NMR spectra were recorded using a 400 MHz Bruker Advance-400
spectrometer using either ds-methanol, ds-dimethyl sulfoxide or d7;-DMF as the

solvent.

2.3.2. Methylation of copolymers for GPC analysis

Prior to GPC analysis, all copolymers were modified by methylation of the carboxylic
acid groups in the PMAA block. Excess trimethylsilyldiazomethane was added
dropwise to a solution of copolymer (20 mg) in THF (2.0 mL), until the yellow color
persisted. This reaction solution was then stirred overnight until all THF had

evaporated prior to analysis by "H NMR and THF GPC.

2.3.3. Gel Permeation Chromatography (GPC)

THF GPC at 30 °C was used to determine the molecular weights and dispersities of
the modified copolymers. The GPC set-up consisted of two 5 uM Mixed C columns
connected to a WellChrom K-2301 refractive index and UV detector (set to 298 nm).
The mobile phase was HPLC-grade THF containing 0.05% w/v butylhydroxytoluene
(BHT) and 2.0% v/v trimethylamine (TEA) at a flow rate of 1.0 mL min™'. Molecular
weights were calculated with respect to a series of near-monodisperse PMMA

standards.

2.3.4. Dynamic Light Scattering (DLS)

Aqueous copolymer dispersions (0.20% w/w) in disposable plastic cuvettes were
analyzed using a Malvern Zetasizer NanoZS instrument. Scattered light was detected
at 173° and intensity-average hydrodynamic diameters were calculated using the
Stokes-Einstein equation. Data were averaged over three consecutive measurements,

comprising a minimum of ten runs per measurement.

2.3.5. Aqueous Electrophoresis

Measurements were performed using a Malvern Zetasizer NanoZs instrument on
dilute (0.20% w/w) copolymer dispersions containing background salt (1 mM KCIl).
The solution pH was adjusted by addition of either NaOH or HCL.

2.3.6. Transmission Electron Microscopy (TEM)
One droplet (10 puL) of a dilute copolymer dispersion (0.20% w/w) was deposited

onto a carbon-coated copper grid. The grid was then stained with 10 pL uranyl formate
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for 10 seconds and dried using a vacuum hose. TEM images were then obtained using
a Philips CM100 instrument operating at 100 kV and equipped with a Gatan 1 k CCD

camera.

2.3.7. Differential Scanning Calorimetry (DSC)

The polymer dispersions were dried overnight on a glass slide. An accurate mass
(between 6 and 10 mg) was weighted into an aluminium pan and sealed with a lid. The
polymer sample was heated under N2 in a TA instruments Q2000 model calorimeter.
Thermograms were acquired at a rate of 10 °C per min from — 80 °C to 285 °C, 3 cycles
were performed. These analyses were conducted by members of the analytical
department at AkzoNobel (Slough).

2.3.8. Acid titration to determine the effective pKa values of the MAA monomer
units

Acid titrations were conducted on the dilute PMAAx macro-CTA solutions and the

PMAA-PBzMA2y diblock copolymer dispersions (1.0% w/w). Each solution was

titrated from pH 11 to pH 2 using a 0.1 M HCI solution with continuous stirring. The

pH was measured using a Thermo Scientific Orion Star A211 pH meter. The effective

pKa values for the PMAA block in each of the polymers were calculated based on the

pH at 50% ionization.

2.3.9. Determination of aqueous monomer solubility by visual inspection

The aqueous solubility of the various monomers (HPMA, HBMA, MMA, BMA,
TFEMA and BzMA) was determined at both 20 °C and 70 °C. The monomer
(0.019 - 13 g) was added dropwise to a known quantity of water (100 g) at either 20
or 70 °C with vigorous stirring (an oil bath was used for heating to 70 °C). The aqueous
solubility was determined by visual inspection as the point at which the monomer no
longer dissolved fully but could be observed as a haze or as emulsion droplets. From
this protocol, the aqueous solubility can be determined (g dm™®) at any given
temperature.

2.3.10. Laser diffraction

Mean droplet diameter (Dpsz3p) of the emulsions was determined using a Malvern
Mastersizer 3000 instrument equipped with a Hydro EV flexible wet dispersion unit,
a He-Ne laser operating at 633 nm, and a solid-state blue laser operating at 466 nm.

The stirring rate was adjusted to 1,750 rpm in order to avoid creaming of the emulsion
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during analysis. After each measurement, the cell was rinsed twice with ethanol,
followed by once with distilled water; the glass walls of the cell were carefully wiped
with lens cleaning tissue to avoid cross-contamination and the laser was aligned
centrally to the detector prior to data acquisition. The volume-average diameter was

measured and repeated five times for each emulsion.

2.3.11. Optical microscopy

Emulsions were imaged by optical microscopy using a Motic DMBAS300 digital
biological microscope with a built-in camera and equipped with Motic Images Plus
2.0 ML software.

2.4. Results and Discussion

2.4.1. Synthesis of PMAAx macro-CTA via RAFT solution polymerization

S
PN
R
OH
RAFT agent - , S Z
ACVA, N,, 70 °C, ethanol, HO O
O CTA/ACVA =35.0
MAA PMAA, macro-CTA

Scheme 2.1 Synthesis of PMAA, macro-CTA via RAFT solution polymerization in ethanol at 40% w/w
polymer concentration. The RAFT agent structure shown is the generic structure where R is an alkyl
group and the Z group varies depending on the class of chain transfer agent (trithiocarbonate vs.
dithiobenzoate).

Methacrylic acid (MAA) monomer was polymerized via RAFT solution
polymerization in ethanol with two different RAFT CTAs to yield the corresponding
RAFT macro-CTAs (Scheme 2.1). The RAFT CTA must be carefully selected for each
polymerization to ensure good control.>? The Z group activates the C=S double bond
for radical addition, ensuring a high transfer constant.> > Based on the Z group, these
RAFT CTAs can be categorized into four classes: dithioesters (Z= alkyl or aryl),
trithiocarbonates (Z = SR), dithiocarbamates (Z= NR2) and xanthates (Z= O-alkyl).

In this Thesis, both a dithobenzoate RAFT agent and a trithiocarbonate RAFT agent
were used, see Figure 2.1. Although both types of RAFT agents have high transfer
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constants, dithiobenzoates are more prone to hydrolysis which is not ideal for RAFT
polymerizations conducted in aqueous media.’> 5 The dithiobenzoate and
trithiocarbonate RAFT agents chosen were 4-cyano-4-
(phenylcarbonothioylthio)pentanoic acid (CPCP) and 4-cyano-4(2-
phenylethanesulfanylthiocarbonyl)sulfanylpentanoic acid (PETTC). The use of
PETTC for the synthesis of PMAAx-PBzMA, diblock copolymers via RAFT alcoholic
dispersion polymerization has been previously reported by Semsarilar et al.>* Another
advantage is the ability to synthesize PETTC in-house making it considerably cheaper
than purchasing CPCP.>

S S
R z
R )J\ \)L/
~g z S S

Trithiocarbonate

Type of RAFT agent
Dithiobenzoate

Chosen RAFT agent

CN CN ¢
HOOC\/>k S HOOC\/>|\ )j\ /\/@
S s7 s

CPCP PETTC
PMAA, macro-CTA CN CN S
S 56 S S
54
HO 0 HO (o]
PMAA;,-DB macro-CTA PMAA;,-TTC macro-CTA

Figure 2.1 Two poly(methacrylic acid) macromolecular chain transfer agents (macro-CTAs) were
prepared via RAFT solution polymerization in ethanol using two different classes of RAFT CTAs. The
chosen dithiobenzoate CTA was (4-cyano-4-(phenylcarbonothioylthio)pentanoic acid) (CPCP) and the
selected trithiocarbonate CTA was (4-cyano-4(2-phenylethanesulfanylthiocarbonyl)sulfanylpentanoic
acid) (PETTC).

The PMAAGs4-DB and the PMAAse-TTC macro-CTAs were synthesized by the same
general method, see Scheme 2.1. In both cases, a PMAA DP of 50 was targeted.
Polymerizations were allowed to proceed for 3 h at 70 °C resulting in MAA
conversions of 89% and 82% for the CPCP and the PETTC CTAs respectively.
Typically, macro-CTA syntheses are terminated prior to achieving full monomer
conversion to ensure high RAFT chain-end fidelity.>® This means that, on chain
extension of the macro-CTA with a second monomer, high blocking efficiencies can

be achieved. The crude macro-CTAs were purified by repeated precipitation into
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excess diethyl ether to remove any residual monomer and unreacted CTA. Purified
polymer was then dissolved in water and freeze-dried to render a PMAAx macro-CTA
powder. The thiocarbonylthio moiety of the CTA causes the resulting macro-CTAs to
be strongly coloured.®® The PMAAs;-DB macro-CTA is pink®’ whereas the
PMAAss-TTC macro-CTA is yellow.®® Mean PMAA DPs were determined by ‘H
NMR spectroscopy, in ds-methanol, to be 54 and 56 when using the CPCP and the
PETTC CTA, respectively, see Figure 2.2.

water

b) o]
b CN e

a
c d 56 STS g
HO f d;-methanol
S h abcde

fg

n ) _

)
CN e
Hooc_ B S
a s
c d | 54 abcde
HO o] f

d,-methanol / \

HO

a

f
; . n A . . JIL . L Nl . . 1 -
10 9 8 7 6 5 4 3
5 (ppm)
Figure 2.2 *H NMR spectra of (a) PMAAs4-DB macro-CTA and (b) PMAAs-TTC macro-CTA. Both

macro-CTAs were synthesized via RAFT solution polymerization in ethanol (a) was made using CPCP
and (b) was made using PETTC as the chain transfer agent.

THF GPC analysis was used to determine the molecular weight (M) of the
PMAA, macro-CTAs. However, these PMAAyx macro-CTAs (and any corresponding
block copolymers) had to be methylated prior to THF GPC analysis. This is owing to
the anionic nature of the PMAA residues, which can interact with or adsorb onto the
GPC column, disrupting the size exclusion mechanism. To prevent this problem, the
PMAA residues are methylated and converted to PMMA via reaction with excess
trimethylsilyldiazomethane, as previously reported by Couvreur et al.*® THF GPC
analysis of the methylated PMAAs,-DB macro-CTA indicated an M, of 5,600 g mol™
and a dispersity of 1.17. Similarly, analysis of the methylated PMAAss-TTC
macro-CTA indicated an My of 7,000 g mol™ and a dispersity of 1.18.
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PMAA-TTC PMAA,,-DB
M, =7,000 gmol M, = 5,600 gmol-
D=1.18 b =117

/

14 15 16 17 18
Retention time (min)

Figure 2.3 THF GPC chromatograms of methylated PMAAss-DB macro-CTA and PMAAss-TTC
macro-CTA. Molecular weight (M,) and dispersity (D) are calculated relative to a series of
near-monodisperse PMMA calibration standards.

2.4.2. Kinetics of PMAAx-PBzMAy synthesis via RAFT aqueous emulsion

polymerization

S

R M O BzMA
X

S Z
ACVA, N,, 70 °C, H,0, pH5
macro-CTA/ACVA =5.0

HO o)

PMAA, macro-CTA

PMAA,-PBzMA,

x = 54/56
y= 100-1500

Scheme 2.2. Synthesis of poly(methacrylic acid)-poly(benzyl methacrylate) (PMAA.-PBzMA,)
diblock copolymer nanoparticles via RAFT aqueous emulsion polymerization of BzZMA at 70 °C.
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The PMAAss-DB macro-CTA was chain-extended via RAFT aqueous emulsion
polymerization of BzMA to form PMAAs:-PBzMA2y diblock copolymer
nanoparticles (Scheme 2.2). The kinetics of this polymerization at 70 °C were
monitored by H NMR spectroscopy at 10% w/w copolymer concentration
(Figure 2.4). Samples were taken throughout the reaction and analyzed by *H NMR
spectroscopy in d7-DMF, which acts as a good solvent for both the PMAA and PBzMA
blocks (thus fully dissolving the nanoparticles as copolymer chains). The
PMAAGs; macro-CTA/ACVA molar ratio was varied from 3.0 to 10.0 to determine the
effect of this parameter on the reaction kinetics and on the dispersity of the final
PMAAss-PBzMA2o diblock copolymer. From Figure 2.4 it is clear that, at all
macro-CTA/ACVA molar ratios, the polymerization proceeded to > 94% conversion
within 135 min. At a macro-CTA/ACVA molar ratio of 3.0 faster polymerizations are
observed, with > 94% conversion being achieved in just 60 min. Increasing this molar
ratio to 5.0 or 10.0 reduces the rate, with > 94% conversion being achieved within 100
and 135 min, respectively. An increase in dispersity is often observed when using low
macro-CTA/ACVA molar ratios owing to an increase in termination and a reduction
in living character. The choice of macro-CTA/ACVA molar ratio therefore usually
requires a compromise between polymerization rate and dispersity.’ In this case, the
dispersity was the same for molar ratios of 3.0 and 5.0 (B = 1.40) and only increased
marginally (B = 1.45) as the molar ratio was increased to 10.0, see Figure 2.5. An
intermediate macro-CTA/ACVA molar ratio of 5.0 was selected for all subsequent

experiments.
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Figure 2.4 Kinetics of polymerization of BzMA at 70 °C in water (pH 5) at 10% w/w copolymer
concentration with varying PMAAs4-DB macro-CTA/ACVA molar ratios of 3.0 (red A), 5.0 (black m)
and 10.0 (blue ). The target diblock copolymer in each case was PMAAs4-PBzMAsq.

For the BzMA polymerization conducted with a macro-CTA/ACVA molar ratio of
5.0, the evolution of molecular weight and dispersity was also monitored throughout
the reaction, see Figure 2.5. A linear evolution of molecular weight with conversion
was observed, indicative of a RDRP, see Figure 2.5c. Dispersities also increased
throughout the polymerization (up to 1.53 at 96% conversion within 120 min). Despite
this relatively high dispersity, high blocking efficiencies were achieved and GPC

analyses also indicated unimodal MWD curves.
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Figure 2.5 THF GPC chromatograms obtained for methylated PMAAs4-BzMAyy diblock copolymers
synthesized at 70 °C in water at 10% w/w using the PMAAs4-DB macro-CTA. (a) Effect of varying the
macro-CTA/ACVA molar ratio (3.0, 5.0 or 10.0) on the polymerization rate. (b) a series of GPC
chromatograms recorded for samples taken at various time points and (c) evolution of M, and B with
conversion throughout the polymerization of BzZMA using a macro-CTA/ACVA molar ratio of 5.0.
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2.4.3. Investigation into the anionic behavior of PMAAx macro-CTAs and
PMAAx-PBzMA200 diblock copolymers.
Acid titration studies were performed on the PMAAs:-DB macro-CTA and the
PMAAss-TTC macro-CTA (Figure 2.5a) to determine the pKa values.®® These
experiments indicated that the pKa values were 6.12 for the former macro-CTA and
5.97 latter. The pKa of PMAAx-PBzMAz0 diblock copolymers synthesized using
either a PMAAss-DB macro-CTA or a PMAAss-TTC macro-CTA were also
determined, see Figure 2.5b. The pKa values of the PMAAx-PBzMA200 nanoparticles
were somewhat higher than that of the macro-CTAs at 6.65 and 6.72, respectively.
The increased pKa values of the PMAAx-PBzMAy diblock copolymers relative to the
PMAAx macro-CTAs was expected.®* The MAA units in each case are in different
environments, the PMAA, macro-CTAs are essentially polyelectrolyte homopolymers
whereas the block copolymers form spherical nanoparticles. The close proximity of
the MAA acid units on the stabilizer block of the diblock copolymer nanoparticles
results in an increase in the pKa values.
Determination of the pKa values is important as it gives an indication of the degree of
ionization of the PMAA residues under the reaction conditions. The degree of
ionization will have an effect on the electrostatic repulsion between adjacent chains
which could influence the formation of nanoparticles via PISA. The level of
electrosteric stabilization provided by the PMAA chains will also vary with the degree
of ionization. The degree of ionization under the reaction conditions (pH 5.0), is 7.6%
for the PMAAss-DB macro-CTA and 10.7% for the PMAAss-TTC macro-CTA
(see Appendix 1).%°
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Figure 2.6 Acid titration used to determine the pKj of (a) PMAAs:-DB macro-CTA and PMAAss-TTC
macro-CTA and (b) of PMAA-PBzMA2 diblock copolymers synthesized from either a PMAAssDB
macro-CTA or a PMAAss-TTC macro-CTA.

Aqueous electrophoresis was used to evaluate the surface anionic character of
PMAAss-PBzM A2 nanoparticles, synthesized with the PMAAss-TTC macro-CTA,
with respect to pH (Figure 2.6). A pH titration was performed by starting at pH 10.0
and gradually reducing the dispersion pH to pH 2.0 by addition of acid. Between pH
10.0 and pH 6.5, the PMAA stabilizer chains are fully ionized and highly extended
with particle diameter of ~45 nm and a zeta potential of ~ -40 mV. In this pH range,
the particle diameter remains relatively constant at approximately 46 nm. As the pH
is reduced from pH 6.5 to pH 4.5 the zeta potential changes from -40 mV to -30 mV
as more of the PMAA chains become protonated. At the pKa value of 6.12

68



Chapter 2: Synthesis of Diblock Copolymer Nanoparticles via RAFT-Mediated PISA
in Water

approximately half of the PMAA residues per chain are protonated. The mean particle
diameter in this pH range is reduced to approximately 35 nm as the PMAA chains
begin to contract. Lowering the pH below 4.5 further reduces the zeta potential as the
PMAA chains become more protonated and collapse. This leads to loss of electrosteric
stabilization causing flocculation. The flocculated nanoparticles possess no net charge
at approximately pH 2. Indeed, the apparent particle diameter measured below pH 4.0
exceeded ~2 um. This nanoparticle aggregation proved to be reversible by conducting
a pH titration in the reverse direction (pH 2.0 to pH 10.0). By gradually increasing the
pH from 2.0 to 10.0 the PMAA chains become increasingly deprotonated with a zeta
potential of -38 mV being observed at pH 7.5. The apparent particle diameter also
decreases as the particles become stabilized by the highly anionic, extended PMAA
chains. During this pH titration (from pH 10.0 to pH 2.0) some hysteresis was
observed: the particle diameter did not return to its originally measured value but
appeared to double in size (~80 nm vs. ~45 nm). However, on direct adjustment of the

pH from pH 2.0 to 10.0 the particle diameter did return to its original value of 45 nm.
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Figure 2.7 Variation in particle diameter and zeta potential with pH for PMAAss-PBzMAyq diblock
copolymer spheres, synthesized with a PMAAss-TTC macro-CTA. Closed spheres indicate titration
from pH 10.0 to pH 2.0. Open spheres indicate titration from pH 2.0 to pH 10.0.
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2.4.4. Synthesis of PMAAx-PBzMAy diblock copolymer nanoparticles via RAFT
agueous emulsion polymerization at 10% w/w copolymer concentration

Two series of PMAAx-PBzMA, diblock copolymer nanoparticles were prepared via
RAFT aqueous emulsion polymerization of BzMA at 70 °C (Scheme 2.2). All
reactions were performed at a macro-CTA/ACVA molar ratio of 5.0 and at 10% w/w
copolymer concentration. In each series, either the PMAAs4-DB or the PMAAss-TTC
macro-CTA was used and the target PBzMA DP was varied from 100 to 1500. The
resulting diblock copolymers were analyzed by *H NMR spectroscopy, THF GPC,
DLS and TEM, see Table 2.1 and Table 2.2.

Previous work by Chaduc et al. indicated that pH has a strong influence on RAFT
aqueous emulsion polymerizations conducted using an anionic macro-CTA such as
PMAA.1% 62 Their work demonstrated that reaction pH has a significant effect on the
formation of particles via PISA. Under acidic conditions (pH 3 to 5) the PMAA
macro-CTA chains are in a hypercoiled conformation. This results in a higher local
concentration of the core-forming monomer aiding the rapid formation of well-defined
diblock copolymer chains that assemble into stable nanoparticles. In contrast at
pH > 6.5 the increased ionization of the PMAA macro-CTA chains leads to a more
open water-swollen structure. The increased charge of the PMAA chains at high pH
makes them more hydrophilic. Thus, a longer core-forming block DP is required for
particle nucleation to occur, resulting in a long inhibition period. This causes a loss of
control over the polymerization and the formation of polydisperse particles. In
addition to this the RAFT chain end is also more susceptible to hydrolysis. It was
therefore concluded that acidic conditions are favorable for RAFT agueous emulsion
polymerizations conducted using an anionic PMAA macro-CTA. The formation of
coagulum was reported at acidic pH but the level of coagulum decreased with
increasing pH.*® Given this all RAFT aqueous emulsion polymerizations in this Thesis
utilizing a PMAAx macro-CTA were conducted at pH 5.
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Table 2.2 Monomer conversions, number-average molecular weights (M), dispersities (B) and mean DLS and TEM diameter for a series of PMAAs:-PBzMA, diblock
copolymer nanoparticles prepared at 10% w/w via RAFT aqueous emulsion polymerization at pH 5 and 70 °C. All diblock copolymers were synthesized using a PMAAss-DB
macro-CTA.

Copolymer b . .
Target Composition  concentration Conversion® (%) M pP I_DLS particle D_LS ) TEM particle
(% wiw) (g mol?) diameter (nm) polydispersity diameter (nm)
PMAA,-DB 40 89 5,600 1.17 N/A N/A N/A
PMAA,,-PBZMA 4, 10 96 21,000 1.33 36 0.18 22
PMAA;,-PBZMA,,, 10 95 35,600 1.41 33 0.13 24
PMAA,,-PBZMA;, 10 95 48,000 1.50 36 0.11 24
PMAA,,-PBZMA 5, 10 98 65,800 1.79 35 0.13 25
PMAA,,-PBZMA;, 10 97 85,300 1.59 45 0.09 37
PMAA;,-PBZMAg,, 10 98 98,700 151 51 0.11 30
PMAA;,-PBZMA,,, 10 93 125,600 1.59 54 0.15 36
PMAA,,-PBZMAg,, 10 97 132,400 1.87 57 0.08 41
PMAA,,-PBZMA,, 10 95 197,100 1.76 59 0.08 46
PMAA,-PBZMA 10 95 106,300 1.72 85 0.18 35
PMAA,-PBZMA 4, 10 92 183,900 1.90 Flocculated Flocculated 43

aMonomer conversions determined by *H NMR spectroscopy.
°Determined by THF GPC analysis on methylated copolymer samples relative to a series of near-monodisperse PMMA standards
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Table 2.3 Monomer conversions, number-average molecular weights (My), dispersities (B) and mean DLS and TEM diameter for a series of PMAAss-PBzMA, diblock
copolymer nanoparticles prepared at 10% w/w via RAFT aqueous emulsion polymerization at pH 5 and 70 °C. All diblock copolymers were synthesized using a PMAAss-TTC
macro-CTA.

Copolymer M °

Target Composition CO'}an\mgon Conversion” (%) « m:)rl) o dhameter t(Irfrlﬁ) polyo[l?stSérsiw ;Emtpearr(tr%
PMAA,.TTC 40 82 7,000 1.18 N/A N/A N/A
PMAA-PBZMA 10 94 22,800 1.34 34 0.25 23
PMAA-PBZMA,,, 10 97 38,500 1.41 46 0.14 25
PMAA-PBZMA, 10 08 57,100 1.39 53 0.10 30
PMAA-PBZMA, 10 99 62,500 1.37 62 0.15 31
PMAA;-PBZMA,, 10 98 90,700 1.32 64 0.11 38
PMAA;-PBZMA,, 10 99 101,300 1.48 63 0.08 40
PMAA-PBZMA, 10 97 129,100 1.50 2 0.10 40
PMAA-PBZMA,, 10 99 150,100 1.52 B 0.09 44
PMAA-PBZMA,, 10 99 153,400 1.59 B 0.09 45
PMAA-PBZMA 4 10 99 129,900 1.71 84 0.07 45
PMAA;-PBZMA 5, 10 08 230,000 1.89 92 0.05 52

aMonomer conversions determined by *H NMR spectroscopy.
°Determined by THF GPC analysis on methylated copolymer samples relative to a series of near-monodisperse PMMA standards
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Monomer conversions of at least 92% (as judged by *H NMR spectroscopy studies in
d--DMF) were achieved for the synthesis of all the PMAAx-PBzMA, diblock
copolymer nanoparticles. Typically, higher conversions were achieved when utilizing
the PMAAss-TTC macro-CTA.

As discussed above, all PMAAx-PBzMAy diblock copolymers were methylated prior
to THF GPC analysis. A linear increase in molecular weight with PBzMA DP was
observed for both series up to a PBzMA DP of 800, which is indicative of a RDRP
(Figure 2.8). High blocking efficiencies were observed, indicating very little residual
unreacted macro-CTA. For well-controlled RAFT polymerizations B < 1.50 are
expected. THF GPC chromatograms of the methylated block copolymers indicated a
reduced level of control over the polymerization, with dispersities ranging between
1.33 and 1.90 for the series synthesized using the PMAAs4-DB macro-CTA. The
PMAAss-TTC macro-CTA afforded a similar level of control with dispersities
between 1.32 and 1.89. These higher-than-expected dispersities could be the result of
only partial methylation being achieved before GPC analysis.

Sterically-stabilized diblock copolymer nanoparticles were formed during RAFT
aqueous emulsion polymerization of BzZMA owing to the strongly amphiphilic nature
of the PMAAx-PBzMA chains. These nanoparticles were analyzed by both DLS and
TEM studies (Table 2.2 and Table 2.3). For the PMAAs:-PBzMAy diblock copolymer
series (using the PMAAss-DB macro-CTA), the hydrodynamic diameter remained
relatively constant (between 33 and 36 nm) for PBzMA DPs of 100 to 400, see
Figure 2.9. At PBzMA DPs of 500 to 1000 the hydrodynamic particle diameter
increased from 45 to 85 nm. A more linear increase in the hydrodynamic diameter of
the spherical nanoparticles was observed for the PMAAss-PBzMA, series (using the
PMAAGse-TTC macro-CTA) as the PBzMA DP increased from 100 to 1500 (34 nm up
to 92 nm), see Figure 2.9. This relationship was supported by TEM studies, see
Figure 2.8. All DLS analyses were conducted on dilute copolymer dispersions
(0.20% w/w) adjusted to pH 8. If DLS analyses were conducted at the natural post-
reaction pH (5-6), this led to greater scatter in the data caused by different degrees of
ionization of the PMAA stabilizer chains in each sample. The pH titration previously
discussed (Figure 2.7) indicates that there is minimal variation in particle diameter on
adjusting from pH 6.5 to pH 10.0. Therefore, by choosing to conduct these analyses at

pH 8.0 scatter in the data caused by pH variation is minimized.
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Figure 2.8 THF GPC chromatograms for PMAA.-PBzMA, diblock copolymer prepared at 10% w/w
copolymer concentration via RAFT aqueous emulsion polymerization of BzZMA using either (a) a
PMAAG:4-DB macro-CTA or (b) a PMAAss-TTC macro-CTA, where y = 100 - 1500. (c) evolution of
M, with PBzZMA DP for each series prepared with either the PMAAss-DB macro-CTA or the
PMAAGss-TTC macro-CTA. All diblock copolymers were modified by methylation prior to GPC
analysis. Molecular weight data is relative to a series of near-monodisperse PMMA standards.
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TEM studies indicated that only spherical nanoparticles were formed via PISA
(Figure 2.10). Even by targeting highly asymmetric diblock copolymers such as
PMAAGss-PBzMA 1500, higher order morphologies such as worms or vesicles could not
be accessed. Similar observations were reported by Cunningham et al. for the
synthesis of PGMAs:-PBzMAy nanoparticles and also by Chaduc et al. for
PMAA,-PS, nanoparticles.!” 3

(a) PMAA;,-PBzMA,-DB diblock copolymers
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Figure 2.9 A comparison of mean particle diameter vs. mean degree of polymerization of the PBzZMA
block for two series of PMAA-PBzMAy diblock copolymers prepared at 10% w/w copolymer
concentration via RAFT aqueous emulsion polymerization using either (a) PMAAs4s-DB macro-CTA
or (b) PMAAss-TTC macro-CTA. Data collected on dilute dispersions at pH 8.
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(a) PMAA;,-PBzMA,-DB

PMAA54-PBzMA1ou i

(b) PMAA56-PBzMAy-TTC

PMAA5G'P BZMAaoo PMAA53'PBZMA5°°

Figure 2.10 TEM images PMAAs-PBzMA, diblock copolymers prepared at 10% w/w copolymer
concentration via RAFT aqueous emulsion polymerization of BzMA made utilizing either
(a) PMAAs4-DB macro-CTA or (b) PMAAss-TTC macro-CTA.
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Synthesizing two series of PMAAx-PBzMA, diblock copolymer nanoparticles via
RAFT aqueous emulsion polymerization of BzMA utilizing two different
macro-CTAs enabled a direct comparison of the two RAFT agents to be made. The
results described above indicate that better results are achieved when using the
PMAAGse-TTC macro-CTA. More specifically, higher conversions were typically
achieved and a slightly improved level of control over the polymerization was
observed (1.32 < B >1.89). A more linear increase in the hydrodynamic diameter of
the spherical nanoparticles was also observed as the PBzMA DP increased from 100
to 1500 (34 nm up to 92 nm). Therefore, the PMAAss-TTC macro-CTA has been used

in all subsequent experiments from Section 2.4.7 onwards.

2.4.5. Synthesis of PMAAss-PBzMAso diblock copolymer nanoparticles via RAFT
aqueous emulsion polymerization at varying copolymer concentrations

It has been reported that the copolymer concentration can have an effect on the particle

morphology formed by PISA, with higher concentrations favoring the formation of

worms and vesicles.® Thus a series of PMAAss-PBzMAsqo diblock copolymers were

prepared at 10 to 50% w/w copolymer concentration using the PMAAss:-DB

macro-CTA. High conversions (> 97%) were achieved at 10, 20 and 30% w/w

copolymer concentration with the conversion reducing to 86% and 84% at 40 and

50% w/w copolymer concentration, respectively (see Figure 2.11 and Table 2.4).

40% wiw

Figure 2.11 Digital photographs of PMAAss-PBzMAs-DB diblock copolymer dispersions prepared
at copolymer concentrations of 10 to 50% w/w at pH 5.

77



Chapter 2: Synthesis of Diblock Copolymer Nanoparticles via RAFT-Mediated PISA
in Water

THF GPC analysis of the methylated copolymers suggests high blocking at all total
copolymer concentrations (Figure 2.11a). Reasonable control (B = 1.53) was achieved
at 10 and 20% w/w copolymer concentration. However, higher dispersities
(1.69<bB >1.99) were observed at copolymer concentrations > 30% w/w. TEM
studies showed a series of well-defined spherical nanoparticles of an approximately
equal particle diameter (33 - 38 nm) at 10 to 40% w/w copolymer concentration and
slightly larger spheres (48 nm) at 50% w/w (Figure 2.11c). In comparison, the DLS
data showed increasing particle diameter with increasing copolymer concentration,
Figure 2.11b. As this was not observed by TEM, it suggests incipient flocculation at
higher copolymer concentration (Figure 2.11c). It is also worth noting that a higher
viscosity was observed at increasing copolymer concentration. At 10% to 30% w/w,
free-flowing dispersions were obtained. A more paste-like consistency was observed
at 40% and 50% wi/w concentration, see Figure 2.11. If the increase in viscosity caused
inefficient stirring this could account for the lower degrees of conversions obtained at
these concentrations. Similar observations on increasing viscosity were reported by
Cunningham and co-workers when preparing PGMAx-PBzMAy spheres at 10 to
50% w/w.1" However, in this system high conversions were achieved at all copolymer

concentrations.

Table 2.4 Monomer conversions, number-average molecular weights (My), dispersities (D) and mean
DLS and TEM diameter for a series of PMAAs4-PBzMAso diblock copolymer nanoparticles prepared
at 10 to 50% w/w copolymer concentration.

DLS TEM
Copolymer . . DLS .
Target ) Conversion®  Mp° ) particle . particle
. concentration . particle .
Composition (%) (g mol?) diameter ] diameter
(% wiw) dispersity
(nm) (nm)
PMAAGs4-PBzMAsqo 10 98 81,100 1.53 64 0.11 38
PMAAss-PBzMAsoo
20 99 65,600 1.53 59 0.13 36
PMAAss-PBzZM Asoo
30 97 61,200 1.99 105 0.31 38
PMAAGs4-PBzM Asoo
40 86 48,500 1.69 113 0.32 33
PMAAss-PBzMAsoo
50 84 79,000 1.89 131 0.15 48

aMonomer conversions determined by *H NMR spectroscopy.
®Determined by THF GPC analysis on methylated polymer samples, relative to a series of near-monodisperse PMMA
standards.
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Figure 2.12 Characterization of PMAAss-PBzMAsq, diblock copolymers prepared at 10, 20, 30, 40 and
50% wi/w copolymer concentration via RAFT aqueous emulsion polymerization of BzMA: (a) THF
GPC curves of methylated copolymers, (b) mean particle diameter vs. copolymer concentration and
(c) TEM images showing well-defined spherical nanoparticles.
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2.4.6. Synthesis of PMAAx-PBzMAy diblock copolymer nanoparticles in the
presence of CaCl salt

One method utilized by the Charleux research group to synthesize higher order
morphology nanoparticles via RAFT aqueous emulsion polymerization was the
addition of CaCl, salt to the reaction mixture.** When the appropriate salt
concentration ([CaCl2] = 0.04 to 0.072 M) was present during the synthesis of
poly[acrylic acid-co-poly(ethylene oxide) methyl ether acrylate]-polystyrene
(P(AA-co-PEOA)-PS) then fibres or vesicles were formed, whereas at low (or no) salt
concentrations only spherical nanoparticles were obtained.

During the synthesis of PMAAx-PBzMAy diblock copolymer nanoparticles via PISA,
the formation of higher order morphologies is most likely hindered by mutual
electrostatic repulsion between the anionic PMAA stabilizer chains. The addition of
Ca2" ions screens this charge repulsion, enabling the PMAA chains to pack closer
together in the coronal shell and resulting in a reduction in the stabilizer block volume
fraction. Theoretically, this could favor the formation of worms or vesicles, see
Figure 2.13.

Figure 2.13 Schematic representation of the packing of PMAAss-PBzMAy chains to form
electrosterically stabilized nanoparticles. The addition of CaCly salt results in charge screening between
the anionic PMAA chains, reducing repulsion and enabling closer packing. This could result in an
increase in the packing parameter and a morphology transition from spheres to worms or vesicles.

To investigate this possibility, the PMAAss:-DB macro-CTA was chain-extended via
RAFT aqueous emulsion polymerization of BzZMA in the presence of CaCl,. PBzZMA
DPs of 200 to 1500 were targeted at CaCl. concentrations of 0.01, 0.02 and 0.04 M,
see Table 2.5. All syntheses were conducted at pH 5, with a macro-CTA/ACVA molar

ratio of 5.0 and at a copolymer concentration of 10% wi/w.
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Table 2.5 Target compositions, CaCl, concentration and hydrodynamic particle diameters for
PMAAs4-PBzMA, diblock copolymer nanoparticles synthesized in the presence of CaCl, at 10% w/w
copolymer concentration. All diblock copolymers were synthesized using the PMAAss-DB
macro-CTA.

Target CaCl, Concentration DLS particle DLS particle
Composition (M) diameter (nm) polydispersity
PMAA_-PBZMA 0.04 139 0.10
PMAA, -PBZMA, | 0.04 Flocculated -
PMAA,-PBZMA 0.04 Flocculated -
PMAA,-PBZMA | 0.04 Flocculated -
PMAA_-PBZMA 0.02 47 0.09
PMAA_,-PBZMA, | 0.02 138 0.14
PMAA,,-PBZMA 0.02 Flocculated -
PMAA,,-PBZMA | 0.02 Flocculated -
PMAA_-PBZMA 0.01 40 0.06
PMAA, ,-PBZMA_ 0.01 91 0.08
PMAA,,-PBZMA, 0.01 108 0.35
PMAA, ,-PBZMA . 0.01 Flocculated -

Unfortunately, DLS and TEM analysis indicated that only spherical nanoparticles
were formed irrespective of the target PBzMA DP or the CaCl; salt concentration
(Figure 2.14). The presence of the CaCl. does have some effect on PISA, as an
increase in nanoparticle diameter was observed for a given PBzMA DP with
increasing salt concentration. This indicates that the Ca®* ions reduce the repulsion
between adjacent PMAA chains, enabling closer packing. However, the morphology
transition from spheres to worms or vesicles was not observed under these conditions.
Instead, the presence of CaCl» caused flocculation of the nanoparticles. This is most
likely owing to excessive charge screening resulting in reduced electrosteric
stabilization. Flocculation was observed at a lower PBzMA DP as the CaCl
concentration was increased, see Table 2.5. At higher PBzMA DPs, the particles have
larger cores but are stabilized by the same PMAAs, chains. It therefore follows that a
smaller reduction in anionic charge density on the PMAAs4 chains results in loss of

electrosteric stabilization of the particles.
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Figure 2.14 Effect of CaCl, concentration and PBzMA DP on the morphology and hydrodynamic
particle diameter of PMAAss-PBzMAy diblock copolymer nanoparticles; (a) z-average particle
diameter vs. PBzMA DP, where trendlines act only as a guide for the eye, (b) TEM images of
PMAAs4-PBzMA, diblock copolymer nanoparticles (y = 200-1500) synthesized in the presence of
0.01M CaCl, and (c) TEM images of PMAAss-PBzMAsy diblock copolymer nanoparticles
synthesized in the presence of 0.01 — 0.04 M CaCl..
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2.4.7. Chain extension of PMAAss macro-CTA with monomers of varying aqueous
solubility

The results discussed on the PMAAL-PBzMA, system considered alongside previous
work on the PGMAs:-PBzMAy system suggest that often only kinetically-trapped
spherical nanoparticles can be obtained via RAFT aqueous emulsion polymerization.’
In stark contrast, RAFT aqueous dispersion polymerization formulations, such as
PGMAx-PHPMAy can be used to prepare the full wide range of morphologies
including worms and vesicles.3! % 63% The key difference between these two systems
is the aqueous solubility of the core-forming monomer. More specifically, the aqueous
monomer solubility of BzZMA at 70 °C is 0.40 g dm™3, which is considerably lower than
the aqueous monomer solubility of HPMA at 70 °C (100 g dm®).

Table 2.6 Density, aqueous monomer solubility and glass transition temperature (Tg) data for a series
of six core-forming methacrylic monomers.

Aqueous Aqueous
Density monomer monomer T
° solubilit solubilit g
Monomer Monomer at 25_3(: . Yy . y ©C)’
(g cm™)2 at20 C at70 C
(g dm?) (g dm?)
2-Hydroxypropyl
metr):acryI};?e Py HPMA 1.03 130P 100° 76
2-Hydroxybutyl
metk)llacryl)allte g HBMA 101 31° 20° B
Methyl methacrylate
y y MMA 0.94 15°¢ 13b 105,
120
n-Butyl methacrylate
y y BMA 0.89 3d 2b 20
2,2,2-Trifluoroethyl
methacrylate TFEMA 1.18 2.92° 2 80
Benzyl methacrylate
BzMA 1.04 0.19° 0.40° 54

2all density values taken from Reference®

®value determined in the laboratory by the Armes group.

‘value taken from Reference®’

dvalue taken from Reference®®

évalue taken from Reference®

fall T, values taken from Reference,” except for TFEMA value taken from Reference™
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It was postulated that the aqueous solubility of the core-forming monomer could be a
critical parameter for the attempted synthesis of higher order morphologies via PISA.
To investigate this hypothesis, a series of diblock copolymer nanoparticles was
prepared by chain-extending a PMAAss-TTC macro-CTA with six core-forming
monomers: BzMA, TFEMA, BMA, MMA, HBMA and HPMA. These monomers
increase in aqueous solubility from BzMA to HPMA (Table 2.6). Their aqueous
solubility can be determined by visual inspection at both room temperature (20 °C)
and at the reaction temperature (70 °C). The monomer is added slowly to a known
fixed quantity of water at the desired temperature. The point at which the monomer no
longer fully dissolves and remains visible by eye is considered to be the limit of the
monomer aqueous solubility. Above this saturation point, residual monomer is visible
as either very fine droplets (HPMA and HBMA) or as relatively coarse droplets
(MMA, BMA, TFEMA and BzMA), see Figure 2.15.

100gdm= 20gdm3 13gdm?3 2gdm? 2gdm?® 0.40gdm>3

Figure 2.15 Digital photographs of various core-forming monomer aqueous mixtures showing either a
dispersion (HPMA) or an emulsion (HBMA, MMA, BMA, TFEMA, BzMA) Values underneath each
image correspond to the aqueous solubility of that monomer at 70 °C.
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2.4.7.1.  Synthesis of PMAAss-PTFEMAy diblock copolymer nanoparticles via
RAFT aqueous emulsion polymerization at 20% w/w copolymer

concentration

F

oA
F TFEMA

F

~ o > 56 y
HO"Xo  ACVA N, 70°C,H,0,pH5 N9 ~0 0" ~o
macro-CTA/ACVA =5 F

PMAAg-PTFEMA,
y=100-500

F

Scheme 2.3 Synthesis of poly(methacrylic acid)-poly(2,2,2-trifluorethyl methacrylate) diblock
copolymers (PMAAss-PTFEMAy) via RAFT aqueous emulsion polymerization.

The first monomer chosen for investigation was TFEMA which has an agueous
solubility of 2 g dm™ at 70 °C. This is more than ten times greater than that of BzZMA
(0.40gdm™ at 70 °C). A series of PMAAPTFEMA, diblock copolymer
nanoparticles was prepared via RAFT aqueous emulsion polymerization where the
target PTFEMA DP was varied from 100 to 500 (Scheme 2.3). All reactions were
performed at 70 °C, with a macro-CTA/ACVA molar ratio of 5.0 at 20% w/w
copolymer concentration and pH 5. The resulting diblock copolymers were analyzed
by *H NMR spectroscopy, THF GPC, DLS and TEM, see Table 2.7.

Table 2.7 Monomer conversions, number-average molecular weights (My), dispersities (D) and mean

DLS and TEM diameters for a series of PMAAss-PTFEMAq diblock copolymer nanoparticles
prepared at 20% w/w copolymer concentration.

DLS TEM
. _ DLS _
Conversion? b particle ) particle
Target 1 b _ particle _
(%) (g mol™) diameter _ ~ diameter
polydispersity
(nm) (nm)
PMAAss-PTFEMA00 99 11,400  2.94 50 0.06 29
PMAAss-PTFEMA200 99 17,000  3.36 48 0.08 30
PMAAss-PTFEMAs00 99 15,700  4.37 47 0.07 37
PMAAss-PTFEMAs00 99 23,400  4.45 54 0.06 44
PMAAss-PTFEMAsoo 99 24,000  4.20 69 0.24 1

aMonomer conversions determined by *H NMR spectroscopy.
®Determined by THF GPC analysis of methylated copolymer samples relative to a series of near-monodisperse PMMA
standards.
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Monomer conversions of > 99% were achieved for all syntheses, as judged by
'H NMR spectroscopy studies in de-DMSO. THF GPC analysis of the
PMAAss-PTFEMAy diblock copolymers is problematic compared to diblock
copolymers based on other core-forming monomers. This is owing to the low
refractive index (RI) of the PTFEMA block (1.42)2 compared to that of other
non-fluorinated methacrylic polymers (RI = 1.49 - 1.59). Ideally, the two blocks
should have comparable refractive indices and therefore generate an equal RI
response. The difference in RI leads to an artificially high macro-CTA signal relative
to the diblock copolymer, indicating apparently poor blocking efficiency for the
macro-CTA.” ™ To confirm that the high level of residual macro-CTA is an artefact
owing to this RI difference, the diblock copolymers can be analyzed using a UV GPC
detector at 298 nm (corresponding to the Amax of the S=S in the CTA end-group).

A large residual macro-CTA peak and broad MWDs were observed in the GPC
chromatograms for each PMAAse-PTFEMAy diblock copolymer collected using the
RI detector, see Figure 2.16a. Similar, chromatograms were collected using the UV
detector set to 298 nm, see Figure 2.16b. In fact, the macro-CTA signal was increased
relative to the block copolymer signal. This suggests that not all the block copolymer
chains are capped by the PETTC RAFT agent and strongly indicates that FRP is taking
place. Thus, the RAFT aqueous emulsion polymerization of TFEMA is not well-
controlled.

Cornel et al. recently published that is also possible to set the UV detector to 260 nm,
corresponding to the Amax Of the aromatic ring in the CTA end-group.” In hindsight,
this wavelength is more suitable for UV GPC analysis as PS standards can be used as
calibrants to collect molecular weight data. There are no UV calibration standards
available for analysis at 298 nm.

TEM analysis of the resulting diblock copolymer nanoparticles indicated that only
spherical nanoparticles were formed via PISA, see Figure 2.17. Typically, the particle
size increases with increasing core-forming block DP. However, minimal variation in
particle diameter was observed by DLS and TEM for this system, see Figure 2.17. The
lack of control over the RAFT aqueous emulsion polymerization of TFEMA and the

possibility of FRP indicated by GPC analysis could be responsible for this behavior.
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Figure 2.16 THF GPC chromatograms of PMAAss-PTFEMA, diblock copolymers synthesized via
RAFT aqueous emulsion polymerization at 70 °C. (a) chromatograms collected using a refractive index
detector and (b) chromatograms collected using a UV-detector at 298 nm.
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Figure 2.17 Characterization of PMAAss-PTFEMA,, diblock copolymers (y = 100-500) prepared at
20% wi/w copolymer concentration via RAFT aqueous emulsion polymerization: (a) DLS traces, (b)
mean particle diameter vs. PTFEMA DP and (c) TEM images showing well-defined spherical
nanoparticles.
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2.4.7.2.  Synthesis of PMAAss-PBMA, diblock copolymer nanoparticles via
RAFT aqueous emulsion polymerization at 20% w/w copolymer

concentration

)\nzo\/\/
(0] BMA

56 > HO
HO” NO ACVA, N, 70 °C, H,0, pH 5

macro-CTA/ACVA =5

56 y
0o (o)

PMAA.-PBMA,
y=100-500

Scheme 2.4 Synthesis of poly(methacrylic acid)-poly(butyl methacrylate) diblock copolymer
nanoparticles via RAFT aqueous emulsion polymerization of butyl methacrylate at 70 °C.

Secondly, a series of PMAAx-PBMAy diblock copolymer nanoparticles was prepared
via RAFT aqueous emulsion polymerization at 70 °C (Scheme 2.4). All reactions were
performed at a macro-CTA/ACVA molar ratio of 5.0 and at 20% w/w copolymer
concentration at pH 5. The target PBMA DP was varied from 100 to 500 and the
resulting diblock copolymers were analyzed by *H NMR spectroscopy, THF GPC,
DLS and TEM, see Table 2.8. The aqueous solubility of BMA is comparable to that
of TFEMA (=3 g dm™) but unlike BzZMA and TFEMA, BMA is less dense than water
(0.89 gcm™). Instead of sedimenting at the bottom of the aqueous phase, the monomer
droplets cream above the aqueous phase. It is therefore important to ensure that
adequate stirring is applied to the reaction vessel to form sufficiently small monomer
droplets in the early stages of the polymerization. Without this precaution, free radical
polymerization could occur inside the monomer droplets resulting in suspension

polymerization, rather than emulsion polymerization.
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Table 2.8 Monomer conversions, number-average molecular weights (My), dispersities (D) and mean
DLS and TEM diameters obtained for a series of PMAAss-PBMA, diblock copolymer nanoparticles
(y =100 - 500) prepared at 20% w/w copolymer concentration.

DLS TEM
Taraet Conversion?  Mn° b particle DLS particle
g (%) (g mol ™) diameter polydispersity diameter
(nm) (nm)
PMAA;-PBMA, 99 18,600 2.44 41 0.08 24
PMAA_-PBMA,,, 99 34300  2.28 48 0.13 27
PMAA,-PBMA, 99 47,600 1.98 47 017 30
PMAA,-PBMA,,, 99 62000 188 47 0.16 32
PMAA,-PBMA, 99 127,800 1.69 40 017 28

aMonomer conversions determined by *H NMR spectroscopy.
°Determined by THF GPC analysis on methylated copolymer samples relative to a series of near-monodisperse PMMA
standards.

Monomer conversions of more than 99% were achieved in all syntheses, as judged by
'H NMR spectroscopy studies in ds-DMSO. THF GPC analysis of the methylated
diblock copolymers indicated an increase in Mn with PBMA DP and good blocking
efficiency for PBMA DP 200 to 500, see Figure 2.18. However, the dispersities are
higher than expected (1.69 < D > 2.44). In particular, the GPC chromatogram for
PMAAse-PBMAo is particularly broad and indicates poor blocking efficiency. The
decrease in dispersity with PBMA DP presents an interesting trend. As the PBMA DP
increases the relative fraction of the PMAA block decreases. This could suggest that
the methylation protocol is not ideal for this series of block copolymers resulting in
interactions between the PMAA residues and the column. These interactions will be
more significant for the diblock copolymers with lower PBMA DP and thus, a higher
relative fraction of PMAA.
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Figure 2.18 THF GPC chromatograms of methylated PMAAss-PBMAy diblock copolymers

(y =100 - 500) synthesized via RAFT aqueous emulsion polymerization. All molecular weight data
was calculated relative to a series of near-monodisperse PMAA standards.

Sterically-stabilized nanoparticles were formed during the polymerization owing to
the amphiphilic nature of the PMAAx-PBMAy chains. However, analysis by both DLS
and TEM (Table 2.8 and Figure 2.19) indicated that only spherical nanoparticles were
obtained. Strangely, the particle diameter did not increase with PBMA DP as expected
but remained relatively constant. This is observed by both DLS and TEM. Either the
core-forming chains are becoming more closely packed together at high PBMA DPs
or more nanoparticles are formed at the beginning of the polymerization resulting in
less diblock copolymer chains per nanoparticle at the end of the polymerization. This
behavior was also reported for the RAFT aqueous emulsion polymerization of
TFEMA.
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Figure 2.19 Characterization of PMAAss-PBMAy diblock copolymers (y = 100 - 500) prepared at
20% wi/w copolymer concentration via RAFT aqueous emulsion polymerization of BMA: (a) DLS
traces, (b) mean particle diameter vs. target PBMA DP and (c) TEM images showing well-defined
spherical nanoparticles.
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2.4.7.3. Synthesis of PMAAss-PMMAy diblock copolymer nanoparticles via

RAFT aqueous emulsion polymerization of MMA at 20% w/w copolymer

)\H/O\
O MMA 56 y

>6 = HO
HO” No ACVA, N;, 70 °C, H,0, pH 5

macro-CTA/ACVA =5

concentration

PMAAgg-PMMA,,
y=100-500

Scheme 2.5 Synthesis of poly(methacrylic acid)-poly(methyl methacrylate) diblock copolymer
nanoparticles via RAFT aqueous emulsion polymerization at 70 °C.

The RAFT aqueous emulsion polymerization of MMA at 70 °C (Scheme 2.5) was
investigated. All reactions were performed at a macro-CTA/ACVA molar ratio of 5.0
and a copolymer concentration of 20% w/w, at pH 5. The target PMMA DP was varied
from 40 to 3000 and the resulting diblock copolymers were analyzed by *H NMR
spectroscopy, THF GPC, DLS and TEM, see Table 2.9. The aqueous solubility of
MMA (~15 g dm™) is five times higher than that of BMA and TFEMA (=3 g dm™).

All syntheses yielded relatively high monomer conversions (> 95%), as judged by
'H NMR studies. The PMAAss-PMMA, diblock copolymers were methylated prior to
THF GPC analysis. Assuming complete methylation, this modification effectively
converts the PMAAss-PMMA, diblock copolymer to PMMAss+y homopolymers. As
PMMA calibration standards are used to calculate the molecular weight and dispersity
of these homopolymers, the resulting data should have no systematic error. THF GPC
analyses indicate a linear increase in molecular weight with PMMA DP, see
Figure 2.20. High blocking efficiencies were observed in all cases with reasonable
control being maintained (1.46 <b >2.00). A close correlation between the theoretical
Mhn and the measured M, of the methylated PMAAss-PMMA, diblock copolymers was

observed, see Figure 2.20.
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Table 2.9 Monomer conversions, number-average molecular weights (Mn), dispersities (D) and mean DLS, and TEM diameters for a series of PMAAss-PMMA,, diblock
copolymer nanoparticles (y = 20-3000) prepared at 20% wi/w copolymer concentration. Conditions: 70 °C, pH 5, macro-CTA/ACVA molar ratio = 5.0

Target Composition Conversion Theoretical Mp° . I-DLS particle  DLS .partic.le TEM particle T
(%) MpP (g mol ) diameter (nm) polydispersity diameter (nm) (°C)

PMAAse-PMMA40 99 9,100 3,300 2.00 24 0.14 14 116
PMAAss-PMMAs 99 11,100 5,900 1.89 24 0.14 16 140
PMAAss-PMMAg, 99 13,000 7,600 1.84 24 0.15 17 115
PMAAsg-PMMA1q0 99 15,000 14,800 1.46 26 0.16 16 118
PMAAss-PMMA00 99 24,900 24,200 1.71 36 0.36 21 121
PMAAss-PMMAs00 99 34,800 35,000 1.89 45 0.09 31 121
PMAAsg-PMMA4q0 99 44,800 45,000 1.79 49 0.10 35 123
PMAAss-PMMAsgo 99 54.700 50,600 1.78 58 0.09 43 125
PMAAss-PMMAgqo 99 84,400 93,600 1.58 70 0.14 41 126
PMAAss-PMMA 1000 94 99,000 114,700 1.53 74 0.11 56 125
PMAAss-PMMA 500 99 153,800 149,300 1.59 84 0.09 69 127
PMAAsg-PMMAs000 88 268,700 280,800 1.65 125 0.03 105 127

aMonomer conversions determined by *H NMR spectroscopy.

PTheoretical M, of diblock copolymers, based on conversion by NMR.

*Determined by THF GPC analysis on methylated copolymers relative to a series of near mono-disperse PMMA standards
dDetermined by DSC
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Figure 2.20 THF GPC analysis of methylated PMAAss-PMMAy diblock copolymers synthesized via
RAFT aqueous emulsion polymerization of MMA; (a) THF GPC chromatograms and (b) molecular
weight (Mn) and dispersity (D) with PMMA DP, where measured M, = blue filled circles, theoretical
Mn = open black circles and B = red filled circles. Molecular weights are relative to a series of near-
monodisperse PMMA standards.
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The particle diameter increases linearly with PMMA DP from 24 nm at DP 40 to
58 nm at PMMA DP 500. Above PMMA DP 500, the particle diameter continues to
increase with PMMA DP up to 125 nm at DP 3000 (see Figure 2.22). Similar trends
are observed by both DLS and TEM. TEM studies of the PMAAss-PMMA, diblock
copolymer nanoparticles indicated that only spherical nanoparticles were obtained,
even for highly asymmetric block compositions (y = 1000 - 3000), see Figure 2.22.
This demonstrates that, although MMA has a significantly higher aqueous solubility
than BzMA (13 g dm™ vs. 0.40 g dm™®), it is still not sufficiently soluble to enable
plasticization of the core on the timescale of the polymerization, which is hypothesized

to be important for the synthesis of higher order morphology nanoparticles.®
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Figure 2.21 Plot of DLS and TEM particle diameter against target PMMA DP showing a linear increase
in particle diameter with PMAA DP.
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Figure 2.22 TEM images of PMAAss-PMMA, diblock copolymer nanoparticles (y = 40-3000)
prepared at 20% w/w copolymer concentration via RAFT aqueous emulsion polymerization of MMA
at 70 °C, showing well-defined spherical nanoparticles.
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The glass transition temperature (Tg) corresponds to the temperature at which a
synthetic polymer transitions from a glass to a rubber state.”® " Above the T4 polymer
chains have sufficient energy to enable chain mobility and limited bond rotation, thus
the polymer is in a rubbery state. Below the T4 polymer chain segments are frozen and
large scale motions are absent, thus the polymer becomes a glass. The T4 of a polymer
depends on its molecular weight, as described by the Flory-Fox Equation
(see Equation 2.1), where Tg. is the maximum glass transition temperature that can
be achieved at a theoretically infinite molecular weight and K is an empirical
parameter that is related to the free volume present in the polymer sample.’® 7

K 2.1
Tg = Tg‘oo - M_n

The relationship between T4 and molecular weight is shown in Figure 2.22.

Glass transition temperature (K)

100 1000 10000 100000 1000000

Number-average molecular weight, M, (g mol)

Figure 2.23 Schematic plot demonstrating the relationship between number-average molecular weight
(Mn) and glass transition temperature (T) as predicted by the Flory-Fox equation, where T, is the
maximum glass transition temperature that can be achieved at a theoretically infinite molecular
weight.”® 7

Many techniques can be used to determine T4 including DSC, thermo mechanical
analysis or dynamic mechanical analysis. The T4 of the PMAAss-PMMAy diblock
copolymers was determined by differential scanning calorimetry (DSC). The literature
value for the Ty of PMMA is between 105 and 120 °C,” which represents the high
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molecular weight limit (Tg.). As some of PMAAss-PMMAy diblock copolymers in
this series are of relatively low molecular weight (14,800 to 281,000 g mol™?) it was
thought that the relationship between DP and Ty, suggested in Figure 2.23, might be
observed. More specifically, the T4 should increase with PMAA DP before reaching a
plateau value of 120 °C. However, this relationship was not observed. DSC analyses
indicated that over this molecular weight range the measured T4 value corresponds to
the literature value of 120 °C, see Figure 2.24. A small increase in Ty was observed
(116 to 127 °C) as the PMMA DP was increased from 40 to 3000. An unusually high
Tq value was recorded for the PMAAss-PMMAso diblock copolymer of 140 °C.
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Figure 2.24 (a) Glass transition temperature (Tg) values vs. PMMA DP (40 to 3000) and (b) DSC traces
for a series of PMAAss-PMMA, diblock copolymers synthesized via RAFT aqueous emulsion
polymerization, where y = 40 to 3000.
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PMAAss-PMMA20 diblock copolymer nanoparticles were evaluated as Pickering
emulsifiers, see Table 2.10.8% 8! In a Pickering emulsion, oil or water droplets are
stabilized by a layer of solid particles adsorbed onto the surface of the droplet. Polymer
latex particles®?8° as well as inorganic clays®®-8 and silica®-°? can be used as Pickering
emulsifiers. In this case, PMAAse-PMMA2q0 diblock copolymer nanoparticles were

used to stabilize oil in water emulsions.

Table 2.10 Details of Pickering emulsions prepared using PMAAss-PMMAzqo diblock copolymer
nanoparticles and the resulting mean droplet diameters.

Polymer pH of Emulsion
Oil concentration  polymer dispersion adjusted to é\iﬂaerigtg:o(plr?]t) ztezxi/?;?c:g
(% wiw) before emulsification pH H
2.0 2 25.0 13.8
15 2 24.1 13.7
methyl 1.0 2 i 33.0 26.9

myristate
0.5 2 47.8 32.7
0.1 2 85.8 28.7
0.05 2 92.7 29.7
2.0 2 43.9 16.4
15 2 50.1 37.5
1.0 2 50.6 38.3

squalene -
0.5 2 50.5 39.9
0.1 2 91.6 22.8
0.05 2 134.0 36.9
2.0 2 ) 25 14
2.0 5 ) 91 37

methyl i

myristate 2.0 8 38 28
2.0 2 5 29 23
2.0 2 8 27 16
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Two oils were investigated; methyl myristate and squalene. Initially, emulsions were
made using a dispersion of the polymer particles at pH 2. Under these conditions the
PMAA residues would be fully protonated and the particles would most likely be
aggregated due to a loss of electrosteric stabilization. This pH was chosen as it was
thought that the presence of anionic charge on the nanoparticles would hinder their
ability to act as efficient Pickering emulsifiers. For each oil six emulsions were
prepared utilizing different concentrations of the diblock copolymer nanoparticles
(0.05 to 2.0% wi/w) and the mean droplet diameter of the resulting emulsions was
measured. In both cases, smaller oil droplets were observed at higher copolymer
concentrations, see Figure 2.25. This trend has been previously reported for other

polymer particles and is indicative of a Pickering emulsifier.8% 8
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Figure 2.25 (a) mean droplet diameter vs. copolymer concentration for oil in water emulsions stabilized
by PMAAss-PMMAz diblock copolymer nanoparticles (at pH 2) made with squalene or methyl
myristate. (b) optical microscopy images recorded for emulsion made using methyl myristate.
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This behavior also indicates that the PMAAss-PMMA2o diblock copolymer
nanoparticles are stable to the high shear used during homogenization. If the
nanoparticles were not stable, they would dissociate into linear chains resulting in an
approximately equal mean droplet diameter being observed at each copolymer
concentration.®* This has been previously observed for PGMA-PHPMA diblock
copolymer nanoparticles where crosslinking prior to homogenization was required to
prevent dissociation into chains.®* Alternatively, utilizing a more hydrophobic
PBzMA block enabled the synthesis of nanoparticles with strong hydrophobic
interactions that can withstand the high shear of homogenization.®* Therefore, our
results indicate the PMMA is sufficiently hydrophobic to prevent dissociation of the
nanoparticles on homogenization.

The effect of pH on Pickering emulsifier ability was also investigated see Table 2.10.
Firstly, methyl myristate in water emulsions were made using a dispersion of
PMAAss-PMMA200 nanoparticles (2.0% wi/w) at pH 5 and at pH 8. The emulsion
formed using nanoparticles at pH 5 resulted in a considerable increase in mean droplet
diameter relative to the nanoparticles at pH 2 (91 pum vs. 25 um respectively). This
increase in diameter is likely as a result of electrostatic repulsion between neighboring
nanoparticles owing to the increased anionic charge. In comparison, the emulsion
formed at pH 8 resulted in a smaller mean droplet diameter of 38 um. This seems
surprising owing to the increase negative charge of the diblock copolymer
nanoparticles. However, it is well-known that PMAA chains undergo a conformational
transition at pH ~ 6.5. Below pH 6.5 PMAA chains are in a hypercoiled confirmation
whereas above pH 6.5 the increased ionization of the chains leads to a more extended
structure.® 62 Perhaps the PMAA stabilizer chains of the PMAAss-PMMAzqo diblock
copolymer nanoparticles become more extended at pH 8 allowing the nanoparticles to
pack closer together and stabilize smaller emulsion droplets.

The pH response of the emulsion was also explored. The methyl myristate-in-water
emulsion formed at pH 2 (2.0% w/w polymer concentration) was adjusted to pH 5 and
pH 8 after homogenization. It was hypothesized that the change in ionization of the
PMAA chains would cause desorption of the nanoparticles from the oil-water interface
resulting in demulsification. However, this was not observed and there was minimal

change in the mean droplet diameter (25 — 29 um).
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2.4.7.4. Synthesis of PMAAss-PHBMAy diblock copolymer nanoparticles via
RAFT aqueous emulsion polymerization of HBMA at 20% w/w

copolymer concentration

56

56 > HO o
HO o) ACVA, N2! 70 OC, Hzo, pH S5

macro-CTA/ACVA =5

PMAA -

Scheme 2.6 Synthesis of PMAAss-PHBMAy diblock copolymer nanoparticles via RAFT aqueous
emulsion polymerization of HBMA at 20% w/w copolymer concentration. Conditions: 70 °C, pH 5,
macro-CTA/ACVA molar ratio = 5.0.

HBMA has an aqueous solubility of 20 g dm™ at 70 °C, making it the most
water-soluble of the five methacrylic monomers investigated so far. A series of
PMAAse-PHBMA, diblock copolymer nanoparticles was synthesized via RAFT
aqueous emulsion polymerization at 20% w/w copolymer concentration, see
Scheme 2.6. All reactions were performed at a macro-CTA/ACVA molar ratio of 5.0
and at pH 5. The target PHBMA DP was varied from 100 to 500 and the resulting
diblock copolymers were analyzed by *H NMR spectroscopy, DLS and TEM, see
Table 2.11.

Table 2.11 Monomer conversions, and mean DLS and TEM diameters for a series of

PMAAss-PHBMA,, diblock copolymer nanoparticles (y = 100-500) prepared at 20% w/w copolymer
concentration.

DLS particle  DLS particle  TEM particle

Target Conversion (%) diameter (nm) polydispersity diameter (nm)
PMAA_-PHBMA > 99 167 0.15 45
PMAA, -PHBMA, > 99 251 0.05 174
PMAA, -PHBMA, > 99 252 0.08 210
PMAA, -PHBMA,, > 99 245 0.07 240
PMAA_-PHBMA,, > 96 295 0.05 266

aMonomer conversions determined by *H NMR spectroscopy.
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All syntheses led to high monomer conversions (> 96%), as judged by *H NMR
studies. GPC analysis could not be conducted for this series, as after methylation the
diblock copolymer nanoparticles were insoluble in THF.

Particle size analysis by DLS and TEM showed some interesting results. For each
PHBMA DP (100-500) a relatively large particle diameter was recorded by DLS
(160 - 300 nm). This suggested that PMAAss-PHBMAy nanoparticles might have a
vesicular morphology. TEM analysis of these nanoparticles (PHBMA DP 200-500)
also suggested the possible synthesis of vesicles. Large monodisperse particles with
some evidence for a membrane were observed, see Figure 2.26. These preliminary
results suggest that selection of HBMA as a core-forming block might enable the
synthesis of higher order morphologies via PISA, indicating that the agueous solubility
of the monomer is indeed a key parameter. This new PISA formulation is investigated

in more detail in Chapter 3 of this Thesis.
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Figure 2.26 TEM images of PMAAss-PHBMA, diblock copolymer nanoparticles synthesized by
RAFT aqueous emulsion polymerization of HBMA at 20% w/w copolymer concentration. Conditions:
70 °C, pH 5, macro-CTA/ACVA molar ratio = 5.0
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2.4.75. Synthesis of PMAAss-PHPMA, diblock copolymer nanoparticles via
RAFT aqueous dispersion polymerization at 20% w/w copolymer

concentration

OH
)\"/0\)\
HPMA
o © - 56 y
Ho”Xo  ACVA, N, 70°C,H,0,pH5 10" 70 0" =0

macro-CTA/ACVA =5 OH

PMAAsg-PHPMA,
y=100-500
Scheme 2.7 Synthesis of PMAAss-PHPMA, diblock copolymer nanoparticles via RAFT aqueous

dispersion polymerization of HPMA at 70 °C. Conditions: 20% w/w copolymer concentration, pH 5,
macro-CTA/ACVA molar ratio = 5.0.

For comparison, the PMAAss macro-CTA was also chain-extended with the
water-miscible monomer HPMA via RAFT aqueous dispersion polymerization, see
Scheme 2.7. All reactions were performed at 70 °C, using a macro-CTA/ACVA molar
ratio of 5.0 targeting 20% w/w copolymer concentration at pH 5. The target PHPMA
DP was varied from 100 to 500 and the resulting diblock copolymers were analyzed
by *H NMR spectroscopy, GPC, DLS and TEM, see Table 2.12.

Table 2.12 Monomer conversions, number-average molecular weights (M), dispersities (B) and mean
DLS and TEM diameter for a series of PMAAss-PHPMA, diblock copolymer nanoparticles
(y = 100-500) prepared via RAFT aqueous dispersion polymerization of HPMA at 20% wiw
copolymer concentration.

DLS TEM
Conversion®  My° particle DLS particle
Target pb _ _ _ _
(%) (g mol?) diameter polydispersity diameter
(nm) (nm)
PMAA:s-PHPMA100 > 99 11,100 1.51 178 0.56 18
PMAAss-PHPMA50 > 99 12,100 2.32 123 0.23 17
PMAAss-PHPMA200 > 99 19,300 2.31 122 0.13 22
PMAAss-PHPMA50 > 99 18,300 3.00 148 0.10 96
PMAA:s-PHPMA300 >99 27,800 3.33 227 0.44 112
PMAAss-PHPMAs00 >99 34,900 2.52 1523 0.42 > 1000

aMonomer conversions determined by *H NMR spectroscopy.
®Determined by THF GPC analysis of copolymers relative to a series of near mono-disperse PMMA calibration standards.
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All polymerizations proceeded to > 99% monomer conversion, as judged by *H NMR
studies. THF GPC analysis of the PMAAss-PHPMAy diblock copolymers reported
broad MWDs and poor blocking efficiencies in each case, see Figure 2.27. Further
analysis of this diblock copolymer series is required to determine whether the high
dispersities reported here (1.51 < B < 3.33) are truly representative or if the
methylation protocol has caused artificial broadening of the MWD. In many of the
GPC chromatograms a low molecular weight tail is present, where the trace does not
return to the baseline. This could be due to incomplete methylation of the PMAA
residues resulting in interactions with the column and a disruption of the size exclusion
mechanism. Problems in the methylation of PHPMA-based block copolymer have
been observed by previous group members, suggesting that certain monomers may be

incompatible with the methylation protocol, leading to artificially high dispersities.®®

PMAA,,-PHPMA,,, PMAAs-PHPMA5, PMAA,.-PHPMA,
M, = 19,300 M, =12,100 M, = 11,100
p=231 D =2.32 p=1.51

PMAA,,
PMAA-PHPMA 5, M, = 7,000
M, = 18,300 Pp=1.18
D =3.00 /

PMAA,,-PHPMA,,,
M, = 27,800
p=3.33

PMAAS.-PHPMA;,

M, = 34,900
P =2.52 \

9 10 11 12 13 14 15 16 17 18 19
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Figure 2.27 THF GPC chromatograms of PMAAss-PHPMA, diblock copolymers (y = 100 to 500)
synthesized via RAFT aqueous dispersion polymerization of HPMA. All molecular weight data
calculated relative to a series of near-monodisperse PMAA standards.
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DLS analysis indicated that PMAAss-PHPMAy diblocks with a PHPMA DP of
100 - 250 formed polydisperse spherical nanoparticles of 120 to 180 nm diameter.
However, TEM analysis revealed that considerably smaller nanoparticles were formed
(18 - 100 nm). The higher particle diameter observed by DLS suggests flocculation of
the particles. Targeting a PHPMA DP of 300 led to the formation of larger
nanoparticles (~230 nm). On increasing the PHPMA DP up to 500 very large (> 1 um)

spherical nanoparticles are obtained.

a)
,E.1ooo ;
£ 00 ]
= ]
% 700 A >1‘p.m
£ 600 - ﬂ
._g 500 -
400 DLS
(]
t 200 - . .
L]
o 100 - R 2 \-
0 '_'!_._' T T T 1
0 100 200 300 400 500 600
Target PHPMA DP
b) | PMAA,-PHPMA 5, || PMAA,,-PHPMA,,

¥

e P %

Figure 2.28 Characterization of PMAAss-PHPMA,, diblock copolymer nanoparticles (y = 100-500)
prepared at 20% w/w copolymer concentration via RAFT aqueous dispersion polymerization of HPMA:
(a) mean particle diameter vs. target PHPMA DP by both DLS and TEM and (b) representative TEM
images.
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Originally, DLS analysis of these PMAAss-PHPMA,, diblock copolymer nanoparticles
was performed at pH 8. This pH was selected based on the earlier pH titration of
PMAAGss-PBzMA200 diblock copolymer nanoparticles which indicated that the PMAA
chains were highly anionic and hence presumably fully extended under these
conditions. TEM analysis of PMAAss-PHPMA2s and PMAAss-PHPMA3s0
nanoparticles dried at pH 8 indicated an interesting surface morphology. However,
this textured surface is not observed when the particles are analyzed at pH 5, see
Figure 2.29. This difference in surface topology might be caused by the markedly
differing degrees of ionization of the PMAA chains at pH 5 and pH 8. At pH 5, the
PMAAss chains are only weakly ionized, whereas at pH 8 the PMAAss chains are
almost fully ionized. In the latter, they will be fully-extended taking up more volume.
Further analysis of these nanoparticles is required to determine if this observation is
an artefact of TEM staining. The change in nanoparticle diameter could be determined
by performing at pH titration and monitoring the change in nanoparticle diameter with
pH. In addition, SEM analysis could also be used to image the nanoparticles at

each pH.

Figure 2.29 Schematic cartoon and TEM images illustrating the apparent change in surface morphology
observed for PMAAss-PHPMA,s0 nanoparticles on drying at either pH 5 or pH 8.
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2.4.8. Synthesis of PMAAss-PBzMAy diblock copolymer via RAFT alcoholic
dispersion polymerization

PMAA:ss-PBzMAy diblock copolymers were also synthesized in ethanol via RAFT
alcoholic dispersion polymerization at 20% w/w copolymer concentration. These
syntheses were performed utilizing the same PMAAss-TTC macro-CTA as in the
previous aqueous syntheses, at a macro-CTA/ACVA molar ratio of 5.0. Four different
PBzMA DPs were targeted (y = 50 to 125) and the resulting diblock copolymers were
analyzed by 'H NMR spectroscopy, GPC, DLS and TEM, see Table 2.13.

Table 2.13 Conversions, number-average molecular weights (Mn), dispersities (D) and mean DLS
diameter for a series of PMAAss-PBzMA, diblock copolymer nanoparticles (y = 60-160) prepared via
RAFT alcoholic dispersion polymerization of BZMA at 20% w/w copolymer concentration.

DLS particle

__ Conversion? MnP . DLS particle
Target Composition b diameter ) _ Morphology
(%) (g mol?t) polydispersity
(nm)
PMAAss-PBzMAs >99 13,300 1.28 29 0.19 spheres
PMAAG:s-PBzMAgo >99 17,400 1.33 102 0.26 worms
PMAAss-PBzZMA 25 >99 24,100 131 611 0.38 vesicles

*Monomer conversions determined by *H NMR Spectroscopy.
bDetermined by THF GPC analysis of copolymers relative to a series of near mono-disperse PMMA calibration standards.

All polymerizations proceeded to high monomer conversion (>99%), as judged by
'H NMR spectroscopy in d-DMF. The polymerizations proceed considerably slower
than the equivalent RAFT aqueous emulsion syntheses, requiring a 24 h reaction time
to achieve high monomer conversions. THF GPC chromatograms of the methylated
block copolymers indicated a linear increase in molecular weight with PBzMA DP, as
expected, see Figure 2.30. Importantly, both high blocking efficiencies and low
dispersities were observed (1.28 < b < 1.33). These dispersity values indicate a good
level of control over polymerization and are considerably lower than those obtained
for the RAFT aqueous emulsion syntheses reported earlier in this Chapter
(1.32 <D < 1.89). These results suggest that the high dispersity values observed for
the PMAAx-PBzMA diblock copolymer synthesized via RAFT aqueous emulsion
polymerization are a result of the polymerization conditions rather than the
methylation protocol. Importantly, these results demonstrate the PMAAx-PBzMAy
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diblock copolymers can be synthesized with a good level of control to give low

dispersity polymers.

PMAA,,-PBzMA,,

M, = 13,300
=128
PMAA,-PBzMA,,
M, = 16,200 f PMAAS,
p=151 M, =7,000

b=1.18

PMAA,,-PBzMA ,;
M, = 24,100
=131

12 13 14 15 16 17 18
Retention time ( min)

Figure 2.30 THF GPC chromatograms of methylated PMAAss-PBzMAy diblock copolymer
synthesized via RAFT alcoholic dispersion polymerization of BzZMA at 20% copolymer concentration
in ethanol. All molecular weight data are relative to near mono-disperse PMMA standards.

TEM analysis confirmed the formation of nanoparticles by PISA, see Figure 2.31,
demonstrating that it is possible to access the full range of nanoparticle morphologies
when PMAAs¢-PBzMA, diblock copolymers are synthesized in ethanol via RAFT
alcoholic dispersion polymerization. At the lowest PBzMA DP (y = 60), spherical
nanoparticles of ~30 nm in diameter were obtained. Increasing the PBzMA DP to 80,
led to the formation of worms with vesicles being obtained at a PBzMA DP of 125.
The only difference between the RAFT aqueous emulsion and the RAFT alcoholic
dispersion formulations is the solvent and thus, the monomer solvent solubility. These
results clearly indicate the importance of solvent and monomer solubility to the PISA
process. The BzMA is significantly more soluble in ethanol and proceeds via a RAFT
dispersion polymerization. This polymerization is also considerably slower than the
analogous RAFT aqueous emulsion polymerization. Both of these factors, could
enable the monomer to diffuse through the solvent to core of the growing
nanoparticles. Thus, plasticizing the core and facilitating the transition from spheres,

to worms, to vesicles on the timescale of polymerization.
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PMAAsg

Figure 2.31 Representative TEM images of PMAAss-PBzMAy diblock copolymer nanoparticles
synthesized via RAFT alcoholic dispersion polymerization at 20% w/w copolymer concentration in
ethanol. The PBzMA DP was varied (y = 50 to 125) in order to obtain spheres, worms and vesicles.

2.5. Conclusions

Low dispersity PMAAx macro-CTAs were synthesized via RAFT solution
polymerization in ethanol using both CPCP (PMAAs:,-DB) and PETTC
(PMAAs6.TTC) as the CTA. Both of these macro-CTAs were then successfully used
to synthesize a series of PMAAy-PBzMAuno-1500 diblock copolymers via RAFT
aqueous emulsion polymerization of BzMA at 10% w/w copolymer concentration.
Both series produced well-defined spherical nanoparticles of 30-90 nm in diameter
(as judged by DLS and TEM). A comparison of the results from both series indicates
better results are achieved when using the PMAAss-TTC macro-CTA, including
higher conversions and a slightly improved level of control over the polymerization
(1.32<D >1.89). Amore linear increase in the hydrodynamic diameter of the spherical
nanoparticles was also observed as the PBzMA DP increased from 100 to 1500 (34 nm
up to 92 nm). Finally, PETTC can be made in-house at a reduced cost.

In an effort to obtain higher order morphologies (worms and vesicles) a series of
PMAA::-PBzMAsy diblock copolymer nanoparticles (utilizing the DB macro-CTA)
was synthesized via RAFT aqueous emulsion polymerization of BzMA at 10 to
50% w/w copolymer concentration. However, only Kkinetically-trapped spherical
nanoparticles were obtained in each case. A second series of PMAAss-PBzMAy
diblock copolymer nanoparticles (y = 200 to 1500) was also synthesized in the
presence of salt ([CaCl,] = 0.01 to 0.04 M). It was hypothesized that the presence of
CaCl, salt would screen the charge between neighboring PMAA chains aiding
sphere-sphere fusion and the evolution of nanoparticle morphology from spheres to

worms to vesicles. However, only kinetically-trapped spherical nanoparticles were
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obtained. A series of PMAAs¢-PBzMA, diblock copolymers were also synthesized via
RAFT alcoholic dispersion polymerization in ethanol. In contrast to the RAFT
aqueous emulsion syntheses, the full range of nanoparticle morphologies could be
obtained by PISA. In addition, narrower MWDs were reported (B = 1.28 to 1.33).
The results from the PMAAss-PBzMAy system align with previous work on the
PGMAs1-PBzMAy system, suggesting that often only kinetically-trapped spherical
nanoparticles can be obtained via RAFT aqueous emulsion polymerization.r” In
contrast, the full range of morphologies (spheres, worms and vesicles) has been
extensively reported for RAFT aqueous dispersion polymerization formulations.3% %>
63-65 Considering that the key difference between these two formulations is the aqueous
solubility of the core-forming monomer, this Chapter explored the importance of
aqueous solubility on the ability to synthesize higher order morphologies via PISA. A
series of diblock copolymer nanoparticles was prepared by chain-extending a
PMAAss-TTC macro-CTA with six core-forming monomers of increasing aqueous
solubility; BzMA, TFEMA, BMA, MMA, HBMA and HPMA. Analysis of the
resulting diblock copolymer nanoparticles indicated that only kinetically-trapped
spherical nanoparticles were formed for all monomers with the exception of HBMA.
The RAFT aqueous emulsion polymerization of TFEMA and BMA resulted in diblock
copolymers with broad MWDs (2.94 to 4.45 and 1.69 to 2.44 respectively) indicating
a poor level of RAFT control or incompatibility between the core-forming monomer
and the methylation protocol. In addition, the spherical nanoparticles obtained for each
system did not increase in size with core-forming block DP. Similar results were
observed for the RAFT dispersion polymerization of HPMA. Only spherical
nanoparticles were observed and broad MWDs were reported (1.51 -3.33). However,
incompatibility of HPMA-based block copolymers and the methylation protocol has
been previously reported, which could account for the high dispersitites.®

The RAFT aqueous emulsion polymerization of MMA was better controlled with
dispersities of 1.46 to 2.00. The PMAAss-PMMA, diblock copolymers showed a very
linear increase in molecular weight (My) with PMMA DP (R? = 0.9926). The effect of
T4 with PMMA DP was investigated and minimal variation in Tg (116 to 127 °C) was
observed as the PMMA DP was increased from 40 to 3000. The PMAAss-PMMAzq0

diblock copolymer nanoparticles were also shown to act as effective Pickering
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emulsifiers for both methyl myristate and squalene based oil-in-water emulsion.
However, these emulsions were not pH responsive.

The RAFT aqueous emulsion polymerization of HBMA was the only system that
enabled the synthesis of non-spherical nanoparticle via PISA in aqueous solution
suggesting that the aqueous-solubility of the monomer is indeed a key parameter. This

new PISA formulation is investigated in more detail in Chapter 3 of this Thesis.
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3. Effect of monomer solubility on the evolution of
copolymer morphology during polymerization-induced

self-assembly in aqueous solution
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3.1. Introduction

In recent years, PISA has become a widely recognized route for the synthesis of many
types of diblock copolymer nano-objects.!” Compared to post-polymerization
processing techniques (solvent exchange, film rehydration or pH switch), PISA is
much more efficient and can be performed at relatively high copolymer concentration
(10-50% w/w).* 8 This approach involves growth of an insoluble block from a
soluble homopolymer in a suitable solvent to give well-defined sterically-stabilized
diblock copolymer nanoparticles. For example, RAFT aqueous dispersion
polymerization involves polymerization of a water-miscible monomer such as HPMA
from water-soluble PGMA.* '° Such formulations enable the production of various
copolymer morphologies such as spheres, worms and vesicles.!'""” RAFT aqueous
emulsion polymerization has similarly received significant attention.” ¢ 7224 In this
case, a water-immiscible monomer is used to produce the hydrophobic core-forming
block, but according to many literature reports only kinetically-trapped spheres can be
obtained.® - 2+3! Exceptionally, Charleux and co-workers reported the synthesis of
diblock copolymer worms (described as ‘nano-fibers’) and vesicles, as well as
spheres.?* 3235 Recent empirical experiments have undoubtedly provided some useful
insights, but the critical synthesis parameters that determine whether only
kinetically-trapped spheres are obtained or the full range of morphologies are observed
have not yet been established.>® In this context, Truong et al. recently synthesized
novel ‘filomicelle nanomaterials’ directly in water by employing RAFT aqueous
emulsion polymerization followed by temperature-induced morphological transition
(TIMT). Morphological transitions from spherical micelles to filomicelles (worms)
and/or vesicles were observed on cooling in the presence of additional monomer,
which apparently acts as a plasticizer for the frustrated core-forming block.?’
However, this approach does not seem to be particularly attractive from a commercial

perspective.

Previous work by the Armes group investigated the effect of varying the nature of the
core-forming monomer on particle formation.® It was shown that chain extending a
PGMAgo macro-CTA with water-miscible HPMA via RAFT aqueous dispersion
polymerization lead to the formation of a range of nanoparticle by PISA. However,
when HPMA is replaced with hydroxyethyl methacrylate (HEMA) no self-assembly
was observed owing to the insufficient hydrophobic character of the PHEMA block.
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In contrast, utilizing HBMA as the core-forming block enabled the synthesis of
spherical nanoparticles only. Interestingly, polymerizing a 1:1 ratio of HEMA/HBMA
to produce diblock copolymers, isomeric to the PHPMA diblock copolymers, enabled
access to the whole range of nanoparticle morphologies (spheres, worms and vesicles).
Kinetic studies (*H NMR spectroscopy) indicated that HBMA is consumed faster than
HEMA. The polymerization begins as a RAFT aqueous emulsion polymerization of
HBMA until particle nucleation occurs. At this point, the HEMA partitions into the
growing particle cores and is efficiently copolymerized alongside the HBMA. The
study clearly demonstrates that aqueous monomer solubility is an important parameter
to consider when investigating the range of morphologies formed by RAFT-mediated
PISA.

A study conducted by Figg et al., reported complimentary findings demonstrating that
nanoparticle morphology is dictated by the hydrophobic nature of the growing
core-forming block.3® A hydrophilic PDMAgz macro-CTA was chain extended with
diacetone acrylamide (DAAm) and DMA in varying molar ratios to synthesize a range
of statistical copolymers. It was shown that by adjusting the monomer feed and
therefore the statistical copolymer compositions, various nanoparticle morphologies

(spheres, worms, branched worms and vesicles) could be strategically targeted.

The present work explores the effect of aqueous monomer solubility on copolymer
morphology. As noted above, water-miscible monomers such as HPMA (aqueous
solubility ~100 g dm™ at 70°C) are required for RAFT aqueous dispersion
polymerization, whereas water-immiscible monomers such as benzyl methacrylate
(BzMA; aqueous solubility ~0.40 g dm™ at 70 °C) are required for RAFT aqueous
emulsion polymerization. Herein we utilize HBMA as a monomer of intermediate
aqueous solubility (~20 g dm™ at 70 °C) that has been previously reported to undergo
RAFT aqueous emulsion polymerization.*® It was suggested in Chapter 2 of this Thesis
that selection of HBMA as a core-forming block might enable the synthesis of higher
order morphologies via PISA. The key question to be addressed is whether such
formulations allow access to any copolymer morphologies other than

kinetically-trapped spheres.
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3.2. Experimental

3.2.1. Materials

2-hydroxybutyl methacrylate (HBMA; actually a 1:1 molar ratio of 2- and 4-isomers
as judged by 'H NMR spectroscopy)'® and 4,4"-azobis(4-cyanovaleric acid) (ACVA)
were purchased from Sigma-Aldrich UK and used as received unless otherwise
specified. =~ Deionized water was used in all experiments. The
trimethylsilyldiazomethane solution (2.0 M in diethyl ether), THF (HPLC, > 99.9%)
and glacial acetic acid (> 99.85%) used for the preparation and analysis of the
methylated diblock copolymers were also purchased from Sigma-Aldrich UK.
ds-Methanol, ds-dimethyl sulfoxide and d7-dimethylformamide used for 'H NMR
spectroscopy were purchased from Goss Scientific Instruments Ltd. (Cheshire, UK).
All other solvents were purchased from Sigma-Aldrich UK or VWR Chemicals. The
TTC-PGMA29 macro-CTA used was prepared by Matt Rymaruk as previously
reported.'”

3.2.2. Preparation of poly(methacrylic acid) (PMAA) macro-CTA agent
The same PMAAsc-TTC macro-CTA reported in Chapter 2 was also used for all
syntheses in this Chapter. The PMA A9 macro-CTA was synthesized and characterized

using the same methods.

3.2.3. RAFT polymerization of HBMA in water

A typical protocol for the synthesis of PMAAsc-PHBMAso was as follows:
PMAAs¢ macro-CTA (0.0489 g, 0.0094 mmol), ACVA (0.6 mg; 0.0019 mmol,
CTA/initiator molar ratio = 5.0) and water (3.20 g, 20% w/w) were weighed into a
14 mL vial. The pH was adjusted to pH 5 using 1 M NaOH. HBMA monomer
(0.7500 g, 4.70 mmol) was then added and the reaction vial was sealed and purged for
30 min before being placed in a pre-heated oil bath at 70 °C for 18 h.

3.2.4. Purification of HBMA monomer

As-received HBMA (3.0 g) was dissolved in water (300 g). This aqueous monomer
solution was extracted using n-hexane to remove the dimethacrylate impurity. The
aqueous monomer solution was then salted with NaCl (250 g/L) and HBMA was
removed from the aqueous phase by extraction with diethyl ether. MgSO4 was added
to remove traces of water from the ether layer. Hydroquinone (0.1%) was added to

prevent thermal polymerization prior to removal of the solvent by distillation under
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reduced pressure to afford purified HBMA monomer. The removal of dimethacrylate

impurity was quantified by HPLC, see Figure 3.4.

3.3. Copolymer Characterization

3.3.1. 'H NMR Spectroscopy
All '"H NMR spectra were recorded using a 400 MHz Bruker Advance-400

spectrometer  using  either  ds-methanol,  ds-dimethyl  sulfoxide  or

d7-dimethylformamide.

3.3.2. Methylation of copolymers for GPC Analysis

Prior to GPC analysis, all copolymers were modified by methylation of the carboxylic
acid groups in the PMAA block. Excess trimethylsilyldiazomethane was added
dropwise to a solution of copolymer (20 mg) in THF (2.0 mL), until the yellow color
persisted. This reaction solution was then stirred overnight until all THF had

evaporated.

3.3.3. Gel Permeation Chromatography (GPC)

THF GPC at 30 °C was used to determine the molecular weights and dispersities of
the modified copolymers containing PMAA. The GPC set-up consisted of two 5 uM
Mixed C columns connected to a WellChrom K-2301 refractive index detector. The
mobile phase was HPLC-grade THF containing 1.0% glacial acetic acid and
0.05% w/v BHT at a flow rate of 1.0 mL min™'. Molecular weights were calculated

with respect to a series of near-monodisperse PMMA standards.

DMF GPC at 60 °C was used to determine the molecular weights and dispersities of
the modified copolymers containing PGMA. The GPC set-up consisted of a Varian
290-LC pump injection module connected to two Polymer Laboratories PL gel 5 pm
Mixed-C columns connected in series and a Varian 390-LC multi-detector suite
(refractive index detector). The mobile phase was HPLC-grade DMF containing
10 mM LiBr at a flow rate of 1.0 mL min™t. Molecular weights were calculated with

respect to a series of near-monodisperse PMMA standards.

3.3.4. Dynamic Light Scattering (DLS)

Aqueous copolymer dispersions (0.20% w/w) in disposable plastic cuvettes were
analyzed using a Malvern Zetasizer NanoZS instrument. Scattered light was detected
at 173° and intensity-average hydrodynamic diameters were calculated using the
Stokes-Einstein equation. Data were averaged over three consecutive measurements,

comprising a minimum of ten runs per measurement.
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3.3.5. Aqueous Electrophoresis

Measurements were performed using a Malvern Zetasizer instrument on dilute
(0.20% w/w) copolymer dispersions containing background KCI (1 mM). The solution
pH was adjusted by addition of either NaOH or HCI.

3.3.6. Transmission Electron Microscopy (TEM)

One droplet (10 pL) of a dilute copolymer dispersion (0.20% w/w) were deposited
onto a carbon-coated copper grid for 20 seconds. The grid was then stained with 10 pLL
uranyl formate for 10 seconds and dried using a vacuum hose. TEM images were then
obtained using a Philips CM100 instrument operating at 100 kV and equipped with a
Gatan 1 k CCD camera.

3.3.7. Scanning Electron Microscopy (SEM)

Silica or copolymer/silica dispersions were placed on a glass slide and dried overnight,
mounted onto SEM stubs using adhesive conducting pads and then gold-coated prior
to analysis. Imaging was performed using an Inspect F microscope operating at 15 k'V.
All SEM analyses were performed by Yin Ning, a postdoctoral researcher in the Armes
group.

3.3.8. Reverse-Phase High-Performance Liquid Chromatography (HPLC)

The level of dimethacrylate impurity in the HBMA monomer was quantified by HPLC
(Figure 3.4). The experimental set-up consisted of an autosampler (Varian model 410),
a solvent delivery module (Varian Module 230), a UV detector (Varian model 310),
and an Zorbax Eclipse Plus C18, 3.5 um, 4.6 x 100 mm HPLC column. HBMA (5.0
mg) was weighed into an autosampler vial and dissolved in acetonitrile (1.0 mL). The
eluent was gradually varied from an initial composition of 5% acetonitrile in water to
95% acetonitrile in water after 15 — 20 min. The UV detector was set to a wavelength

of 210 nm.
3.3.9. Shear-Induced Polarized Light Imaging (SIPLI)

Shear alignment experiments were conducted using a mechano-optical rheometer
(Anton Paar Physica MCR301 with SIPLI attachment). Measurements were
performed using a plate-plate geometry composed of a 25 mm polished steel plate and
a fused quartz plate connected to a variable temperature Peltier system. The gap
between plates was set at 0.50 mm for all experiments. An additional Peltier hood was
used to ensure good control of the sample temperature. Sample illumination was

achieved using an Edmund Optics 150 W MI-150 high intensity fibre optic white light
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source. The polarizer and analyzer axes were crossed at 90° in order to obtain polarized
light images (PLIs), which were recorded using a color CCD camera (Lumenera

Lul65c).

3.3.10. Small-angle x-ray scattering (SAXS)

SAXS patterns for PMAAss-PHBMA,y (y = 150, 300 and 1000) were recorded at a
synchrotron source (ESRE, station ID02, Grenoble, France) using monochromatic
X-ray radiation (wavelength A = 0.0995 nm, with g ranging from 0.004 to 2.5 nm™,
where g = 4n sin 6/A is the length of the scattering vector and 0 is one-half of the
scattering angle) and a FReLoN Kodak CCD detector. Measurements were conducted
on 1.0% w/w aqueous dispersions at pH 5 using glass capillaries of 2.0 mm diameter.
X-ray scattering data were reduced using standard routines from the beamline and
were further analyzed using Irena SAS macros for Igor Pro. The SAXS pattern for
PMAAs6s-PHBMAS5 was obtained using a Bruker AXS Nanostar laboratory instrument
modified with a microfocus X-ray tube (GeniX3D, Xenocs) and motorized scatterless
slits for the beam collimation (camera length = 1.46 m, Cu Ko radiation and
“D HiSTAR multiwire gas detector). In this case the SAXS pattern was recorded for a
1.0% w/w aqueous dispersion at pH 5 over a ¢ range of 0.08 nm™! < ¢ > 1.6 nm™! using
a glass capillary of 2.0 mm diameter and an exposure time of 1.0 h. Raw SAXS data
were reduced using Nika macros for Igor Pro written by J. [lavsky. All SAXS patterns
were analyzed (background subtraction, data modelling and fitting) using Irena SAS
macros for Igor Pro.*’ Further information obtained from SAXs analysis can be found
in Appendix 2. All SAXS analyses were performed by Tom Neal, a fellow PhD student
in the Chemistry Department.
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3.4. Results and Discussion

3.4.1. Synthesis of non-spherical nanoparticles via RAFT aqueous emulsion
polymerization of HBMA

Preliminary studies indicated that selecting HBMA to form the core-forming block
could enable the synthesis of higher order morphologies via PISA, see Chapter 2.4.11.
Initially, only a limited range of PMAAss-PHBMA, diblock copolymer compositions
were investigated, where y = 100, 200, 300, 400 and 500. To investigate this system
further, a wider range of PHBMA DPS was targeted. A PMAAss macro-CTA was
chain-extended with HBMA via RAFT polymerization at 70 °C conducted in aqueous
solution at pH 5 (see Scheme 3.1). All reactions were conducted at 20% w/w
copolymer concentration and with a macro-CTA/ACVA molar ratio = 5.0. The target
DP for the structure-directing PHBMA block was varied between 50 and 1500. All
polymerizations proceeded to high conversions (> 96%) as judged by ‘H NMR
spectroscopy studies in d,-DMF (see Table 4.2). DLS and TEM studies were
conducted to determine the copolymer morphology (see Table 3.1 and Figure 3.1).

CN
56 S S
HO o)

PMAA;; macro-CTA

ACVA, N,, 70°C
H,0, pH 5, 20% w/w
macro-CTA/ACVA =5

A 2

y =50 -100
N

5E ™~ ~
HO" 'O ‘%“ y=130- 155

y=160- 1500
PMAASG'PH BI‘/IAy

Scheme 3.1 Synthesis of poly(methacrylic acid)-poly(2-hydroxybutyl methacrylate)
(PMAAss-PHBMAy) diblock copolymer nanoparticles via RAFT polymerization in aqueous
solution. Increasing the target degree of polymerization of the PHBMA core-forming block
alters both the particle diameter and particle morphology.
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Table 3.1 Monomer conversions, mean DLS and TEM diameters and zeta potentials for a series of
PMAAss-PHBMA,, diblock copolymer nanoparticles (y = 50 - 1500) prepared via RAFT aqueous
emulsion polymerization of HBMA at 20% w/w copolymer concentration.

Monomer DLS particle D_LS - TEM particle Zeta
Target composition  conversion diameter  Polydispersity dl(an r&e)tt? r potential
(%)’ (nm) (mV)
PMAAsc-PHBMAS5 >99 84 0.39 24 -66
PMAAs-PHBMAg, >99 114 0.11 40 -56
PMAAsc-PHBMAy, >99 141 0.13 52 -55
PMAA;ss-PHBMA |00 >99 167 0.15 45 -57
PMAAs-PHBMA 1o > 99 147 0.06 68 -57
PMAAsc-PHBMA 2 >99 162 0.06 82 -55
PMAAsc-PHBMA 30 >99 164 0.09 69 -55
PMAAs6-PHBMA 140 >99 175 0.07 99 -56
PMAAs:-PHBMA 145 >99 162 0.07 71 -53
PMAAs5-PHBMA 50 > 99 175 0.02 86 (w)323 ()  -60
PMAAs-PHBMA 55 >99 212 0.08 58 (w) 134 (D -57
PMAAss-PHBMA 60 >99 232 0.04 115 -56
PMAA;ss-PHBMA |70 >99 226 0.08 155 -57
PMAAs.-PHBMA 50 >99 194 0.06 283 -55
PMAAsc-PHBMA 99 >99 230 0.05 254 -63
PMAA;sc-PHBMA2g0 >99 251 0.05 174 -52
PMAA;56-PHBMA300 99 252 0.08 210 -57
PMAAsc-PHBM A4 >99 245 0.07 240 -53
PMAAsc-PHBMAS500 96 295 0.05 266 -56
PMAAs6-PHBMA 00 >99 300 0.03 335 -59
PMAAs6-PHBMA 500 >99 385 0.10 329 -63

aConversion determined by *H NMR spectroscopy
b for anisotropic particles (w) = width and (1) = length
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Figure 3.1 Representative TEM images obtained for PMAAss-PHBMA, diblock copolymer
nanoparticles prepared at 20% w/w copolymer concentration via RAFT aqueous polymerization of
HBMA at 70 °C. PISA leads to the formation of small spherical nanoparticles for y = 50 - 140, a
distinctive ‘monkey nut’ morphology for y = 150 — 155 and larger spheres for y = 160 - 1500.
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For target PHBMA DPs of 50 to 145, the PMAAss-PHBMA, diblock copolymer
chains self-assembled to form well-defined spheres of 80 to 175 nm diameter, as
judged by DLS and TEM. However, TEM studies indicated that a new ‘monkey nut’
morphology could be obtained over a rather narrow range of y values (y = 150 or 155).
These ‘monkey nuts’ are approximately 100 to 800 nm in length, with widths varying
from 25 to 125 nm; thus the mean length/width ratio (or particle anisotropy) was
approximately four. This unusual non-spherical morphology clearly demonstrates that
using a monomer of intermediate aqueous solubility such as HBMA allows access to
morphologies other than kinetically-trapped spheres. At higher PHBMA DPs (y = 160
to 1500), larger spherical nanoparticles were observed with DLS diameters of
160 - 390 nm. TEM analysis of the largest nanoparticles (PHBMA DP = 200 to 1500)
suggested the possible synthesis of vesicles, with some evidence for membrane
structures, see Figure 3.1. However, such observations could also arise from TEM
artefacts. Thus, further analysis of these particles is required.

The PMAAss-PHBMA150 ‘monkey-nut’ nanoparticles were also analyzed by SEM,
see Figure 3.2. The resulting images confirmed the presence of a new ‘monkey nut’
morphology at a PHBMA DP of 150. SEM analysis indicated the ‘monkey nuts’ are
approximately 270 to 700 nm in length, with widths varying from 60 to 130 nm. These
values are in agreement with those from TEM analysis but equate to a marginally
larger mean length/width ratio of approximately five (ratio approximately four by
TEM analysis).

Figure 3.2 SEM image of PMAAss-PHBMAs diblock copolymer nanoparticles confirming the
observation of a new ‘monkey nut’ morphology.
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3.4.2. Anionic character of monkey nuts

Aqueous electrophoresis was used to assess the mobility and zeta potential of these
diblock copolymer nano-objects. The effect of varying pH on the apparent
sphere-equivalent particle diameter and zeta potential of the PMAAss-PHBMA150
‘monkey nut’ nanoparticles was evaluated by DLS and aqueous electrophoresis,

respectively (see Figure 3.3).
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Figure 3.3. Change in apparent sphere-equivalent particle diameter (as judged by DLS) and zeta
potential with pH for PMAAss-PHBMA 50 ‘monkey nut’ nanoparticles. Filled spheres (®) indicate
titration from pH 10 to pH 2. Open spheres (o) indicate titration from pH 2 to pH 10. Particle
flocculation is observed below pH 3.5 due to the loss of electrosteric stabilization as the PMAA chains
become less anionic. This flocculation is reversible on addition of NaOH.

Between pH 10 and pH 5.5, the PMAA stabilizer chains were highly ionized, leading
to negative zeta potentials ranging from -50 to -45 mV. The PMAA stabilizer chains
remained highly anionic over this pH range, with only a modest reduction in particle
diameter (from 200 to 165 nm) being observed. This is consistent with ionized PMAA
chains acting as a polyelectrolytic stabilizer block, conferring electrosteric
stabilization to the nanoparticles. Between pH 5.5 and pH 3.5 the zeta potential
gradually becomes less negative (up to -20 mV) as the PMAA chains become
progressively more protonated. A concomitant reduction in apparent hydrodynamic
particle diameter to 150 nm occurs as the PMAA chains start to collapse. However, an
apparent particle diameter of 5 um is observed by DLS at approximately pH 2.5. This
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iIs the result of gross flocculation of the PMAAse-PHBMA150 nanoparticles, because
the near-neutral PMAA stabilizer chains no longer confer effective electrosteric
stabilization at this pH. Such aggregation proved to be reversible on raising the
solution pH from pH 3.5 to pH 10: the PMAA chains become ionized again and
approximately the original sphere-equivalent nanoparticle diameter was obtained,

with a corresponding zeta potential of around -40 mV.

3.4.3. Synthesis of non-spherical nanoparticles via RAFT aqueous emulsion
polymerization of purified HBMA
In principle, the MWD of the PMAAss-PHBMA, diblock copolymer chains can be
assessed by GPC. However, in practice the MAA residues require methylation to
prevent adsorption onto the GPC column. Unfortunately, the methylated PMAAse-
PHBMA, diblock copolymers proved to be insoluble in both THF and DMF, making
GPC analysis impossible. This was believed to be the result of extensive cross-linking
caused by the ~ 4.4 mol % dimethacrylate impurity in the HBMA monomer. Similar
problems have been reported for PISA syntheses involving HPMA. 13 In order to
address this technical problem, the HBMA monomer was purified prior to the
preparation of a second series of PMAAss-PHBMA, diblock copolymers.
Moreover, analysis of such diblock copolymer nano-objects should establish whether
the unusual ‘monkey nut’” morphology was merely an artefact caused by in situ
crosslinking. In this context, it is worth noting that Sugihara and co-workers reported
a ‘lumpy rod’ morphology for the synthesis of cross-linked nanoparticles prepared via
RAFT aqueous dispersion copolymerization of HPMA with EGDMA when targeting
more than six EGDMA units per copolymer chain.*! Thus an aqueous solution of the
as-supplied HBMA monomer was extracted using n-hexane to remove the
dimethacrylate impurity.*> The purified HBMA monomer was analyzed by
reverse-phase HPLC, which indicated approximately 87% removal of the original
dimethacrylate impurity, leaving around 0.57 mol % dimethacrylate still present (see
Figure 3.4).
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Figure 3.4 HPLC chromatograms of the as-received HBMA monomer and the purified
HBMA monomer. An approximately 87% removal of the original dimethacrylate impurity is
observed leaving approxing 0.57 mol% dimethacrylate still present in the purified HBMA
monomer.

A series of PMAAss-PHBMA, diblock copolymers (targeting y = 130 to 300) was
then prepared using this purified HBMA monomer. The MAA residues of the diblock
copolymer chains were methylated using excess trimethylsilyl diazomethane and
proved to be fully soluble in a THF eluent containing 1.0% glacial acetic acid,* which
indicates a substantial reduction in the degree of crosslinking. The addition of 1.0%
glacial acetic acid to the THF GPC eluent, which aids GPC analysis if any residual
non-methylated methacrylic acid residues are present. The molecular weight of the
diblock copolymer chains increased as the target PHBMA DP was varied from 130 to
300 but dispersities ranged from 1.18 to 6.13, which suggests substantial branching

(see Figure 3.5).44 %
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Figure 3.5 THF GPC chromatograms recorded for PMAAss-PHBMA, diblock copolymers prepared at
20% w/w copolymer concentration via RAFT polymerization of purified HBMA monomer in water.
All diblock copolymers were modified by methylation of the PMAA block prior to GPC analysis. The
THF eluent contained 1.0% glacial acetic acid, which aids GPC analysis if any residual non-methylated
methacrylic acid residues are present. Molecular weight data are expressed relative to a series of
near-monodisperse PMMA standards. These GPC data indicate substantial branching due to presence
of dimethacrylate impurities, which are only partially removed by the HBMA purification protocol.
Nevertheless, it is worth emphasizing that no GPC data at all could be obtained for similar diblock
copolymers prepared using the as-received HBMA monomer. This is because the dimethacrylate
impurity level is so high that extensive cross-linking occurs, which renders these methylated copolymer
chains insoluble in THF.

TEM analysis of this second series of PMAAss-PHBMA, nano-objects prepared using
purified HBMA monomer confirmed that a ‘monkey nut’ copolymer morphology
could still be obtained, see Figure 3.6. Thus such nano-objects do not appear to be an
artefact caused by crosslinking. Moreover, the ‘monkey nut’ morphology is observed
for PHBMA DPs of 130 to 155, which is somewhat a broader range than that obtained

when using the as-received HBMA monomer.
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Figure 3.6 PISA syntheses conducted using a purified batch of HBMA monomer also produce a
“monkey nut” morphology when targeting PMAAsc—PHBMA, where y = 130 to 155. This clearly
indicates that this unusual morphology is not simply the result of in situ cross-linking as a result of the
dimethacrylate impurity in the HBMA monomer.

3.4.4. Analysis using Shear-Induced Polarized Light Imaging to confirm the
presence of non-spherical nanoparticles
PMAAse-PHBMA50 ‘monkey nut’ nanoparticles prepared using purified HBMA
monomer were analyzed using the shear-induced polarized light imaging (SIPLI)
technique, see Figure 3.7.%%° It is well-known that anisotropic nanoparticles can be
aligned when subjected to an applied shear.>® °* Above a certain critical shear rate,
alignment in the direction of flow leads to shear-thinning behavior and the observation
of birefringence. In a SIPLI experiment, linearly-polarized white light is directed
through a transparent quartz plate on which an aqueous dispersion of
PMAAss-PHBMA50 ‘monkey nuts’ at 20% w/w copolymer concentration is placed.
After transmission through the dispersion, the light is reflected by a polished steel
plate and then analyzed at 90° to the plane of polarization using a CCD camera.
Because the reflected light is analyzed at 90° to the incident light, only rotated light is
detected. Particle alignment leads to the observation of a characteristic Maltese cross

pattern.
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Figure 3.7 Schematic diagram for (a) the experimental set-up for a SIPLI experiment including the
arrangement of the light source, polarizer, analyzer and CCD camera in relation to the rheometer, and
(b) the formation of shear-induced polarized light imaging (SIPLI), simplified to show a linear
arrangement. The perpendicular planes of polarization for the polarizer (P) and the analyzer (A) are
indicated by the double-sided arrows. Lines within the white ellipsoids represent the optical axes of the
sheared object, with the long axis corresponding to n; (red lines) being parallel to the direction of shear-

alignment (dashed circles). The angular speed (Q2) indicates the direction of rotation for the polished

steel plate.%'49

The PMAAss-PHBMA150 ‘monkey nut’ nanoparticles were subjected to shear rates
ranging from 50 to 500 s (Figure 3.8). There is a shear rate gradient across the
polished steel plate from its center to the periphery, with the maximum shear rate being
obtained at the plate edge. A characteristic Maltese cross pattern was observed at
maximum shear rates of either 200 or 500 s* indicating alignment of anisotropic
nanoparticles. The critical shear rate for nanoparticle alignment can be calculated from
the image at a maximum shear rate of 100 s, where a partial Maltese cross pattern is
obtained with a dark circle in the center, see Figure 3.8b. The critical shear rate under
these conditions is 40 s?, which corresponds to a mean relaxation time of
approximately 25 ms. This represents the time scale required to produce an isotropic

dispersion after cessation of the applied shear.
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Figure 3.8 (a) Polarized light images obtained for a 20% w/w aqueous dispersion of
PMAAGss-PHBMA 50 ‘monkey nut’ nanoparticles at maximum shear rates of 50, 100, 200 and 500 s,
(b) A Maltese cross is observed above a critical shear rate of 40 s, indicating shear-induced alignment.
Thus the mean relaxation time of the ‘monkey nut’ nanoparticles corresponds to approximately 25 ms.

3.4.5. Confirmation of diblock copolymer nanoparticle morphologies by Small
Angle X-ray Scattering (SAXS)

SAXS was used to confirm the copolymer morphologies indicated by TEM studies,
see Figure 3.9. To a good first approximation, the copolymer morphology is indicated
by the gradient in the low g regime. Spherical micelles are characterized by a gradient
of zero and rigid rods possess a gradient of negative unity.>? Although they exhibit
considerable flexibility, highly anisotropic diblock copolymer worms prepared via
PISA behave more or less like rigid rods in terms of their SAXS patterns.> >
Inspecting Figure 3.9, the 1(q) vs. g scattering pattern recorded for a 1.0% w/w
dispersion of PMAAss-PHBMAsy diblock copolymer nanoparticles can be

satisfactorily fitted to a previously reported spherical micelle model, with a
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volume-average core diameter of 19 + 3 nm (Figure 3.9(a)).>® The same spherical
micelle model also provided good fits to the scattering patterns obtained for the
PMAAss-PHBMAz00 and PMAAss-PHBMA1000 nanoparticles. In each case, the
gradient at low g of approximately zero confirms the spherical morphology indicated
by TEM studies, with SAXS volume-average diameters estimated to be 262 + 26 nm
and 330 + 22 nm, respectively (Figure 3.9(d) and (e) respectively). These analyses
enable us to reject our initial hypothesis that the latter nano-objects might be
thick-walled vesicles, not least because there is no evidence for any membrane
structure. Moreover, the presence of multiple fringes in these latter two scattering
patterns suggest relatively narrow size distributions in each case. In contrast, the
scattering patterns recorded for the PMAAss-PHBMA150 ‘monkey nut’ nanoparticles
(synthesized with either the as-received or the purified HBMA monomer) cannot be
fitted using the spherical model (Figure 3.9(b) and (c)). These patterns have low q
gradients of -0.82 and -0.71 respectively, confirming that these nanoparticles possess
significant anisotropic character (as suggested by TEM analysis and SIPLI). In
addition, the lack of a well-defined local minimum at high g suggests that these
‘monkey nut’ nanoparticles are relatively polydisperse in terms of their mean widths.
Although not yet fully analyzed, these preliminary SAXS data are important, because
they are much more statistically robust than TEM analyses. They confirm a unique
evolution in copolymer morphology for this PMAAss-PHBMA PISA formulation
from small spheres to monkey nuts to large spheres with increasing x values. Further
information obtained from SAXS analysis can be found in Appendix 2.
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Figure 3.9 SAXS patterns recorded for from 1.0% w/w aqueous dispersions of PMAAsg-PHBMA,
diblock copolymer nano-objects at pH 5: (a) PMAAss-PHBMASso spheres, (b) PMAAss-PHBMA 50
‘monkey nut’ nanoparticles (prepared using purified HBMA monomer), (¢) PMAAss-PHBMA50
‘monkey nut’ nanoparticles (prepared using as-received HBMA monomer), (d) PMAAss-PHBMA30
spheres and () PMAAss-PHBMA1000 spheres. SAXS patterns (a), (d) and (e) are fitted to a spherical
micelle model. SAXS patterns (b) and (c) cannot be fitted using a spherical model
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3.4.6. Synthesis of PMAAss-PHBMA1s0 diblock copolymer nanoparticles at
varying copolymer concentrations

As discussed in Chapter 2, it has been previously reported that the particle
morphology obtained by PISA can be affected by the copolymer concentration.
Typically, higher copolymer concentrations favor the formation of worms and
vesicles.!* Thus, the synthesis of PMAAss-PHBMA,s) diblock copolymer
nanoparticles was repeated at copolymer concentrations of 10, 20 and 30% w/w for
comparison, see Table 3.2. High monomer conversions (> 99%) were achieved in all
three cases. These syntheses were conducted using purified HBMA, thus enabling
analysis by THF GPC after methylation. The resulting GPC chromatograms are
similar to those reported above, with relatively high dispersities indicating substantial

branching despite purification of the HBMA monomer, see Figure 3.10.

Table 3.2 Monomer conversions, number-average molecular weights (My), dispersities (P) and mean
DLS and TEM diameters for a series of PMAAss-PHBMA;50 diblock copolymer nanoparticles prepared
via RAFT aqueous emulsion polymerization of HBMA at 10, 20 and 30% w/w copolymer
concentration.

TEM

Copolymer  Monomer DLS DLS particle Zeta Mn° e
concentration conversion particle particle diameter  Potential (g mol”)
diameter polydispersity (nm)P° (mV)
(% wiw) (%)? (nm)
10 >99 230 0.02 82 -57 33,700 3.67
20 >99 199 007  85w)270() -60 28,800 191
30 > 99 127 0.21 48 -65 36,500 1.67

aConversion determined by 'H NMR spectroscopy

bFor anisotropic particles (w) = width and (I) = length

“Molecular weight data determined by GPC using THF eluent containing 1% v/v glacial acetic acid (calibrated
using a series of near-monodisperse PMMA standards).

DLS and TEM studies indicate that the ‘monkey nut” morphology was only formed at
20% wiw, see Figure 3.11. For RAFT aqueous dispersion polymerization, such as the
well-studied PGMA-PHPMA system, higher order morphologies are often obtained at
higher copolymer concentrations.1% 13 145356 |n contrast, RAFT aqueous emulsion
polymerization systems are often limited to spherical nanoparticles, as reported by
Cunningham et al. for the PGMA-PBzMA system.®

138



Chapter 3: Effect of monomer solubility on the evolution of copolymer morphology during
polymerization-induced self-assembly in aqueous solution

20% w/w 30% w/w
M = 28,800 M, = 36,500
b=1.91 PDI =1.67
10% w/w \ /
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Figure 3.10 THF GPC chromatograms of PMAAss-PHBMA 50 diblock copolymers synthesized via
RAFT aqueous emulsion polymerization of HBMA at 10, 20 and 30% copolymer concentration. Eluent
contained 1.0% w/w acetic acid. Molecular weight data are expressed relative to a series of
near-monodisperse PMMA standards.

Given that HBMA reacts via RAFT aqueous emulsion polymerization we would
perhaps expect to obtain only spherical nanoparticles. However, the non-spherical
‘monkey nut’ morphology is observed at 20% w/w copolymer concentration, see
Figure 3.11. Therefore, we anticipated that the nanoparticles formed at 30% w/w
copolymer concentration would also be non-spherical. Somewhat surprisingly this
proved not to be the case. This result indicates that there is a rather precise set of
conditions required to enable the synthesis of these ‘monkey nut’ particles. In
principle, at 30% w/w copolymer concentration there should be more monomer
available to plasticize nanoparticle cores, which should facilitate the transition from
spheres to higher-order morphologies. However, it does not appear that the presence

of additional monomer aids this morphological transition in this case.
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Figure 3.11 Representative TEM images of PMAAss-PHBMA s, diblock copolymer nanoparticles
synthesized via RAFT aqueous emulsion polymerization of HBMA at copolymer concentrations of 10,
20 and 30% wi/w. These PISA syntheses were conducted using purified HBMA monomer.

3.4.7. Comparison of reaction kinetics for the RAFT aqueous emulsion
polymerization of HPMA and HBMA

The work reported so far in this Thesis indicates that the aqueous solubility of the
core-forming monomer appears to be an important parameter for access to
non-spherical morphologies during aqueous PISA. We hypothesize that RAFT
aqueous emulsion polymerization is limited to spherical nanoparticles owing to the
relatively low aqueous solubility of the monomer. In a RAFT aqueous dispersion
polymerization, a water-miscible monomer is polymerized (e.g. HPMA). This
monomer can readily diffuse through the aqueous phase into the growing particles,
thus plasticizing the core-forming block and so aiding sphere-sphere fusions which is
the first step for the formation of worms and vesicles. In contrast, the water-immiscible
monomers polymerized via RAFT aqueous emulsion polymerization cannot diffuse as
quickly through the aqueous phase on the time scale of the polymerization to plasticize

the particle cores, resulting in the formation of kinetically-trapped spheres.

To investigate the effect of aqueous monomer solubility on polymerization kinetics,
kinetic data were obtained for the synthesis of PMAAss-PHBMA 50 nanoparticles at
20% w/w copolymer concentration and PMAAss-PHPMA 150 nanoparticles at 18.8%
w/w. The latter concentration provides the same molar concentration of HPMA as that
of HBMA.* Both diblock copolymers were prepared via RAFT polymerization in
water at 70 “C.
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Both polymerizations reached > 98% conversion within 90 min, see Figure 3.12. The
semi-log plot data indicates that the reaction kinetics are very similar for each
monomer. Initially, mild retardation is observed as expected (but not well understood)
for RAFT polymerization of methyacrylates.’” At ~ 40 min in both polymerizations an
increase in slope of the semi-log plot is observed. For the HBMA this indicates that
the rate of polymerization increases by a factor of ~ 4 whereas, for the HPMA
polymerization the rate increases by a factor of ~ 2.5. This rate increase corresponds
to the onset of particle nucleation. As the particles form, unreacted monomer migrates
to the growing particle cores causing an increase in effective monomer concentration

and thus, an observed rate enhancement. '

The PMAAss-PHPMA 50 diblock copolymers form spherical nanoparticles, whereas
the PMAAss-PHBMA 50 diblock copolymers self-assemble to form the ‘monkey nut’
morphology discussed above, see Figure 3.13. This seems rather surprising given that
the aqueous solubility of HPMA is significantly higher than that of HBMA. However,
for this kinetic experiment the HPMA monomer concentration during the
polymerization (18.8% w/w) was higher than the aqueous solubility of HPMA
(10% w/w at 70 °C). Thus, at least initially the polymerization could proceed via a
RAFT aqueous emulsion polymerization mechanism owing to the presence of

undissolved HPMA monomer at the start of the polymerization.
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Figure 3.12 Kinetic data obtained for the synthesis of PMAAss-PHBMA15, at 20% w/w and
PMAAss-PHPMA 50 at 18.82% wi/w. Both diblock copolymers were prepared via RAFT
polymerization in water at 70 ‘C. The copolymer concentration of the latter formulation was adjusted
to maintain the same molar concentration of monomer. (a) monomer conversion vs. time, (b) monomer
conversion and semi-log plot vs. time for the synthesis of PMAAss-PHBMA150 and (c) monomer
conversion and semi-log plot vs. time for the synthesis of PMAAss-PHPMA 5.
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Y s

, (a) PMAA -PHBMA 5, i (b) PMAA-PHPMA,, 5,

Figure 3.13 Representative TEM images of (a) PMAAss-PHBMA5p ‘monkey-nut’ nanoparticles and
(b) PMAAs«-PHPMA 50 spherical nanoparticles synthesized via RAFT aqueous polymerization at
70 °C.

3.4.8. Changing the stabilizer block to a shorter PMAA29 macro-CTA or to a
PGMAse macro-CTA.

Previous literature indicates that using a shorter stabilizer block can lead to the
formation of higher order morphologies over a wide range of core-forming block
DPs.}* To try and obtain higher order morphologies, a shorter PMAAz9 macro-CTA
with a DP of 29 was selected for chain extension with HBMA via RAFT aqueous
emulsion polymerization. A range of PHBMA DPs was targeted from 50 to 150 and
each polymerization proceeded to high conversion (> 99%), as judged by *H NMR
spectroscopy, see Table 3.3. Analysis by DLS, suggested the formation of reasonably
large (125 to 190 nm) and polydisperse particles (0.15 to 0.92), with no discernable
trend in particle size. TEM analysis of the resulting diblock copolymer nanoparticles
indicated that only spherical nanoparticles (24 to 110 nm) were formed by PISA, see
Figure 3.14. It is possible that the ‘monkey nut’ phase was missed and could be
obtained with further investigation owing to the very small phase space it occupies.
As these particles were synthesized with the as-received HBMA monomer GPC

analysis was not conducted.

143



Chapter 3: Effect of monomer solubility on the evolution of copolymer morphology during
polymerization-induced self-assembly in aqueous solution

Table 3.3 Monomer conversions and mean DLS and TEM diameters for a series of PMAA-PHBMA,
diblock copolymer nanoparticles (y = 50 — 150) and a series of PGMAso-PHBMA, diblock copolymer
nanoparticles (y = 50 — 400) both prepared via RAFT aqueous emulsion polymerization at 20% w/w
copolymer concentration.

Monomer DLS particle  pLS particle  TEM particle

Target composition - .
conversion (%)*  diameter ("m) polydispersity diameter (nm)

PMAAz9-PHBMAs >99 158 0.47 24
PMAA;9-PHBMAso >99 161 0.28 27
PMAA»-PHBMA7¢ >99 127 0.56 26
PMAA»-PHBMAg >99 158 0.45 29
PMAA»-PHBMA o0 >99 144 0.92 41
PMAA,o-PHBMA 55 >99 126 0.21 70
PMAA2-PHBMA 50 >99 187 0.15 111
PGMA;so-PHBMA5 >99 26 0.28 24
PGMA;o-PHBMA 50 >99 39 0.30 33
PGMA;50-PHBMA:00 >99 82 0.17 39
PGMAso-PHBMAu00 >99 94 0.17 50

2 Conversion determined by *H NMR spectroscopy
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Figure 3.14 TEM images obtained for PMAA2-PHBMA, (a — g) and PGMAse-PHBMA,, (h — k)
diblock copolymer nanoparticles prepared at 20% w/w copolymer concentration via RAFT aqueous
emulsion polymerization of HBMA at 70 °C. PISA leads only to the formation of spherical
nanoparticles for PMAA2-PHBMA, diblocks with a PHBMA DP (a) 50, (b) 60, (c) 70, (d) 80, (e) 100,
(f) 125 and (g) 150 and for PGMAs,-PHBMAy with a PHBMA DP of (h) 50, (i) 150, (j) 200, (k) 300,
(1) 400.
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In addition to these experiments, a PGMAso macro-CTA was also chain-extended with
HBMA via RAFT aqueous emulsion polymerization at 20% w/w copolymer
concentration. PGMA was selected as an alternative stabilizer block owing to its
non-ionic character. The use of a non-ionic stabilizer block should aid the formation
of non-spherical nanoparticles by PISA, as sphere-sphere fusion is considered to be a
key step in the transition from spherical nanoparticles to worms. A series of
PGMAGs-PHBMA, diblock copolymers was synthesized targeting a range of PHBMA
DPs from 50 to 400. All syntheses proceeded to high conversion (> 99%), as judged
by 'H NMR spectroscopy, see Table 3.3. For this series of PGMAso-PHBMA, diblock
copolymers DMF GPC analysis was possible, see Figure 3.15. However, the resulting
GPC chromatograms indicate relatively high dispersities indicating substantial
branching caused by the dimethacrylate impurity of the HBMA monomer. Analysis
of the resulting nanoparticles by DLS showed an increasing particle diameter from
26 to 102 nm with PHBMA DP. TEM analysis of the particles indicated that only
spherical nanoparticle were formed, despite the use of a non-ionic PGMA
macro-CTA, see Figure 3.14. Unpublished work in the Armes group, has shown that
sometimes very small vesicles are indistinguishable from spheres by TEM. Therefore,
it would be worth analyzing these particles by SAXS to confirm the morphology.

PGMA,-PHBMA, 5,

M_=58,000
n ’ PGMA.,-PHBMA

PGMA;o'PHBMAZOO b= 1'64 M = 3350200 ”

M, = 99,300 D i 1 z’2

b=1.96 o

PGMA:, macro-CTA

PGMA;,-PHBMA \ _ >
M, = 99,800 / e

b=1.19

D =2.45 \

10 11 12 13 14 15 16 17 18
Retention time (min)
Figure 3.15 DMF GPC chromatograms for a series of PGMAso-PHBMA,, diblock copolymers

(y = 50 to 400) synthesized via RAFT aqueous emulsion polymerization of HBMA at 70 °C. Molecular
weight data are expressed relative to a series of near-monodisperse PMMA standards.
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3.5. Conclusions

In summary, the RAFT aqueous polymerization of HBMA at pH 5 using a PMAAse
macro-CTA leads to the formation of elongated nanoparticles with an unusual
‘monkey nut’ morphology over a relatively narrow range of core-forming block DPs.
This nanoparticle anisotropy is confirmed by SAXS analysis and is sufficient to enable
shear alignment, as indicated by SIPL studies. These observations suggest that the
aqueous solubility of the monomer can play an important role in determining the
copolymer morphology during aqueous PISA syntheses. Sufficiently high monomer
solubility enables the restrictive paradigm of kinetically-trapped spheres to be broken.
Presumably this is because additional monomer can diffuse into the growing
nanoparticle cores on the time scale of the polymerization, thus leading to greater
solvation and hence mobility for the PHBMA chains. This aids sphere-sphere fusion,
which is a prerequisite for the formation of the ‘monkey nut’ morphology. In future
work, we plan to fit the SAXS scattering patterns obtained for these ‘monkey nut’

nanoparticles using an appropriate new analytical model.
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4. Optimization of the high-throughput synthesis of
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4.1. Introduction

RAFT polymerization can be conducted in aqueous media to synthesize a remarkably
wide range of block copolymer nanoparticles via PISA.22 PISA enables the rational
synthesis of diblock copolymer nanoparticles directly in water at relatively high
concentrations (< 50% w/w).> * Various block copolymer morphologies
(e.g. spheres,* > 16 worms,!” nanofibers,® vesicles,* ® framboidal vesicles,®
monkey nuts,? jellyfish® and lamellae!) can be obtained, often simply by varying the
DP of the respective blocks.? " 1% In principle, such nanoparticles offer a wide range
of potential applications, including use as super flocculants,?* stem-cell storage
media,? Pickering emulsifiers?> ?* and coatings.?> 2

Many important properties of the final block copolymer nanoparticles can be readily
tuned by choosing appropriate monomers, targeting suitable block DPs and adjusting
the block order.™ 7 19 27. 28 Additional synthesis parameters such as copolymer
concentration, solution pH, polymerization temperature, reaction time, and RAFT
agent/initiator molar ratio can also play important roles in determining a successful
outcome for a given PISA synthesis.” 1t 15 2930 Gjven this complexity, optimization
of new PISA formulations can be a time-consuming and laborious task, particularly if
the construction of phase diagrams is desired.® 193132 In principle, this ‘bottleneck’
problem can be addressed by using a high-throughput strategy to perform parallel
syntheses of multiple reactions under similar conditions.®*2® For example, the
Chemspeed Autoplant A100 automated synthesizer (Figure 4.7) can perform up to
twenty parallel syntheses, which enables several parameters to be explored
simultaneously. This high-throughput approach has been successfully applied in many
fields such as the pharmaceutical industry, materials research, and polymer
science.>® 34 3645 More specifically, pharmaceutical research has benefited from rapid
screening of large libraries of potential lead compounds, which can cause a
considerable reduction in time-to-market for novel drugs.®* % 37 In the case of
materials research,® high-throughput strategies have aided the discovery of novel
superconducting materials,*® inorganic phosphorous compounds for use in flat-panel
displays, lighting and X-ray imaging*®*® and new polymer catalysts.***’ Of particular
relevance to the present study are high-throughput studies based on living radical
polymerization.*®52 For example, a library of acrylic diblock copolymers was

synthesized using the so-called macromolecular design via the interchange of
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xanthates (MADIX) process.*® The RAFT solution polymerization of MMA in toluene
was successfully transferred to an automated synthesizer (Chemspeed Accelerator ™
SLTO0O) to produce a series of well-defined homopolymers.*® Such precursors were
subsequently chain-extended in turn with various methacrylic comonomers to
generate a range of well-defined AB diblock copolymers.>® Similarly, Hoogenboom
and co-workers chain-extended poly(methyl acrylate), poly(n-butyl acrylate), PMMA
or PDEAEMA in turn with 1-ethoxyethyl acrylate using the same equipment.®* The
same team reported a standard protocol for the parallel optimization of RAFT
polymerizations.>® This body of prior work indicates that RAFT polymerizations are
amenable to a high-throughput approach. However, as far as we are aware, high-
throughput RAFT polymerizations have not yet been performed in water. Moreover,
there appears to be no reports of the high-throughput synthesis of diblock copolymer
nanoparticles via RAFT-mediated PISA. In principle, coupling RAFT aqueous
emulsion polymerization with a high-throughput approach should enable the rapid,
convenient synthesis of a library of block copolymer nanoparticles. However, in
addition to standard deoxygenation protocols for these air-sensitive polymerizations,
it is noteworthy that such heterogeneous formulations require adequate stirring to
ensure the formation of sufficiently small monomer droplets for the efficient
production of colloidally stable dispersions.®

In this chapter, we demonstrate that successful PISA syntheses can be performed with
good reproducibility using a Chemspeed Autoplant A100, which isa commercial high-
throughput robot synthesizer (Figure 4.7). More specifically, the RAFT aqueous
emulsion polymerization of BzMA or BMA is conducted using a water-soluble
PMAA macro-CTA to generate a series of sterically-stabilized diblock, triblock and
tetrablock copolymer nanoparticles at up to 45% w/w copolymer concentration. This
work was conducted at the AkzoNobel site in Slough, as part of a six-month work

placement during this PhD project.

152



Chapter 4: Optimization of the high-throughput synthesis of multiblock copolymer
nanoparticles in aqueous media via polymerization-induced self-assembly

4.2. Experimental

4.2.1. Materials

Methacrylic acid (MAA, 99%), benzyl methacrylate (BzMA, 96%), n-butyl
methacrylate (BMA, 99%), 4,4'-azobis(4-cyanovaleric acid) (ACVA, > 98%), THF
(HPLC, > 99.9%) and glacial acetic acid (= 99.85%) were purchased from Sigma-
Aldrich (UK) and used as received. The 4-cyano-4-
(2-phenylethanesulfanylthiocarbonyl)sulfanyl-pentanoic acid (PETTC) RAFT agent
was prepared as described previously.>* The ds-methanol and ds-tetrahydrofuran used
for 'H NMR studies were purchased from Goss Scientific Instruments Ltd. (Cheshire,
UK). All other solvents were purchased from Sigma-Aldrich (UK) or VWR Chemicals
(UK) and used as received. Deionized water was used in all experiments.

4.2.2. Synthesis of poly(methacrylic acid) (PMAA) macro-CTA at 40% wi/w
polymer concentration.
PETTC RAFT agent (21.77 g, 0.064 mol, assuming 80% efficiency), MAA (230 g,
2.67 mol, target DP 50) and absolute ethanol (>99.5%, 376.7 g, 40% w/w) were
weighed into a 1 L round-bottom flask. The flask was covered with a five-necked lid
and fitted with a condenser, overhead anchor-type stirrer, N> inlet and temperature
probe (see Figure 4.1). In a separate vial, ACVA (3.00 g, 10 mmol; CTA/initiator
molar ratio = 5.0) was dissolved in a small volume of ethanol (~10 mL). Both reaction
mixtures were degassed with N2 for 90 min while stirring at room temperature. After
90 min, the initiator solution was injected into the round-bottomed flask under a N>
atmosphere using a syringe. The reaction mixture was further degassed for 20 min
before being heated at 70 °C by immersion in a pre-heated water bath. After 3 h, the
flask was removed from the water bath, allowed to cool, and its contents were exposed
to air to quench the polymerization. The resulting PMAA macro-CTA was then
purified by precipitation into a five-fold excess of diethyl ether. The crude polymer
was collected by filtration and redissolved in the minimum amount of ethanol, before
a second precipitation into excess diethyl ether. The purified polymer was allowed to
dry overnight before being redissolved in the minimum amount of water, followed by
lyophilization. The mean degree of polymerization for this macro-CTA was calculated
to be 56 by 'H NMR (see Figure 4.2). GPC analysis of methylated PMAAss

macro-CTA (using THF eluent containing 4% v/v glacial acetic acid, against
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poly(methyl methacrylate) standards) indicated My = 6,000 g mol™* and B = 1.17, (see
Figure 4.3).

4.2.3. Laboratory-scale synthesis of PMAAss-PBzMAsow diblock copolymer
nanoparticles at 20% w/w copolymer concentration via RAFT aqueous
emulsion polymerization of benzyl methacrylate.

A typical protocol for the synthesis of PMAAss-PBzMAso nanoparticles was as

follows: PMAAsg macro-CTA (0.1171 g, 0.02 mmol), ACVA (0.0013 g; 0.05 mmol,

macro-CTA/initiator molar ratio = 5.0) and water (8.47 g, 20% w/w) were weighed
into a 15 mL vial. The solution pH was adjusted to pH 5 using 1 M NaOH and BzMA
monomer (2.00 g, 0.01 mol) was then added. The final mass of liquid reagents was
~10 - 11 g. A magnetic flea was added and the reaction vial was sealed using a rubber
septum. The reaction solution was purged under N2 for 15 min and the vial was then
placed in a pre-heated water bath at 70 °C for 2 h, prior to its removal and exposure to
air to quench the polymerization. In all the laboratory experiments, magnetic stirring

was conducted at 500 rpm.

4.2.4. Laboratory-scale one-pot synthesis of tetrablock copolymer nanoparticles
via RAFT aqueous emulsion polymerization.
A typical protocol for the synthesis of PMAAss-PBzMAs-PBMAsgw-PBzMAsq
nanoparticles was as follows. PMAAss macro-CTA (0.1757 g, 0.03 mmol), ACVA
(1.9 mg; 0.01 mmol, macro-CTA/initiator molar ratio =5.0) and water (7.42 g,
30% wi/w) were weighed into a 25 mL round-bottomed flask. The solution pH was
adjusted to pH 5 using 1 M NaOH, followed by addition of BzZMA monomer (3.00 g,
0.02 mol). A magnetic flea was added and the reaction flask was sealed using a rubber
septum. The reaction solution was then purged under N2 for 20 min before placing the
flask in a pre-heated water bath at 70 °C for 120 min. A 1.0 mL sample of the diblock
copolymer dispersion was removed using a syringe under a N2 atmosphere for
analysis. Previously degassed BMA monomer (2.10 g, 0.02 mol) and water (0.85 g,
40% w/w) were then injected into the flask using a syringe under a N2 atmosphere.
The second-stage polymerization was allowed to proceed for a further 180 min at 70
°C. A 1.0 mL sample of the triblock copolymer dispersion was removed using a
syringe under a N2 atmosphere for analysis. Previously degassed BzMA monomer
(2.24 g, 0.01 mol) and water (1.58 g, 45% wi/w) were then injected into the flask using
a syringe under a N2 atmosphere. The third-stage polymerization was allowed to
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proceed for a further 18 h at 70 °C, before removing the flask from the water bath and

exposing its contents to air to quench the reaction.

4.2.5. High-throughput syntheses of diblock copolymer nanoparticles via RAFT
agueous emulsion polymerizations using the Chemspeed Autoplant A100.
A typical protocol for the synthesis of PMAAss-PBzMAso nanoparticles was as
follows: Firstly, an aqueous stock solution containing PMAAss macro-CTA
(38.3 mg dm3, 7.4 pmol dm=) and ACVA initiator (0.40 mg dm, 1.42 umol dm,
macro-CTA/ACVA ratio = 5.0) was prepared and adjusted to pH 5 using 1 M NaOH.
Up to twenty reactor vessels were then charged with this stock solution (17.75 g). The
monomer (BzMA, 5.12 g) was then added over 10 min, while further water was added
(3.95 g) to adjust to the desired overall copolymer concentration (20% w/w). A stream
of N2 gas was blown through all the reaction vessels for 20 min. The reaction vessels
were then sealed and heated up to 70 °C. Each vessel was equipped with an overhead
stirrer. Either a propeller-type stirrer (at 350-650 rpm) or an anchor-type stirrer
(at 150-350 rpm) was used (Figure 4.7). The stirring range used for each stirrer
geometry was selected to afford efficient mixing with minimal splashing, as judged
by visual inspection. The anchor stirrer generates significantly higher shear rates than
the propeller stirrer at an equivalent stirring speed (rpm). All reaction vessels were
maintained at 70 °C for 1 h before cooling to room temperature and decanting into
100 mL sample bottles. These reactions were also performed using BMA monomer.
Batch sizes for the synthesis of PMAAss-PBzZMAsw and PMAAss-PBMAsq were
~27 g and ~22 g respectively. In further experiments, these syntheses were also

conducted at a higher overall copolymer concentration of 30% wi/w.

4.2.6. High-throughput syntheses of triblock and tetrablock copolymers via RAFT
agueous emulsion polymerization using the Chemspeed Autoplant A100.

Initially, the same protocol as that described above for the diblock copolymer
syntheses was employed. Then, at the end of the 1 h reaction time, a second
water-immiscible monomer (BzMA or BMA) was injected into the reaction solution
for the second-stage polymerization. Further water was also added to adjust the overall
copolymer concentration to 40% w/w. The reaction solution was then held at 70 °C
for 2 h. For the synthesis of tetrablock copolymer nanoparticles (45% w/w copolymer
concentration), a third water-immiscible monomer (BzMA or BMA) and further water

was added after completion of the triblock copolymer synthesis. Each reaction vessel
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was then held at 70 °C for 2 h before cooling to room temperature and exposing to air

to quench the polymerization.

4.3. Instrumentation and Copolymer Characterization

4.3.1. The Chemspeed Autoplant A100 high-throughput robot.

This apparatus was equipped with a four-needle head, 10 mini-plant modules and 10
pump modules (see Figure 4.7). Each mini-plant module can house two 100 mL steel
reactors that can be heated and stirred independently as well as connecting to a
refluxing 80:20 water/ethanol mixture to allow reactor head cooling. Stirrer blades
were available with either anchor or propeller geometries and stirrer speeds could be
varied from 50 to 1000 rpm. Heating is controlled by individual electrically-heated
jackets around each vessel that can be individually heated from ambient temperature
up to 200 °C with valves connected to chilled fluid for cooling. The cooling fluid
(silicone oil) is provided by a dynamic temperature control system/circulation
thermostat (Huber Unistat Tango). An inert atmosphere was maintained by applying
a 1.1 bar flow of N through all the reactors, at a flow rate of 0.8 L min™. With
additional pump modules, the A100 can feed up to three liquid materials to each
reactor in parallel. The liquid feeding (dosing) is completed using syringe pumps that
are capable of continuous cycles of aspiration and dispensation (one 100 uL syringe
and two 50 puL syringes). The software used to control the A100 was ‘Chemspeed
Autosuite 1.11.2.24°.

4.3.2. *H NMR Spectroscopy.
All 'H NMR spectra were recorded using a 400 MHz Bruker Advance-400

spectrometer using ds-methanol or ds-tetrahydrofuran as the solvent.

4.3.3. Dynamic Light Scattering (DLS).

Agqueous copolymer dispersions (0.20% wi/w) in disposable plastic cuvettes were
analyzed at 20 °C using a Malvern Zetasizer NanoZS instrument. Scattered light was
detected at 173° and intensity-average hydrodynamic diameters were calculated using
the Stokes-Einstein equation. Data were averaged over three consecutive
measurements, comprising a minimum of ten runs per measurement. The particle
diameter standard deviations were calculated from the DLS polydispersity index
(PDI).
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4.3.4. Transmission Electron Microscopy (TEM).

Each sample was prepared by depositing 10 pL (0.20% w/w) of 0.1% w/w aqueous
copolymer dispersion onto a glow-discharged carbon-coated copper grid for 20
seconds. The grid was then stained with 10 pL uranyl formate solution (0.75% w/w)
for 10 seconds and carefully dried using a vacuum hose. TEM images were recorded
using a Philips CM100 instrument operating at 100 kV and connected to a Gatan 1 k
CCD camera. ImageJ software was used to determine mean nanoparticle diameters
from TEM images (at least 100 nanoparticles were analyzed per sample). Standard

deviations were calculated using Microsoft Excel.

4.3.5. High-Performance Liquid Chromatography (HPLC) for Monomer
Conversion

A stock solution was made up comprising both BzMA (0.100 g) and BMA (0.100 g)
dissolved in acetonitrile (100 mL). This stock solution was serially diluted to afford
four calibration solutions with concentrations ranging from 5.68 x 102 mmol dm= to
1.41 mmol dm™ for BzMA and from 7.03 x 102 mmol dm™ to 1.41 mmol dm for
BMA. Samples (0.100 g) were dissolved in acetonitrile (10 mL), before filtering
through a 0.45 pm filter. The experimental set-up comprised an Agilent 1200
quaternary pump operating at a flow rate of 0.50 mL minin series with an Agilent
1200 evaporative light scattering detector maintained at 40 °C, and a diode array
variable wavelength UV detector (set to wavelengths of 205 and 254 nm). The eluent
was initially 60:40 v/v acetonitrile/water (for 11 min) before being gradually
increased to 90:10 v/v acetonitrile/water over 4 min and then held constant for
the final 5 min. Linear calibration plots were obtained for both BMA and BzMA
monomers using this protocol (see Appendix 3).

4.3.6. Gel Permeation Chromatography (GPC).

THF GPC was used to determine copolymer molecular weights and dispersities at
30 °C. For analysis of polymers synthesized via the high-throughput protocol the GPC
set-up consisted of an autosampler, Viscotex 2001 GPC max pump, PSS SDV
analytical pre-column column (10 pm, 50 mm x 8.0 mm), 3 PSS SDV analytical
columns (10 pm, 300 mm x 8.0 mm, 1000 A; 10 pm, 300 mm x 8.0 mm, 10° A; 10
um, 300 mm x 8.0 mm, 10 A), connected to a Viscotek TDA 305 refractive index
detector. For analysis of polymers synthesized on a laboratory-scale the GPC set-up

consisted of an Agilent 1260 Infinity Il GPC/SEC system fitted with an autosampler
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and two 5 uM Mixed-B columns connected to a refractive index detector. In both
protocols, the mobile phase was HPLC-grade THF containing 4.0% v/v glacial acetic
acid at a flow rate of 1.0 mL min™t. Molecular weights were calculated using a series
of near-monodisperse PMMA calibration standards. The PMAAss macro-CTA and
the block copolymers synthesized on a laboratory-scale were modified by
methylation of the carboxylic acid groups to render them THF-soluble. This was
achieved by adding excess trimethylsilyldiazomethane dropwise to a solution of
copolymer (20 mg) in THF (2.0 mL) until a persistent yellow coloration was observed.
This reaction solution was then stirred overnight until all THF had evaporated, prior

to GPC analysis.

4.4. Results and Discussion

4.4.1. Synthesis of PMAA macro-CTA on a large scale

The specific RAFT aqueous emulsion polymerization formulations explored in this
study involve the chain extension of a water-soluble PMAA macro-CTA with a
water-immiscible monomer (either BzZMA or BMA) in water at pH 5, see Scheme 2.1.
As the polymerization proceeds the water-immiscible monomer forms a water-
insoluble polymer leading to in situ self-assembly of the propagating diblock
copolymer chains to form sterically-stabilized nanoparticles via PISA.> 15 20. 27, 29,30,
55-67

A PMAAx macro-CTA, similar to that used in Chapters 2 and 3 was chosen for this
set of experiments. Ideally, precisely the same PMAAyx macro-CTA would be utilized
for every block copolymer nanoparticle synthesis to mitigate any difference in particle
morphology caused by minor variations in the macro-CTA DP. In addition, a relatively
large number of syntheses were planned owing to the high-throughput nature of the
project and the need to optimize formulations. For these reasons, one large batch of
PMAAy macro-CTA was synthesized. PETTC was chosen as the RAFT agent to
minimize cost, as this reagent can be readily synthesized in-house.®®

The synthetic protocol was identical to that discussed in Chapter 2 but conducted on a
considerably larger scale. MAA was polymerized using PETTC and ACVA in ethanol
at 70 °C. The reaction was conducted on a 600 g scale to yield 250 g of PMAA
macro-CTA with a target DP of 50. The reaction was carried out in a 1L
round-bottomed flask sealed with a five-necked lid (Figure 4.1). The lid was fitted

with a Nz inlet (N2 was bubbled through the reaction mixture throughout the reaction),
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a condenser, an overhead anchor stirrer and a temperature probe. Owing to the large
solution volumes, both ethanol and MAA monomer (containing the CTA) were
degassed separately for 90 min. The ACVA initiator was dissolved in ethanol
(5-10 mL) and degassed for 30 min. The MAA and ethanol were then combined and
this solution was degassed for 10 min. Finally, the initiator solution was added and

degassed for 5 min, prior to heating to 70 °C in a water bath for 3 h.

Condenser,

N, outlet Overhead stirrer
N, inlet Temperature probe
Rubber septum
1 L round-bottomed flask
70 °C
water bath

Figure 4.1 Digital photograph of the experimental set-up for the synthesis of the PMAAss macro-CTA
on a large scale (250 g). The 1 L round-bottomed flask was fitted with a N inlet, a condenser, an
overhead stirrer and a temperature probe.

The PMAA macro-CTA was then purified by precipitation into diethyl ether. This was
performed in several batches owing to the large volume of ether required. The PMAAx
macro-CTA was precipitated from ethanol into a round-bottomed flask. After
precipitation the majority of ether was decanted and any residual ether was allowed to
evaporate overnight. The PMAAx macro-CTA was dissolved in the minimum amount
of methanol and precipitated again into ether. After removal of the ether the viscous
PMAAy macro-CTA was redispersed in water, owing to the high viscosity of the
PMAAy macro-CTA this required the use of overhead stirring. Once redissolved in
water, the PMAAx macro-CTA was freeze-dried overnight and a fine yellow powder
was obtained. *H NMR analysis of the purified macro-CTA indicated a mean PMAA
DP of 56, see Figure 4.2.

159



Chapter 4: Optimization of the high-throughput synthesis of multiblock copolymer
nanoparticles in aqueous media via polymerization-induced self-assembly

0
b cN e

a 9
c d | s s
HO T f
S h

water

HO

ds-methanol abcde
fg

10 9 8 7 6 5 4 3 2 1 0 )
6 (ppm)
Figure 4.2 *H NMR of PMAAss macro-CTA synthesized on a large scale (250 g). Spectra was recorded
in ds-methanol.

GPC analysis of the methylated PMAAss macro-CTA (using THF eluent containing
4% vlv glacial acetic acid, against poly(methyl methacrylate) standards) conducted at
the AkzoNobel site in Slough indicated an M. of 6,000 g mol? and B =1.17,
(see Figure 4.3). GPC analysis of the same methylated PMAAss macro-CTA at the
University of Sheffield indicated an M, of 5,700 g mol™* and B = 1.30. This PMAAss
macro-CTA was used for both laboratory-scale and high-throughput syntheses. It is
important to note that two different GPC set-ups were used during the analysis of all

subsequent block copolymers, see the Experimental for more details.

PMAA .CTA
(a) PMAA;; macro-CTA (b) M. = 55;onc1)agc ;)ol"
M, = 6,000 g mol" D =1.30
D=117 )
2I6 2I8 3I0 3I2 1 I4- 1 I5 1I6 1I7 1I8

Retention time (min) Retention time ( min)

Figure 4.3 THF GPC chromatograms of methylated PMAAss macro-CTA synthesized on a large scale
(250 g). PETTC was used as the CTA. Molecular weight and dispersity data are expressed relative to
PMMA standards. (a) was analyzed using the THF GPC at the AkzoNobel site in Slough and (b) was
analyzed on the THF GPC at the University of Sheffield.
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4.4.2. Laboratory-scale syntheses of di-, tri- and tetra-block copolymers

Laboratory-scale syntheses of PMAAss-PBzMAsy and PMAAss-PBMAsqw diblock
copolymer nanoparticles were typically performed on a ~10-11 g scale using 15 mL
glass vials. PMAAss macro-CTA, ACVA initiator and water were weighed into each
vial and the solution pH was adjusted to pH 5 prior to addition of BzZMA monomer
(according to Chaduc and co-workers, this solution pH is optimal for the synthesis of
PMAA-containing diblock copolymer nanoparticles via RAFT aqueous emulsion
polymerization, as discussed in Chapter 2).3% %% The vial was then sealed and degassed
in ice by bubbling N2 through the reaction mixture for 15 min with continuous
magnetic stirring at approximately 500 rpm, prior to heating to 70 °C using an oil bath.
Both polymerizations proceeded to more than 99% conversion within 2 h and led to

the formation of spherical nanoparticles via PISA, see Table 4.1.

Table 4.1 Conversions, number-average molecular weights (M), dispersities (B) and mean DLS and
TEM diameters for PMAAss-PBzMAso and PMAAss-PBMAsq diblock copolymers prepared at 20%
w/w copolymer concentration on a laboratory-scale.

DLS particle DLS MpP

- o b
Composition Conversion (%) diameter (nm) polydispersity (g mol?) b

PMAAsg-PBzZMAsqo > 99 51 0.14 82,600 1.73
PMAAss-PBMAsyg > 99 37 0.15 50,500 2.01

Conversion determined by *H NMR for laboratory-scale syntheses.

®Molecular weight data determined by GPC using THF eluent containing 4% v/v glacial acetic acid (calibrated using a series of
near-monodisperse PMMA standards). The copolymers obtained from the laboratory-scale syntheses were methylated using
excess trimethylsilyldiazomethane.

The GPC data obtained for the laboratory-scale syntheses of the PMAAss-PBzMAsoo
and the PMAAsg-PBMAsqo diblock copolymers indicated relatively broad molecular
weight distributions (B = 1.73 and 2.01 respectively), see Figure 4.4. However,
unimodal distributions and high blocking efficiencies were achieved in both cases.
The synthesis of spherical nanoparticles by PISA was confirmed by DLS and TEM

analysis, see Appendix 4.
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Figure 4.4 THF GPC chromatograms of methylated (a) PMAAss-PBzMAse and (b)
PMAAss-PBMAsoo diblock copolymers synthesized via RAFT agueous emulsion polymerization on a
laboratory-scale. Samples were analyzed relative to PMMA standards.

Following the successful synthesis of PMAAss-PBzZMAsw and PMAAss-PBMAsoo
diblock copolymer nanoparticles, various triblock and tetrablock copolymer
nanoparticles were prepared via a one-pot protocol using sequential monomer
addition. In this case, the same PMAAss macro-CTA was chain-extended with BzMA,
followed by BMA and then (in the case of the tetrablocks) BzMA, with a DP of 500
being targeted for each block (Scheme 4.1, Route A). The sequence of the two
core-forming blocks was then reversed; the PMAAss macro-CTA was chain-extended
first with BMA, followed by BzMA and finally with BMA (see Scheme 4.1, Route B).

The synthesis of the tetrablock copolymer nanoparticles was initially identical to that
of the diblock copolymer nanoparticles. After the diblock copolymer synthesis had
reached high conversion (within 2 h), a 1 mL aliquot was removed under N for
analysis by *H NMR, GPC, DLS and TEM. To synthesize the triblock copolymers,
previously degassed monomer and additional water (to adjust the copolymer
concentration) were added to the diblock copolymer dispersion under a N3
atmosphere. This second-stage polymerization was then allowed to proceed for a
further 2 h at 70 °C, before removal of a 1 mL aliquot for analysis by *H NMR, GPC,
DLS and TEM.) For the synthesis of the tetrablock copolymers, the final monomer
and water were injected and the polymerization was allowed to continue overnight

(18 h) to ensure high monomer conversion.
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Scheme 4.1. Synthesis of diblock, triblock and tetrablock copolymers prepared via RAFT aqueous
emulsion polymerization either on a laboratory-scale or via a high-throughput approach using the
Chemspeed A100 robot synthesizer. A PMAAss macro-CTA was chain-extended with BzMA, followed
by BMA and then (in the case of the tetrablocks) BzMA, with each insoluble block having a target DP
of 500. The sequence of the two core-forming blocks was also reversed; thus the PMAAss macro-CTA
was chain-extended first with BMA, followed by BzZMA and then BMA. These multiblock syntheses
were performed at 70 °C using a PMAAss macro-CTA/initiator of 5.0, in aqueous solution at pH 5.
Timings for each step are different for the laboratory-scale and high-throughput approach, see
Experimental section for specific conditions used in each step. RAFT CTA end-groups have been
omitted for simplicity, all block copolymers are capped with PETTC end-groups (as shown in
Figure 4.2).
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Table 4.2 Summary of diblock, triblock and tetrablock copolymers prepared via RAFT aqueous emulsion polymerization. These syntheses were performed either on a
laboratory-scale. These multiblock copolymer syntheses were performed at 70 °C using a PMAAss macro-CTA/initiator of 5.0, in aqueous solution at pH 5.

DLS particle

Overall Monomer DLS particle TEM particle Mnb

iti 1 b

Target Composition Conversion? (%) diameter (nm) polydispersity  diameter (nm) (g mol™) b

BzMA BMA

PMAA,-PBZMA,, > 099 - 64 0.16 40 79,900 1.55
PMAA,-PBZMA, -PBMA, > 09 >99 80 0.13 57 130,800 1.59
Laboratory-Scale PMAA;-PBZMA,-PBMA,,,-PBZMA,, 96 > 99 121 0.17 63 192,700 1.64
Syntheses PMAA,-PBMA, - > 99 62 0.15 48 87,800 1.62
PMAA-PBMA, -PBZMA, >99 > 99 920 0.17 52 205,700 1.85
PMAA,_-PBMA,  -PBzZMA,,-PBMA, . >99 > 99 109 0.16 67 280,200 1.84

aConversion determined by *H NMR for laboratory-scale syntheses.
bMolecular weight data determined by GPC using THF eluent containing 4% v/v glacial acetic acid (calibrated using a series of near-monodisperse PMMA standards). The copolymers obtained
from the laboratory-scale syntheses were methylated using excess trimethylsilyldiazomethane prior to GPC analysis.
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The resulting diblock, triblock and tetrablock copolymers were analyzed by *H NMR, GPC,
DLS and TEM, see Table 4.2. High monomer conversions (> 99%) were achieved at Step 1
and 2 of the polymerization for both Route A and Route B. However, during the final stage of
the synthesis (Step 3) of the PMAAss-PBzMAsn-PBMAsg-PBzMAs tetrablock the BzMA
conversion was only 96 % after 18 h. THF GPC analysis of the various methylated block
copolymers indicated a progressive increase in molecular weight after addition of each block,
as expected. However, dispersities were always significantly higher than those typically
reported for RAFT aqueous emulsion polymerization syntheses.l® 5% 62 6976, There are a
number of literature reports of relatively broad molecular weight distributions for such PISA
formulations.> 27 29 30. 6466 Frankly, we are not sure why relatively high dispersities are
observed in the present studies. Nevertheless, the GPC data shown in Figure 4.5 indicate
unimodal distributions and high blocking efficiencies. Thus well-defined, albeit relatively

polydisperse, block copolymers are obtained with minimal macro-CTA contamination.

a) Route A: THF GPC chromatograms b) Route B: THF GPC chromatograms
PMAAse-PBZMAo-PBMAso-PBZMAs,,  PMAAg, PMAA;5-PBMA;o-PBZMAso-PBMAs,,  PMAA,
M, = 192,700 M, = 5,700

b=235 P=130

T~

M, = 280,200 M, = 5,700
P=225 P =130

~N

PMAA-PBzMA o;-PBMA
M, = 130,800
D=216

PMAA.-PBMA;-PBzMA
M, = 205,700
D =230

PMAA,¢-PBzMA,,,
M, = 70,900
p-211

PMAA,.-PBMA.,
M, = 87,800
P=200

10 12 14 16 18 10 12 14 1% 18

Retention time (min) Retention time (min)

Figure 4.5 THF GPC chromatograms for diblock, triblock and tetrablock copolymers prepared via RAFT aqueous
emulsion polymerization on a laboratory-scale. These block copolymers were prepared via either (a) Route A or
(b) Route B as outlined in Scheme 2.

DLS and TEM studies of the block copolymer nanoparticles confirm that colloidally stable
spherical nanoparticles were obtained in all cases, see Table 4.2, Figure 4.6 and Appendix 4.

Moreover, the mean particle diameter increased after addition of each successive block.
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a) Route A

PMAA,,-PBzMASy, | PMAA,,-PBZMA,-PBMAs| | PMAA.-PBZMA,y,-
‘ - PBMA.g,-PBzMA.y,

| PMAA,-PBMA,,,-PBZMA,, - PMAA..-PBMA. -
: " { PBzMA;,-PBMA,,,

Figure 4.6. Representative TEM images obtained for the synthesis of diblock, triblock and tetrablock copolymers
prepared on a laboratory-scale by RAFT aqueous emulsion polymerization. Spherical morphologies were obtained
in all cases and an increase in mean nanoparticle diameter was observed by DLS and TEM with each subsequent
block addition.

4.4.3. Optimization of high-throughput protocol

For the successful transfer of such PISA formulations from individual lab-scale syntheses to
high-throughput syntheses, three essential differences need to be taken into consideration.
Firstly, weighing out four components and adjusting the solution pH in all 20 reaction vessels
is simply too time-consuming. Secondly, it is not possible to bubble N2 through the reaction
mixture contained in each of the twenty reaction vessels. Thirdly, using an overhead
mechanical stirrer instead of a magnetic flea should enable more efficient stirring, but

additional factors such as stirrer geometry may be important.

To avoid weighing out each reagent individually into all twenty reaction vessels, a stock
aqueous solution containing the PMAAse macro-CTA, ACVA initiator and water (adjusted to
pH 5) was used to charge each reactor vessel. This stock solution comprised PMAAsg
macro-CTA (38.3 mg dm3, 7.4 pmol dm?®) and ACVA initiator (0.40 mg dm?,
1.42 pmol dm®), giving a macro-CTA/initiator molar ratio of 5.0. A predetermined volume of

the stock solution (5-20 mL) was injected into each reaction vessel to produce the PISA
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formulation required for a given target diblock copolymer composition. The monomer was then
injected, along with further water (0-25 mL) to adjust the final copolymer concentration.
Thorough deoxygenation of the reaction solution is required prior to synthesis for RAFT
polymerizations, if oxygen is present, it can react with the polymer radicals and retard the rate
of polymerization.””-"® This is typically achieved by bubbling N2 gas directly through the
reaction mixture. However, this is not possible with the Chemspeed A100 synthesizer. Instead,
N2 gas was blown through the reaction chamber for 20 min (at 20 °C) while stirring the reaction
mixture at 200 rpm prior to initiation of the polymerization. Initial experiments confirmed that
this modified protocol provided sufficient protection from aerial oxygen to enable high
monomer conversions (> 94%) to be achieved during RAFT aqueous emulsion polymerization.

a) Chemspeed Autoplant b) 100 mL reactor vessel
A100 synthesizer and stirrer module

lo ) W o

Q0
ATV R 2

LI TS TS e .
ey e sl W/ S

Figure 4.7 Digital photographs showing (a) the Chemspeed A100 automated synthesizer, (b) a 100 mL reaction
vessel and stirrer module, (c) a propeller-type stirrer and (d) an anchor-type stirrer.
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4.4.4. Stirring

In conventional emulsion polymerization, it is well-documented that efficient stirring is of
critical importance.®® 8 Firstly, inefficient stirring can lead to the formation of relatively large
monomer droplets which can potentially act as the locus of polymerization. This leads to
suspension polymerization, rather than emulsion polymerization. Secondly, the stirring rate
may influence both the rate of polymerization and the final particle diameter.®? Indeed,
Charleux and co-workers reported that the stirring rate can have a significant impact on the
success of RAFT aqueous emulsion polymerization formulations.?® Moreover, colloidally
stable dispersions could not be obtained in the present study when using unstirred reaction
mixtures in laboratory-scale control experiments, see Figure 4.8. In the unstirred reaction
solution of either BzZMA or BMA no significant polymerization was observed by *H NMR
spectroscopy, evidenced by the presence of unreacted monomer, see Figure 4.8. In contrast,
when repeated with stirring (generated by a magnetic flea at 500 rpm) polymerization did
occur, resulting in the formation of diblock copolymer nanoparticles via PISA. The presence
of these nanoparticles is clearly demonstrated by the increased turbidity of the final reaction

solution, see Figure 4.8.
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Figure 4.8 Digital photographs showing initial reaction mixtures and final diblock copolymer nanoparticle
dispersions for the laboratory-scale synthesis of (a) PMAAss-PBzZMAsgo and (b) PMAAss-PBMAsg. Reactions
were either unstirred or stirred at 500 rpm with a magnetic flea. No significant polymerization was obtained for
the unstirred reaction solution as judged by *H NMR spectroscopy.

When using the Chemspeed A100, reaction mixtures were mechanically stirred at 150 to 650
rpm using an overhead stirrer unit with either anchor or propeller stirrers (Figure 4.7). Ideally,
our high-throughput protocol for RAFT aqueous emulsion polymerization should be applicable

for a wide range of formulations. Thus, two water-immiscible methacrylic monomers (BzMA
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and BMA) were selected to have differing densities: BzMA is slightly more dense than water
(1.04 g cm™ at 25 °C), whereas BMA is slightly less dense than water (0.89 g cm™ at 25 °C).
Therefore, the former monomer droplets tend to sediment, whereas the latter tend to cream;
ideally, the stirrer type should be able to cope with this difference in droplet buoyancy. A
PMAAss macro-CTA was chain-extended using each monomer while targeting a mean
core-forming block DP of 500; all reaction conditions were kept constant while evaluating the
two stirrer geometries for a range of stirring rates. Each RAFT aqueous emulsion
polymerization was conducted on a 15 to 20 mL scale using a propeller stirrer at stirring speeds
of 350, 450, 550 and 650 rpm and with an anchor stirrer at stirring speeds of 150, 250 and 350
rpm (see Table 4.3). For the former stirrer, only the lowest propeller blade was immersed in
the reaction mixture, thus mimicking the stirring achieved with a magnetic flea. This set-up
provided adequate stirring and enabled more than 98% conversion to be achieved for both
monomers (BzMA and BMA) at all stirring speeds, with both stirrer geometries (see Table
4.3). The single exception to this was during the synthesis of PMAAss-PBzMAso with the
anchor stirrer at 350 rpm, where significantly lower conversion (78%) were observed (see
Table 4.3). Furthermore, GPC analysis indicated that reduced RAFT control was achieved
(B = 1.39-1.84) with the anchor stirrer compared to the propeller stirrer (b = 1.36-1.48), see
Table 4.3.

Finally, the GPC data obtained for the laboratory-scale syntheses of these diblock copolymers
differ significantly from those obtained from the corresponding high-throughput syntheses,
with the latter giving narrower molecular weight distributions (see Figure 4.4 and Figure 4.9).
However, it is worth emphasizing that these two data sets were analyzed using separate GPC
instruments with differing column sets. The analysis of the methylated PMAAss macro-CTA
on both GPC instruments was reported in Figure 4.3. This Figure clearly demonstrated that
despite the reported M, values being comparable (6,000 and 5,000 g mol™?), the dispersity value
was significantly higher when analyzed on the GPC instrument at the University of Sheffield
compared to when analyzed on the AkzoNobel instrument (B = 1.30 vs. 1.17 respectively).
Moreover, the copolymers obtained from the laboratory-scale syntheses were methylated using
excess trimethylsilyldiazomethane, whereas those prepared using the high-throughput protocol

were not subjected to this chemical derivatization.
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Table 4.3. Summary of the effect of stirrer geometry and stirring rate (rpm) on the synthesis of PMAAss-PBzMAsg and PMAAss-PBMAsq, diblock copolymer nanoparticles
via high-throughput RAFT aqueous emulsion polymerization at 70 °C. All reactions were performed at 20% w/w copolymer concentration using a macro-CTA/initiator molar
ratio of 5.0.

Monomer Water DLS GPCP
. - . Stirring . :
Monomer density solubility Scale Stirrer rate Con:fr:lon particle DLS M,
at 20°C at 20 °C geometry (rpm) (%0) diameter  polydispersity D)
-1
(g cm) (g dm?) (nm) (g mol)

350 99 39 0.19 57.000 1.38

High-Throughput  Propeller 450 %8 43 0.17 56,500  1.36

550 99 48 0.16 60,300 1.39

BzMA 1.04 0.19 650 99 48 0.16 59,100 1.40
150 99 45 0.14 68,900 1.39

High-Throughput ~ Anchor 250 99 52 0.14 62,200  1.49

350 78 61 0.18 39,400 1.47

350 99 45 0.25 57,900 1.36

High-Throughput  Propeller 450 99 45 0.20 59,900 144

550 99 45 0.18 58,100 1.48

BMA 0.89 0.20 650 99 45 0.16 58,300 1.46
150 99 47 0.21 63,800 1.56

High-Throughput Anchor 250 99 42 0.18 43,000 1.84

350 99 45 0.17 57,700 1.47

@ Conversion determined by HPLC
b Molecular weight data determined by GPC using THF eluent containing 4% v/v glacial acetic acid (calibrated using a series of near-monodisperse PMMA standards)
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Figure 4.9 THF GPC chromatograms corresponding to the data reported in Table 2. This data
demonstrates the effect of stirrer geometry and stirring rate (rpm) on the synthesis of
PMAAGss-PBzMAse and PMAAss-PBMAsy diblock copolymer nanoparticles via high-throughput
RAFT aqueous emulsion polymerization at 70 °C. All reactions were performed at 20% w/w copolymer
concentration using a macro-CTA/initiator molar ratio of 5.0. (a), (b), (d) and (e) were analyzed at
AkzoNobel in Slough, whereas (c) and (f) were analyzed at the University of Sheffield.
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For the BzMA polymerizations, some variation in the intensity-average diameter was
observed when adjusting the stirring rate for both stirrer geometries (Figure 4.10 and
Table 4.3). When using the anchor stirrer, a modest increase in nanoparticle diameter
from 45 to 61 nm was observed as the stirring rate was increased from 150 to 350 rpm.
A smaller increase in nanoparticle diameter (from 39 to 45 nm) with stirring rate was
observed for polymerizations using the propeller stirrer. In contrast, the stirrer
geometry and stirring rate had minimal effect on the intensity-average diameter for
BMA polymerizations (Figure 4.10 and Table 4.3). In addition, the particle size was
comparable to those achieved during laboratory scale syntheses of the
PMAAss-PBzMAsq and PMAAss-PBMAsqo diblock copolymer nanoparticles (which
afforded intensity-average diameters of 51 nm and 37 nm, respectively). Overall, it
seems that the propeller stirrer provides more effective stirring than the anchor stirrer
for these RAFT aqueous emulsion polymerizations and that the monomer density has

little influence on the formation of monomer droplets under shear.
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Figure 4.10 Summary of dynamic light scattering (DLS) data showing the effect of stirrer geometry
and stirring rate (rpm) on the intensity-average particle diameter (nm) for (2) PMAAss-PBzMAGsq and
(b) PMAAss-PBMAGsq diblock copolymer nanoparticles prepared via high-throughput RAFT aqueous
emulsion polymerization using the Chemspeed AutoPlant A100 synthesizer. Filled triangles indicate
syntheses conducted using the propeller stirrer, open circles indicate syntheses performed using the
anchor stirrer and crosses indicate laboratory-scale syntheses. Error bars indicate the standard
deviations for each particle size distribution, rather than the experimental error.

4.4.5. Reproducibility of high-throughput syntheses

The reproducibility of such high-throughput syntheses using the Chemspeed A100
was then evaluated by preparing both PMAAse-PBzMAsp and PMAAss-PBMAsw
nanoparticles five times using precisely the same formulation in each case. These
formulations were conducted in randomized locations on the Chemspeed A100. The
resulting diblock copolymer dispersions were then analyzed by HPLC, DLS and TEM
for comparison, along with THF GPC analyses of the copolymer chains
(see Table 4.4). All five PMAAss-PBzMAsqo syntheses proceeded to high conversion
within 1 h (> 98%) while GPC analyses indicated comparable molecular weight
distributions in each case (Mn=56 700+ 500 gmol?! and B =1.48 - 1.57)
(Figure 4.11a).
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Table 4.4. Assessment of the reproducibility of the PISA synthesis of diblock copolymer nanoparticles via high-throughput RAFT aqueous emulsion polymerization of either
benzyl methacrylate (BzMA) or n-butyl methacrylate (BMA) at 70 °C using a PMAAss macro-CTA at pH 5.

Monormer Experiment Conversion (%): DLS particle diameter DLS TEM particle diameter Mn® .
number (nm) PDIP (nm) (g mold)

1 99 44 0.15 3 56, 900 1.57

2 99 46 0.14 31 58, 400 1.55

BzMA 3 98 45 0.13 31 57, 300 1.49
4 99 45 0.14 34 58, 000 1.50

5 99 45 0.14 34 57, 700 1.48

1 98 45 0.20 33 51,300 1.67

2 98 43 0.18 37 50, 300 1.62

BMA 3 98 43 0.16 36 55, 900 1.54
4 98 45 0.16 34 53, 100 1.60

5 98 46 0.18 35 54, 600 1.60

aConversion determined by high-performance liquid chromatography (HPLC)
® Molecular weight data determined by GPC using THF eluent containing 4% v/v glacial acetic acid (calibrated using a series of near-monodisperse PMMA standards).
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Similarly, each of the five PMAAss-PBMAsqo syntheses proceeded to 98% conversion within
1h (Mn = 53,400 + 2,100 g mol™* and B = 1.54 - 1.67, Figure 4.11b). THF GPC chromatograms

also confirm high blocking efficiencies and unimodal traces in all cases.

a) PMAA56'P BZMA500

Repeat 3 PMAA;; macro-CTA
M, = 57,300 M, = 6,000
b=1.49 b=1.17
Repeat 4 / Repeat 1
M, = 58,000 M, = 56,900
b= 1.50 b=1.57
Repeat 5 Repeat 2
M, = 57,700 M, = 58,400
b= 1.48 b= 1.55
18 20 22 30 32

Retention time (min)

b) PMAA56'P BMA500

Repeat 3 PMAA;; macro-CTA
M, = 55,900 M, = 6,000

b= 1.54 b=1.17

Repeat 4 / Repeat 1

M, = 53,100 M, = 51,300
DP=1.60 b= 1.67

Repeat 5 Repeat 2

M, = 54,600 M, = 50,300

b= 1.60 b= 1.62

18 20 22 24 26 28 30 32
Retention time (min)

Figure 4.11. THF GPC chromatograms confirm that good reproducibility is achieved for molecular weight
distributions when targeting (a) PMAAss-PBzMAsepw and (b) PMAAss-PBMAsy  nanoparticles  via
high-throughput RAFT aqueous emulsion polymerizations performed using the Chemspeed A100. Each synthesis
was conducted five times and the corresponding chromatograms are overlaid. Tables summarize the M, and B
data calculated from each chromatogram.

Moreover, there was generally minimal variation in the intensity-average particle diameter
between the PMAAss-PBzMAsy series (44 nm to 46 nm) and the PMAAss-PBMAsqo series
(43to 46 nm), see Figure 4.12 and Appendix 5. However, TEM analysis (which is only
sensitive to the nanoparticle cores, and so underestimates relative to the hydrodynamic
diameter reported by DLS) indicated the formation of spherical nanoparticles with comparable

particle diameters in all cases, see Figure 4.13.
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Figure 4.12. Particle size analysis of diblock copolymer nanoparticles synthesized via high-throughput RAFT
aqueous emulsion polymerization using the Chemspeed Autoplant A100 automated synthesizer:
(a) PMAAss-PBzM A5 and (b) PMAAss-PBMAsqo. Particle diameter as measured by DLS (blue circles) and by
TEM (red diamonds). Error bars indicate standard deviations for each particle size distribution, rather than the
experimental error.

In summary, the observed minimal variation in conversion, molecular weight, dispersity and
mean particle diameter indicate rather good reproducibility for the high-throughput RAFT

agueous emulsion polymerizations performed using the Chemspeed A100.
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n

Figure 4.13. Representative TEM images of diblock copolymer nanoparticles synthesized via high-throughput
RAFT aqueous emulsion polymerization using the Chemspeed Autoplant A100 automated synthesizer. The
reproducibility of such high-throughput syntheses are assessed by preparing both (a-e) PMAAss-PBzMAsg and
(f-j) PMAAss-PBMAsqo nanoparticle five times using exactly the same formulation in each case.
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4.4.6. Synthesis of diblock, triblock and tetra-block copolymers via high-throughput
method

Having demonstrated reproducible RAFT aqueous emulsion polymerization syntheses for both
PMAAse-PBzMAs0 and PMAAss-PBMAso diblock copolymer nanoparticles, the versatility
of this optimized high-throughput approach was assessed for the synthesis of
methacrylic-based multiblock nanoparticles.2® Triblock and tetrablock copolymer
nanoparticles were prepared via a high-throughput one-pot protocol using sequential monomer
addition. The multiblock copolymers were of the same compositions as those synthesized
previously on a laboratory-scale, see Scheme 4.1. These PISA syntheses were completed within
3 h in the case of the triblock copolymer nanoparticles (40% w/w copolymer concentration;
> 99% overall conversion), see Table 4.5 and Figure 4.14. However, tetrablocks (45% wi/w
copolymer concentration) suffer from incomplete conversions (87-96% within 5 h) and hence

most likely represent the upper limit for this approach, see Table 4.5 and Figure 4.14.
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Figure 4.14 'H NMR spectra for diblock, triblock and tetrablock copolymers prepared via RAFT aqueous
emulsion polymerization. These syntheses were performed on the high-throughput Chemspeed A100 robot
synthesizer via either (a) Route A or (b) Route B as outlined in Scheme 2. The peaks labelled with a black cross
correspond to solvent peaks from ds-tetrahydrofuran (1.73 ppm and 3.58 ppm) and water (~3.5 ppm).
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Table 4.5 Summary of diblock, triblock and tetrablock copolymers prepared via RAFT aqueous emulsion polymerization. These syntheses were performed on the
high-throughput Chemspeed A100 robot synthesizer. These multiblock copolymer syntheses were performed at 70 °C using a PMAAss macro-CTA/initiator of 5.0, in aqueous
solution at pH 5.

Overall Monomer

Target Composition Conversion? (%) DLS particle  DLS particle ~ TEM particle M,

diameter (nm) polydispersity  diameter (nm) (g molt) B

BzMA BMA
PMAA,-PBZMA, 99 - 49 0.17 38 69,200 1.55
PMAA,-PBZMA -PBMA, . > 99 >99 86 0.09 60 95,500 1.59
High-Throughput PMAA,-PBZMA, -PBMA, -PBZMA, 96 >99 106 0.10 64 130,400 1.64
Syntheses PMAA,-PBMA;, - 94 47 0.21 40 69,000 1.62
PMAA_-PBMA, -PBZMA_ > 99 >99 82 0.16 49 103,900 1.85
PMAA,-PBMA,-PBZMA,-PBMA, | >99 87 117 0.17 61 129,400 1.84

2Conversion determined by high-performance liquid chromatography (HPLC)
® Molecular weight data determined by GPC using THF eluent containing 4% v/v glacial acetic acid (calibrated using a series of near-monodisperse PMMA standards).
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THF GPC analysis indicated a progressive increase in molecular weight during the
synthesis of the tetrablock copolymer, see Figure 4.15. Clearly, the dispersity values
obtained throughout this study (B = 1.35 to 1.85) are generally higher than those
normally reported for RAFT aqueous emulsion polymerization syntheses. As
discussed above, there are a number of literature reports that also report relatively
broad molecular weight distributions for such PISA formulations.> 27+ 2% 30. 64, €6
Although, we are not sure why such high dispersity values are observed in this work,
well-defined, albeit relatively disperse, block copolymers are obtained as evidence by
the unimodal distributions and high blocking efficiencies are achieved, see
Figure 4.15.

Finally, the GPC data obtained for the laboratory-scale synthesis of the tetrablock
copolymers differ significantly from that obtained from the corresponding
high-throughput syntheses, with the former giving broader molecular weight
distributions (compare Figure 4.5 and Figure 4.15). However, such discrepancies may
well be attributable to differing GPC analytical protocols and instrument set-ups, as
noted earlier (see page 170).
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a) Route A: THF GPC chromatograms

M, = 130,400 M, = 6,000
=164

b=1.17
PMAASG'PBZMAsoo'PBMA500
M, = 95,500
D=1.59

M, = 69,200
b=1.55

18 20 22 24 26 28 30 32
Retention Time (min)

b) Route B: THF GPC chromatograms

M, = 129,400 M, = 6,000
D=1.284 Pp=117

I

M, = 103,900
D=1.85

PMAASG-PBMASOU
M, = 69,000
b=1.62

18 20 22 24 26 28 30 32
Retention Time (min)
Figure 4.15. THF GPC chromatograms illustrating the monotonic increase in block copolymer
molecular weight achieved with each subsequent block addition during the high-throughput synthesis
of diblock, triblock and tetrablock copolymer nanoparticles by RAFT aqueous emulsion polymerization
using the Chemspeed A100. All M, values are expressed relative to PMMA calibration standards.
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TEM and DLS studies confirmed that colloidally stable spherical nanoparticles were
obtained in all cases (see Figure 4.16, and Appendix 6). Owing to the larger (~30 mL)
scale and higher copolymer concentrations (30-45% w/w) used for these reactions, the
stirring rate was raised to 700 rpm for the diblock copolymer syntheses and to 900 rpm

for the triblock and tetrablock syntheses.

a) Route A

I — T

| PMAASG'PBZMAsoo'

e |
.i | PMAASG'PBZMAsoo'PBMAsm
: . b | PBMASOO-PBZMASOO

b) Route B

< ren e—

PMAASG'PBMAsoo' ., ¥
PBZMASOO-PBMASOO X . .

PMAASG-PBMASOO Y

Figure 4.16. Representative TEM images obtained for the synthesis of diblock, triblock and tetrablock
copolymers using the Chemspeed A100 automated synthesizer by RAFT aqueous emulsion
polymerization. Spherical morphologies were obtained in all cases and an increase in mean nanoparticle
diameter was observed by DLS and TEM with each subsequent block addition.

In summary, RAFT aqueous emulsion polymerization can be used for the synthesis of
methacrylic tetrablock nanoparticles at up to 45% w/w copolymer concentration
within 5 h, which is comparable to industrial latex formulations based on conventional
emulsion polymerization. However, the latter technique cannot be used to access
diblock copolymer architectures, so RAFT aqueous emulsion polymerization may

offer new potential applications in terms of nanoscale phase separation.
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4.5. Conclusions

The synthesis of a PMAAss macro-CTA via RAFT solution polymerization in ethanol
was successfully conducted on a 250 g scale. *H NMR analysis indicated a mean
PMAA DP of 56. Whilst, GPC analysis (of the methylated polymer) confirmed that
the RAFT polymerization was well-controlled, resulting in a My of 6,000 g mol™* and
a dispersity of 1.17 (analysis conducted at the AkzoNobel site in Slough). This
PMAAss macro-CTA was chain-extended with BzMA and/or BMA via RAFT
aqueous emulsion polymerization to synthesize a series of diblock, triblock and
tetrablock copolymers on a laboratory-scale. These polymerizations proceeded to high
monomer conversions (> 96%) for each sequential block and resulted in the formation

of spherical nanoparticles, as judged by DLS and TEM.

Optimized protocols for performing high-throughput RAFT aqueous emulsion
polymerizations using a commercial automated robot synthesizer (Chemspeed A100)
are reported. In addition to thorough deoxygenation of the reaction solution,
reproducible formulations required the use of a propeller-type stirrer at stirring rates
of 550 to 900 rpm to produce sufficiently small droplets of the water-immiscible
benzyl methacrylate or n-butyl methacrylate monomer. Various sterically-stabilized
diblock copolymer nanoparticles could be prepared with final monomer conversions
of > 94% within 1 h. GPC studies indicated very high blocking efficiencies but
relatively broad molecular weight distributions (P 1.48 < 1.67). TEM studies confirm
that a well-defined spherical morphology was obtained in each case but DLS analyses
indicated relatively broad size distributions. These high-throughput syntheses were
shown to be reproducible with minimal variation in conversion, molecular weight,
dispersity and mean particle diameter observed. A library of various triblock and
tetrablock copolymer nanoparticles were also prepared via a convenient one-pot
protocol using sequential monomer addition. For the tetrablock copolymers, final
conversions of 87 -96% within 5 h at 70 °C and good colloidal stability being
achieved even at 45% w/w copolymer concentration. GPC studies indicate high
blocking efficiencies but relatively broad molecular weight distributions
(B =1.64-1.85), suggesting well-defined (albeit rather disperse) tetrablock
copolymers. These preliminary studies provide the basis for further high-throughput
screening of RAFT-mediated PISA formulations, which is likely to be required for

commercialization of this promising technology.
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5.1. Introduction

Polymers are a key component of coatings formulations; they act as a ‘binder’ for the
pigment particles and strongly influence the physical properties of the coating. For a
high-performance coating, important characteristics include hardness, impact
resistance, adhesion, stress/strain properties, anti-corrosion properties and good
weathering resistance.! For many years, film formation was achieved by dissolving
the polymer (along with dispersed pigments and additives) in a volatile organic
solvent.! However, government legislation now restricts the level of volatile organic
compounds (VOCs) allowed in such formulations. This has led to such solvent-borne
coatings being gradually phased out. Waterborne coatings, where polymers are
synthesized as latex particles directly in water, are one strategy that complies with
zero-VOC regulations.? For the industrial scale production of coatings, conventional
emulsion polymerization is the most widely used technique for the synthesis of
polymers directly in water.™ 3 In such formulations, surfactant is usually required to
stabilize the latex particles.® Although widely used in industry, migration and
segregation of free surfactant during the process of film formation can have a negative
impact on many properties of the final polymer film including gloss, water sorption,
permeability and adhesion to a substrate.>® This has led to design of so-called
‘surfactant-free’ latexes with comparable properties to those of the
surfactant-stabilized counterparts.!®*3 In reality such formulations typically involve
the synthesis of a surface-active species in situ during the polymerization which can

also migrate during film formation resulting in similar negative effects.

Synthesizing block copolymers by RDRP techniques (e.g. RAFT polymerization)
usually affords excellent control over mean block length (DP) and the MWD. This
enables the properties of block copolymers to be fine-tuned for their desired
application. In particular, the spontaneous microphase separation of block copolymers
can have a significant impact on their physical and mechanical properties in the solid
state. This has been exploited for specific applications such as nanoscale lithography,

ionic conductivity, organic photovoltaics and energy storage.'4?

The microphase separation of an AB diblock copolymer is caused by the mutual
enthalpic incompatibility of the two blocks, and has been extensively studied.?*?* The

microdomains of each block typically form a periodic structure with long-range order.
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The resulting copolymer morphology depends on three parameters. Firstly, the relative
volume fraction of each block (fa and fg), where the total volume fraction equals unity
(fa + fs = 1). Secondly, the total DP (N) of the two blocks (where N = DPa + DPg).
Thirdly, the Flory-Huggins parameter (yag), which indicates the degree of enthalpic
incompatibility between the two blocks, as defined in Equation 1.18.2% 2426 |t js worth
noting that morphologies resulting from AB diblock copolymer microphase separation
are only observed for diblock copolymers of low dispersity (B < 1.2).2% 27 As the
dispersity increases the morphology is lost and segregation of the block occurs more

randomly.?’

ABA triblock copolymers comprising a long rubbery (low Tg) B block capped by two
short glassy (high Tg) A blocks are often used for elastomeric applications in areas
such as coatings, textiles, footwear, adhesives, roofing and road surfaces.?® 2 When
microphase separated, the B blocks act as physical crosslinks for the A block creating
a physically cross-linked network, see Figure 5.1.2" 3032 Thus, increasing the
dimensional stability of ABA triblock relative to AB diblock copolymers. This
increased stability enables ABA triblock copolymers to offer a wide range of desirable

physical properties, including toughness, extensibility and ease of processing.?

Figure 5.1 Cartoon of a physically cross-linked network created during microphase separation of ABA
triblock copolymers, where the low Tg4 B blocks (shown in blue) act as physical crosslinks between the

high T4 domains of the A blocks (shown in red).27' 30-32
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In recent years, multiblock copolymers have been the subject of increasing academic
attention. The phase separation of (AB)n linear multiblock copolymers is similar to
that of AB diblock copolymers and a range of morphologies can be observed including
lamellar, cylindrical, spherical and gyroid phases.?® 3-2° This literature suggests that,
relative to diblock and triblock copolymers, multiblock copolymers have superior
mechanical properties such as toughness, tensile strength.*”-*? This enhancement is
caused by the ability of the copolymer chains to bridge multiple nanoscale
domains. 28 29. 35 37,39, 41,4348 | principle, phase separation in multiblock copolymers

makes them ideal candidates for many applications.®

Of particular significance to this Thesis, are literature reports of transparent copolymer
films formed by block copolymer nanoparticles synthesized via RAFT aqueous
emulsion polymerization.*®-2 The transparent copolymer films reported by Lansalot
and co-workers were obtained from block copolymer nanoparticles comprising a
mixture of MAA, BA, MMA and styrene (S).*® Spherical nanoparticles were formed
via PISA, whereby the PMAA chains acted as an anionic stabilizer block for the
nanoparticles, eliminating the need for added surfactant. Similarly, Velasquez et al.
utilized PAA, PMAA or poly(sodium 4-styrenesulfonate) as the stabilizer block for
the RAFT aqueous emulsion copolymerization of vinylidene chloride with methyl
acrylate. The resulting block copolymer nanoparticles afforded transparent films.>°
Chenal et al. also reported utilizing PAA-PBA diblock copolymer nanoparticles to
form transparent films.*! These films were shown to have a honey-comb structure after
drying at room temperature, see Figure 5.2. Thermally annealing these films enabled

rearrangement to a more thermodynamically stable inverted structure, see Figure 5.2.

Spherical nanoparticles comprising self-assembled block copolymers containing
alternating hard and soft blocks (e.g. high and low T4 blocks) have also been recently
reported.>™ 5 Using a combination of hard and soft blocks created a percolating
nanostructure within the copolymer film. The hard blocks conferred stiffness while
the soft blocks ensured high extensibility and film formation at room temperature. In
addition to phase separation behavior, the T4 of a copolymer can also largely influence
its material properties.>*-8 It has recently been shown that monomer choice,> number
of blocks®® 3980 and block DP3¢ % all significantly affect the T4of a block copolymer.

It is particularly important to consider the glass transition temperature (T4) of the
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copolymer to ensure that film formation occurs at room temperature on the removal

of solvent.
Core-Shell Latex Structured Film
Drying
“
l T>T,PAA

HOOCWSTSVCHHB
o) [o]
Ho” o L

Figure 5.2 Schematic representation of the waterborne PAA-PBA core—shell latex synthesized via
RAFT aqueous emulsion polymerization and the nanostructured film generated upon drying.
Reproduced from Reference.

Block copolymers composed of MAA, BzMA and BMA have been reported in
Chapter 4 of this Thesis.®* These monomers were chosen to provide a model system
for the transfer of RAFT aqueous emulsion polymerization from laboratory-scale
syntheses to a high-throughput protocol. However, they are unsuitable for the
synthesis of film-forming block copolymer compositions because none of the three
corresponding homopolymers (i.e. PMAA, PBzMA, PBMA) has a T4 below ambient
temperature. In this Chapter, the synthesis of diblock, triblock and tetrablock
copolymer nanoparticles via RAFT aqueous emulsion polymerization directly in water
is described. These block copolymer nanoparticles consist of a very high Tg PMAA
stabilizer block (T4 = 228 °C)® and a core composed of alternating blocks of PBzZMA
and poly(hexyl methacrylate) (PHXMA). For the target tetrablock copolymers, two
high Ty PBzZMA blocks (Ty =54 °C)® are separated by a low T4 PHXxMA, block
(Tg = -5 °C).5 The PBzMA blocks have a fixed DP of 100, while the PHXMA block
DP is systematically varied from 200 to 800. This is expected to produce a range of

film formation behavior.
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5.2. Experimental

Benzyl methacrylate (BzMA, 96%), hexyl methacrylate (HXMA, 99%), butyl
methacrylate (BMA, 99%), 4,4'-azobis(4-cyanovaleric acid) (ACVA, > 98%), benzyl
bromide, caesium carbonate and THF (HPLC, > 99.9%) were purchased from Sigma-
Aldrich (UK) and used as received. The same PMAAss macro-CTA reported in
Chapter 4 was also used for all syntheses in this Chapter.! The ds-tetrahydrofuran
used for 'H NMR studies was purchased from Goss Scientific Instruments Ltd.
(Cheshire, UK). All other solvents were purchased from Sigma-Aldrich (UK) or VWR
Chemicals (UK) and used as received. Deionized water was used in all experiments.

5.2.1. Preparation of poly(methacrylic acid) (PMAA) macro-CTA agent
The same PMAAs6-TTC macro-CTA reported in Chapter 4 was also used for all

syntheses in this Chapter.

5.2.2. Synthesis of precursor PMAAss-PzMA100 diblock copolymer nanoparticles

via RAFT aqueous emulsion polymerization

A typical protocol for the synthesis of PMAAss-PBzMA1oo nanoparticles was as
follows. PMAAss macro-CTA (2.93 g, 0.57 mmol), ACVA (3.2 mg; 0.11 mmol,
CTAVinitiator molar ratio = 5.0) and water (38.88 g, 25% w/w) were weighed into a
100 mL round-bottomed flask. The solution pH was adjusted to pH 5 using 1 M NaOH,
followed by addition of BzZMA monomer (10.00 g, 0.06 mol; target DP = 100). A
magnetic flea was added and the flask was sealed using a rubber septum. The reaction
solution was then purged under N2 for 20 min before placing the flask in a pre-heated
water bath at 70 °C for 120 min. The flask was then removed from the water bath and
its contents exposed to air to quench the BzZMA polymerization.

5.2.3. Synthesis of PMAAss-PBzMA100-PHXMAy triblock copolymer nanoparticles
via seeded RAFT aqueous emulsion polymerization
A typical protocol for the synthesis of PMAAsg-PBzMA100-PHXMAgoo nanoparticles
was as follows. Precursor PMAAss-PBzMA1g diblock copolymer dispersion
(25% wi/w, 5.0 g, 0.05 mmol), ACVA (3.1 mg; 0.01 mmol, CTA/initiator molar
ratio = 5.0), HXMA (7.47 g, 0.04 mol; target DP = 800) and water (7.47 g, 34% w/w)
were weighed into a 50 mL round-bottomed flask. A magnetic flea was added and the
flask was sealed using a rubber septum. The reaction solution was then purged under
N for 20 min before placing the flask in a pre-heated water bath at 70 °C for 18 h. The
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flask was then removed from the water bath and its contents exposed to air to quench
the HXMA polymerization. In order to synthesize triblock copolymers with a range of
PHxMA DPs (y = 200 to 800), the mass of the precursor diblock copolymer dispersion
was kept constant (5.0 g) and the amount of HXMA monomer was increased from 1.87

gto 7.47 g, alongside the mass of water to keep the copolymer concentration constant.

5.2.4. Synthesis of PMAAss-PBzMA100-PHXMAy-PBzMA100 tetrablock copolymer

nanoparticles via seeded RAFT aqueous emulsion polymerization

A typical protocol for the synthesis of PMAAse-PBzMA100-PHXMA200-PBzMA100
nanoparticles was as follows. Precursor PMAAss-PBzMA100-PHXMA200 triblock
copolymer dispersion (5.0 g, 0.03 mol), ACVA (1.7 mg; 0.002 mmol, CTA/initiator
molar ratio = 5.0), BzMA (0.19 g, 0.001 mol; target DP = 100) and water (0.36 g,
35% w/w) were weighed into a 50 mL round-bottomed flask. A magnetic flea was
added and the reaction flask was sealed using a rubber septum. The reaction solution
was then purged under N2 for 20 min before placing the flask in a pre-heated water
bath at 70 °C for 18 h. The flask was then removed from the water bath and its contents

exposed to air to quench the BzMA polymerization.

5.2.5. 'H NMR Spectroscopy
All 'H NMR spectra were recorded using a 400 MHz Bruker Advance-400

spectrometer using ds-THF as the solvent.

5.2.6. Dynamic Light Scattering (DLS)

Aqueous copolymer dispersions (0.20% w/w) in disposable plastic cuvettes were
analyzed at 20 °C using a Malvern Zetasizer NanoZS instrument. Scattered light was
detected at 173° and intensity-average hydrodynamic diameters were calculated using
the Stokes-Einstein equation. Data were averaged over three consecutive

measurements, comprising a minimum of ten runs per measurement.

5.2.7. Differential Scanning Calorimetry (DSC)

Aqueous copolymer dispersions were dried overnight on a glass slide. An accurate
mass (between 6 and 10 mg) was weighed into an aluminium pan and sealed with a
lid. Each copolymer sample was heated under N2 in a TA instruments Q2000 model

calorimeter. Thermograms were acquired at a rate of 10 °C per min from — 80 °C to
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220°C, 3 cycles were performed. The mid-point T4 values are reported. These analyses

were conducted by members of the analytical department at AkzoNobel (Slough).

5.2.8. Transmission Electron Microscopy (TEM)

Each sample was prepared by depositing a 10 pL (0.20% w/w) droplet of a 0.1% w/w
aqueous copolymer dispersion onto a glow-discharged carbon-coated copper grid for
20 seconds. The grid was then stained with 10 pL uranyl formate solution
(0.75% w/w) for 10 seconds and carefully dried using a vacuum hose. TEM images
were recorded using a Philips CM100 instrument operating at 100 kV and equipped
with a Gatan 1 k CCD camera. ImageJ software was used to determine mean
nanoparticle diameters from TEM images, with at least 100 nanoparticles being

analyzed per sample.

5.2.9. Methylation of copolymers for GPC Analysis

Prior to THF GPC analysis, all copolymers were modified by methylation of the
carboxylic acid groups in the PMAA block.%® Excess trimethylsilyldiazomethane was
added dropwise to a solution of copolymer (20 mg) in THF (2.0 mL), until the yellow
color persisted. This reaction solution was then stirred overnight until all THF had
evaporated. Degrees of methylation of the PMAA block were determined by 'H NMR

spectroscopy.

5.2.10. Benzylation of copolymers for GPC Analysis

Prior to DMF GPC analysis, all copolymers were modified by benzylation of the
carboxylic acid groups in the PMAA block. Benzyl bromide and caesium carbonate
(~ 1.1 mol eq. w.r.t. MAA content) was added to a solution of copolymer (0.25 g) in
DMF (5 mL). This reaction solution was then stirred overnight, before filtration to
remove the salt byproduct. Degrees of benzylation of the PMAA block were
determined by 'H NMR spectroscopy.

5.2.11. Gel Permeation Chromatography (GPC)

THF GPC was used to determine copolymer molecular weights and dispersities. The
GPC set-up consisted of an Agilent 1260 Infinity Il GPC/SEC system operating at
30 °C and fitted with an autosampler and two 5 uM Mixed-C columns connected to a
refractive index detector. The mobile phase was HPLC-grade THF at a flow rate of
1.0 mL min. Molecular weights were calculated using a series of near-monodisperse
PMMA calibration standards. All copolymers were modified by methylation prior to
THF GPC analysis.
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DMF GPC at 60 °C was used to determine the molecular weights and dispersities of
the PMAA-based copolymers modified by benzylation. The GPC set-up consisted of
a Varian 290-LC pump injection module connected to two Polymer Laboratories PL
gel 5 um Mixed-C columns connected in series and a Varian 390-LC multi-detector
suite (refractive index detector). The mobile phase was HPLC-grade DMF containing
10 mM LiBr at a flow rate of 1.0 mL min™. Molecular weights were calculated with

respect to a series of near-monodisperse PMMA standards.

5.2.12. Casting and annealing of films

Copolymer films were prepared at room temperature (20 °C) by dropping ~ 0.1 mL of
aqueous copolymer dispersion (at 20, 30 or 35% w/w copolymer concentration) onto
a mica disk and allowing to dry overnight. Copolymer films cast at 20 °C were

annealed by heating for 2 h at 200 °C in a vacuum oven.

5.2.13. Optical transmission measurements on copolymer films

Visible absorption spectra were recorded between 200 and 800 nm using a Shimadzu
UV-1800 spectrophotometer. Copolymer films were analyzed by mounting the mica
disk on the sample holder inside the spectrophotometer. The mean thickness of each
film was measured using a micrometer screw gauge. Reported thickness values are an

average of three measurements taken in different locations across the film.

5.2.14. SAXS analysis

SAX patterns were collected using Xuess 2.0 laboratory beamline (Xenocs,
Sassenage, France) equipped with FOX 3D multilayered X-ray mirror and two sets of
scatterless slits for beam collimation, two hybrid pixel area detectors (Pilatus 1M for
SAXD and Pilatus 100k for WAXD, Dectris, Baden-Dattwil, Switzerland) and a liquid
gallium MetalJet X-ray source (Excillum, Kista, Sweden), wavelength 4 = 1.341 A,
SAXS patterns were recorded usinga sample-to-detector distance of 5.121 m
(calibrated using silver behenate standard). The block copolymer films were dried onto
mica discs which were then mounted onto an array stage for data collection.
Two-dimensional SAXS patterns were azimuthally integrated, normalized and
background-subtracted using the Foxtrot software package (supplied with the
laboratory beamline) to obtain 1D scattering profiles. All SAXS analyses were

performed by Dr. James Jennings, a postdoctoral researcher in the Armes group.
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5.3. Results and Discussion

5.3.1. Synthesis of diblock, triblock and tetrablock copolymers

As discussed earlier, the glass transition temperature (Tg) corresponds to the
temperature at which a synthetic polymer transitions from a glass to a rubber
state.5* % The T of a polymer depends on its molecular weight, as described by the
Flory-Fox Equation (see Equation 2.1).% " The relationship between T4 and
molecular weight is shown in Figure 2.22., where the T,. is the maximum glass

transition temperature that can be achieved at a theoretically infinite molecular weight.

The overall T4 of a statistical copolymer can be calculated by considering the
contribution from each individual comonomer, as outlined by Equation 5.2 (the
Fox Equation), where F, is the weight fraction and T4" is the T4 of component n.%8
Thus, the overall Ty can be tuned by appropriate monomer selection and also by
adjusting the relative proportion of each comonomer within the statistical copolymer.

1 F, F, F F, 5.2
g g ) g g

For block copolymers, microphase separation caused by the mutual enthalpic
incompatibility between blocks results in the observation of two or more T values,
corresponding to each core-forming block.®® However, the temperature at which the
block copolymers forms a film will be influenced by the relative contribution of each
block. This temperature is described as the minimum film-forming temperature
(MFFT); the lowest temperature at which a latex or emulsion will coalesce to form a
thin film on a substrate.’® As previously mentioned, PMAA and PBzMA have
relatively high T4 values (228 °C and 56 °C, respectively). By introducing a third block
with a substantially lower T4, the MFFT of the block copolymer can be reduced to
enable film formation to occur at room temperature. In this study, n-hexyl
methacrylate (HXMA) was chosen as a suitable methacrylic monomer to ensure a
sufficiently low MFFT (PHXMA has a T of -5 °C).52

A series of diblock, triblock and tetrablock copolymer nanoparticles were synthesized
via RAFT aqueous emulsion polymerization, see Scheme 5.1. These block copolymers
comprised a PMAA stabilizer block and hydrophobic core-forming blocks of PBzZMA
and/or PHXMA (namely, PMAAss-PBzMA100, PMAAse-PBzZMA100-PHXMAy and
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PMAAss-PBzMA100-PHXMAy-PBzZMA100). The DP of the PHXMA block was
systematically varied between 200 and 800 in order to determine the block DP required
to enable film formation at room temperature and also to investigate the effect of
varying PHXMA block DP on film properties. The final PBzMA100 block was added
to produce a tetrablock copolymer, thus emulating the hard-soft-hard block
arrangement found in ABA thermoplastic elastomers that deliver desirable mechanical

properties for coatings applications.

To synthesize such block copolymers, the PMAAss macro-CTA was first
chain-extended via RAFT aqueous emulsion polymerization of BzMA, targeting a
PBzMA DP of 100, see Scheme 5.1. This PISA synthesis was conducted under
essentially the same conditions described previously (i.e. 70 °C, using a
macro-CTA/ACVA molar ratio of 5.0 and pH 5). However, the copolymer
concentration was increased from 20% w/w to 25% w/w, because higher copolymer
concentrations are strongly preferred for industrial paints and coatings. These
PMAAss-PBzMA10o diblock copolymer nanoparticles were then used as a precursor
for the seeded RAFT aqueous emulsion polymerization of HXMA at 34% w/w
copolymer concentration, see Scheme 5.1. Four PHXMA DPs were targeted to yield a
series of PMAAse-PBzMA100-PHXMAy triblock copolymer nanoparticles, where
y =200, 400, 600 or 800. Each of these triblock copolymer nanoparticles was then
further reacted with BzMA to give a series of PMAAss-PBzZMA100-PHXMA-
PBzMA10o tetrablock copolymer nanoparticles at 35% w/w copolymer concentration,
see Scheme 5.1. This series of diblock, triblock and tetrablock copolymers was
analyzed by 'H NMR, DLS, TEM, GPC and DSC, see Table 5.1.
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Scheme 5.1 Synthesis of PMAAss-PBzMA1 diblock copolymer, PMAAss-PBzZMA10-PHXMA,
triblock copolymer and PMAAss-PBzMA100-PHXMA-PBzMA o tetrablock copolymer nanoparticles
via RAFT aqueous emulsion polymerization (y = 200, 400, 600 or 800).
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Table 5.1 Summary of diblock, triblock and tetrablock copolymer nanoparticles prepared via RAFT aqueous emulsion polymerization at 70 °C using a PMAAsg
macro-CTA/initiator of 5.0 at pH 5.

Monomer pz?rl'aile pzlajrlt_iile p-la;Etli\t/:lle M, Ty

Target Composition convbelgsclﬁg f(?)/z)f inal diameter (nm) polydispersity diameter (nm) (g mr(])|-1) Be (Oé)
PMAA, -PBZMA >99 42 0.11 26 15,900 3.05 - 69
PMAA, -PBZMA -PHXMA, >99 74 0.33 38 36,000 3.46 - 70
PMAA-PBZMA, ,-PHXMA, ) >99 83 0.27 52 63,500 5.01 2 68
PMAA,,-PBZMA, ,-PHXMA, >99 78 0.17 53* 70,400 4.70 0 68
PMAA,,-PBZMA -PHXMA,, 98 82 0.20 44 98,800 5.86 -4 63
PMAA,-PBZMA -PHXMA, . -pBzMA10 >99 72 0.28 56 48,400 4.19 0 69
PMAA,-PBZMA -PHXMA,,_PBzMA100 >99 86 0.23 52 64,800 4.24 4 7
PMAA-PBZMA -PHXMA - PBzMA100 99 94 0.26 52 72,900 4.66 3 68
PMAA,-PBZMA, -PHXMA, . pBzMA100 99 118 0.26 57 67,300 5.75 3 68

aConversion determined by *H NMR

bGPC data of methylated block copoylmers expressed relative to a series of near-monodisperse PMMA calibration standards

“The quoted Tg values refer to mid-point values from the DSC analysis

*These values are not considered to be reliable given that these particles are susceptible to beam damage owing to their low MFFT, see Figure 5.6
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Monomer conversions of more than 98% were achieved in all cases, as judged by
'H NMR studies in ds-THF. Representative *H NMR spectra are shown in Figure 5.3
for the PMAAss-PBzMA1o0 diblock copolymer, PMAAss-PBzMA100-PHXMAsoo
triblock copolymer and PMAAss-PBzMA100-PHXMA-PBzMA1o tetrablock

copolymer.

THF GPC analysis of the methylated copolymers indicated a progressive increase in
molecular weight during the syntheses of each tetrablock copolymer, see Figure 5.4.
Unfortunately, the dispersities at each stage of the polymerization are very high
(B ~ 3.05t0 5.86). In addition, the blocking efficiency is imperfect, with evidence for
unreacted precursor blocks. The best set of data was observed for the shortest PHXMA
DP of 200, which afforded the lowest dispersity and highest blocking efficiency. At
higher PHXMA DPs, dispersities increase and the blocking efficiency is reduced.
These GPC data suggest limited control over the polymerization and suggest
premature loss of the RAFT chain-ends. It is likely that the high dispersities of these
block copolymers has a significant impact on their microphase separation. This is

supported by both theoretical and experimental studies in the literature.”® "2
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Figure 5.3 'H NMR spectra recorded for PMAAss-PBzMA 00 diblock copolymer, PMAAss-PBzMA00-
PHXMAgqo triblock copolymer and PMAAss-PBzMA100-PHXMAgo0-PBzMA g tetrablock copolymer
all synthesized via RAFT aqueous emulsion polymerization. All spectra were recorded in ds-THF.
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Figure 5.4 (a-d) THF GPC chromatograms recorded for methylated PMAAss-PBzMAgo diblock
copolymer, PMAAss-PBzMA100-PHXMA, triblock copolymer and PMAAss-PBzZMA10o-PHXMA-
PBzM Ao tetrablock copolymer prepared via RAFT aqueous emulsion polymerization: (a) y = 200, (b)
y = 400, (¢) y = 600, (d) y = 800. (¢) DMF GPC chromatograms recorded for benzylated
PMAAss-PBzMA oo diblock copolymer and PMAAss-PBzMA100-PHXMA,, triblock copolymer, where
y = 800. The PMAAss-PBzZMA100-PHXMAgno-PBzMA1 oo tetrablock copolymer was insoluble in DMF.
() THF GPC chromatograms recorded for benzylated PMAAss-PBzMA1o diblock copolymer,
PMAAse-PBZMAloo-PHXMAy triblock copolymer and PMAAse-PBZMAloo-PHXMAy-PBZMAloo

tetrablock copolymer where y = 800.
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So far in this Thesis, all block copolymers containing a PMAA block have been
methylated using trimethylsilyldiazomethane prior to THF GPC analysis.%® This
modification converts all the anionic PMAA residues to PMMA, thus preventing any
interaction or absorption onto the column. Given the very high dispersities observed
for the block copolymers synthesized in this Chapter the diblock, triblock and
tetrablock copolymers with a PHXMA DP of 800 were also modified by a benzylation
reaction to determine whether the broad MWDs observed are in some way caused by
the methylation protocol. This benzylation reaction converts the carboxylic acid group

on the PMAA residues to a methyl ester, see Scheme 5.2.7

©/\Br

56 > 56
HO” No 500 Cs2C03, DMF, 24 h o™ No 500
0" No )
| S
=

Scheme 5.2 Reaction scheme for the benzylation of PMAAss-PBzMA oo diblock copolymer using
benzyl bromide and caesium carbonate.”

The benzylated block copolymers were then analyzed by DMF and THF GPC, see
Figure 5.4(e and f). A dramatic reduction in the dispersity can be seen when comparing
the benzylated samples to the alkylated samples. THF GPC analysis of the methylated
PMAAGse-PBzMA1 o0 diblock copolymer reported a B of 3.05 and low molecular
weight tailing can clearly be seen. In contrast, DMF GPC analysis of the benzylated
PMAAGss-PBzMA100 diblock copolymer reported a B of 2.22 and THF GPC analysis
of the same sample indicated a D of 1.98. Although these values are still high, they
are considerably lower than those recorded for the methylated sample.

A similar reduction in dispersity can be observed for the benzylated triblock
copolymer. However, a lower than expected M, is also observed. In addition, the
benzylated tetrablock copolymer is not soluble in DMF and THF GPC analysis
indicates a very broad MWD. It is thought that the triblock and tetrablock copolymers

were not fully soluble in THF or DMF and that the insoluble chains are removed by
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filtration prior to GPC analysis. The samples prepared for GPC analysis (in both
solvents) were initially cloudy but went clear after filtration. Analysis by *H NMR
spectroscopy also indicates that the triblock and tetrablock copolymers are only
sparingly soluble in both DMF and THF, see Appendix 7 and 8. This is demonstrated
by the absence of integrals corresponding to the PHXMA block.

This sparingly low solubility could account for the observation of a lower than
expected My for both the triblock copolymer samples. The high molecular weight peak
observed in the THF GPC chromatograms of the triblock and tetrablock copolymer
could also be an artefact owing to the low solubility of the chains or an indication of
free radical polymerization.

DLS analysis of these block copolymer nanoparticles indicates a progressive increase
in particle diameter with addition of each subsequent block, see Figure 5.5. A
relatively large increase in particle diameter (30 — 40 nm) was observed on chain
extension of the diblock copolymer with the third HXMA block. In contrast, a
relatively modest increase in particle diameter (0 — 36 nm) was observed on addition
of the final BzZMA block to obtain the tetrablock copolymer. In each case relatively
broad nanoparticle particle size distributions were observed (DLS PDI = 0.17 to 0.33).
Subsequent analysis of these nanoparticles by TEM indicated that kinetically-trapped
spherical nanoparticles were obtained during the synthesis of each block, see
Figure 5.6. Some beam damage to the PMAAss-PBzMA100-PHXMAgw and
PMAAGss-PBzMA100-PHXMAgoo triblock copolymer nanoparticles was observed
during TEM analysis owing to the low T4 of the HXMA block. Thus, resulting in

poorer quality images where the nanoparticles are less well-defined.
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Figure 5.5. DLS particle size distributions showing the increase in particle diameter during the
synthesis of PMAAss.PBzM A1 diblock copolymer, PMAAss-PBzMA100-PHXMAy triblock copolymer
and PMAAss-PBzMA190-PHXMA-PBzZMA (o tetrablock copolymer for (a) y = 200, (b) y = 400,
(c) y =600 and (d) y = 800.
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(@) PMAA-PBZMAq, PMAA;-PBZMA, og-PHXMA,

PMAAG,-PBzMA, 59-PHXMA 50-PBzMA 100
ETREVE 3

(c) PMAA-PBzMA ;59-PHXMAg0,

~

(d)

Figure 5.6. Representative TEM images obtained for PMAAss-PBzMA o diblock copolymer precursor
nanoparticles, PMAAss-PBzZMA00-PHXMAy  triblock  copolymer nanoparticles  and
PMAAss-PBzZMA100-PHXMAy-PBzZMA1oo tetrablock copolymer nanoparticles, where (a) y = 200,
(b) y =400, (c) y =600 or (d) y = 800. It is worth noting that the PMAAss-PBzMA100-PHXMA, triblock
copolymer nanoparticles shown in (c) and (d) are susceptible to beam damage owing to their low MFFT.
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5.3.2. Analysis of block copolymer films

The dried copolymers were analyzed by DSC to determine T4 values, see Table 5.1.
The DSC data showed that, for a PHXMA DP above 200, phase separation between
the PHXMA and PBzMA blocks occurs. This is demonstrated by the observation of
two Tg features, relating to each of the hydrophobic blocks of the block copolymer,
see Figure 5.7. The DSC trace of the PMAAss-PBzMA10o diblock copolymer only
showed one single T4 value of 69 °C. This is slightly higher than the literature value
for PBzMA (56 °C), see Figure 5.7b. However, the increase in T4 could be caused by
the high Ty of the PMAA block (228 °C). DSC analysis of the
PMAAss-PBzMA100-PHXM A2 triblock copolymer also showed only one single Tg
value at 70 °C. This demonstrates that a PHXMA DP of 200 is not sufficient to cause
microphase separation between the PHXMA and the PBzMA blocks. As the PHXMA
DP was increased further (y= 400, 600 or 800) two distinct T¢ values were observed
in each case indicative of phase separation, see Figure 5.7c. The two Ty values
corresponded to the T of each block, PHXMA T4 =2 to - 4 °C and PBzZMA T4 =68 to
63 °C. DSC analysis of the PMAAss-PBzMA100-PHXMAy-PBzMAugo reported two
distinct Ty values in each case (y = 200 to 800) indicative of phase separation, see
Figure 5.7. The Tg values corresponding to the PBzMA block are very similar to those
reported for the corresponding triblock copolymers (T¢ = 68 to 71 °C), whereas the Tg
values corresponding to the PHXMA block are marginally higher (Tg = 0 to 4 °C).
Again this increase in Ty could be attributed to the presence of the other higher Tq
blocks.
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Figure 5.7 (i) Heat capacity (Cp) with temperature for a series of block copolymers (a) PMAAsg-
PBZMAloo, (b) PMAAss-PBzMA100-PHXMAggo and (C) PMAAss-PBzMA100-PHXMAggo-PBzMA 100
and (ii) individual plots for each block copolymer (a-c) showing Cp and the first derivation of the Cp
with temperature.
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To assess the film-forming ability of the diblock, triblock and tetrablock copolymers,
~ 0.1 mL of the copolymer dispersion was pipetted onto a mica disc and allowed to
dry overnight at room temperature. The mean film thickness was measured to be
between 120 and 200 um, see Table 5.2. As expected, the PMAAss-PBzMA100 diblock
copolymer did not form a film owing to the high T4 of both blocks. For the series of
PMAAss-PBzMA100-PHXMA, triblock copolymers, a PHXMA DP of 200 was
insufficient to enable film formation at room temperature. However, at PHXMA DPs
of 400 to 800, transparent films were formed at room temperature. Chain extension of
the PMAAse-PBzMA100-PHXMAy triblock copolymers with BzMA to give
PMAAss-PBzMA100-PHXMA-PBzZMA100 copolymers reduces the effect of the
PHXMA block, resulting in cracked films at room temperature. Digital photographs of

transparent copolymer films are shown in Figure 5.8.

The transparency of the block copolymer films was assessed by visible absorption
spectroscopy, see Figure 5.8. The optical transmittance was measured across the
visible spectrum from 400 to 800 nm. The transmittance at 600 and 400 nm are
reported in Table 5.2. These results demonstrate that the PMAAss-PBzMAioo-
PHxMAy triblock copolymers (y = 400, 600, 800) are highly transparent (> 95% at
600 nm and > 92% at 400 nm). However, on addition of the fourth block to give
PMAAss-PBzMA100-PHXMA-PBzZMA 1o tetrablock copolymers (y = 600, 800) the
film transparency is reduced (> 89% at 600 nm and > 82% at 400 nm). The film
transmittance was also remeasured after thermal annealing at 200 °C in a vacuum oven
for 2 h. The film transmittance decreased after annealing, from > 95% to < 94% at
600 nm and (more significantly) from > 90% to < 65% at 400 nm. The transmittance
of the annealed PMAAss-PBzMA100-PHXMAgo0-PBzMA10o tetrablock copolymer
film was also reduced but by a considerably smaller amount (from 90% to 87%)
whereas, the PMAAs-PBzMA100-PHXMAsgoo-PBzMA1o tetrablock copolymer film

transmittance was comparable before and after annealing (89-90%).
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Table 5.2 Film thickness, transmittance and domain spacing (d) for block copolymer films formed at room temperature and for the same films after annealing at 200 °C in a
vacuum oven. Transmittance (%) is reported at both 600 and 400 nm.

Film thickness (pm)?2 Transmittance (%)° Domain spacing (nm)°©
o Film at Film annealed Film at Film annealed Film at Film annealed
Target Composition room temperature  at 200 °C room temperature at 200 °C room temperature  at 200 °C

600 nm 400 nm 600 nm 400 nm

PMAA,-PBZMA ,-PHXMA, | 190 160 95 90 94 65 97 143
PMAA,-PBZMA ,,-PHXMA, 180 160 95 90 86 63 140 160
PMAA,-PBZMA, ,-PHXMA 160 150 100 92 94 65 135 165
PMAA,-PBZMA, , -PHXMA_ -PBZMA 200 180 90 82 87 71 60 177
PMAA, -PBZMA,  -PHXMA, -PBZMA 120 100 89 84 90 82 66 190

aMeasured using a micrometer screw gauge
bMeasured by visible absorptoion spectroscopy
°Domain spacing calculated from SAXS analysis using the Bragg equation (Equation 5.3)
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Figure 5.8 Transmittance vs. wavelength plots for (i) films cast at room temperature and (ii) films cast
at room temperature and then annealed at 200 °C. Digital photographs showing the transparency of each
film when placed over a University of Sheffield logo (white dotted circles indicate positioning of mica
disks). The copolymer films are formed from (a) PMAAss-PBzMA1go-PHXMA4g0, (b)) PMAAss-
PBZMAloo-PHXMAsoo, (C) PMAAse-PBZMAloo-PHXMAgoo, (d) PMAAse-PBZMAloo-PHXMAsoo-
PBzMAg0 and (e) PMAAss-PBzMA100-PHXMAs00-PBzMAioo diblock copolymer nanoparticles.
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The films cast at room temperature and the same films annealed at 200 °C were both
analyzed by SAXS. In each case, only one main peak was observed, indicating the
absence of long-range order. This suggests that all of the multiblock copolymers are
in a disordered state. However, as two distinct Tg values are observed in each case, the
block copolymers are likely to be microscopically inhomogeneous. Similar
observations have been reported previously for multiblock copolymers.®® A series of
multiblock copolymers composed of alternating poly(ethylene glycol methyl ether
acrylate) and poly(tert-butyl acrylate) were synthesized via RAFT polymerization.
SAXS analysis of these multiblock copolymers indicated that, with the exception of

diblock copolymers, all copolymers were in a “disordered inhomogeneous state” %

In each scattering pattern, just one peak was observed, see Figure 5.9. The domain
spacing was calculated using the Bragg equation, see Equation 5.3 (where g is the

scattering vector corresponding to the local maximum).

_ 2T 5.3
q

No real trend in domain spacing size is observed for the triblock copolymer films cast

d

at room temperature. Surprisingly the domain spacing for the tetrablock copolymer
films is smaller than that observed for the triblock copolymer films. In contrast, after
the annealing at 200 °C an increase in domain spacing (from 143 to 165 nm) is
observed for the triblock copolymer films as the PHXMA DP was increased from 400
to 800. The domain spacing increases further for the tetrablock copolymers and is
larger (190 nm) for PHxXMA DP 800 relative to that for the PHXMA DP 600 (177 nm).
Heating the copolymer films to above the Tg of each block (200 °C) gives the polymer
chains sufficient mobility to rearrange into their most stable thermodynamic
conformation.?” The increase in domain spacing observed after annealing the
copolymer films correlates with an increase in light scattering, thus reducing the

transmittance.

As previously mentioned, dispersity has been shown to have a significant impact on
the microphase separation of block copolymers.’®"2 More specifically, it has been
reported that domain spacing increases with increasing dispersity.” Therefore, the
relatively high dispersities obtained for this PISA formulation are likely to be
responsible for the large domain spacings indicated by SAXS.
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Figure 5.9 Small-angle x-ray scattering (SAXS) data obtained for three PMAAss-PBzMA100-PHXMA
triblock copolymers where y = 400, 600 or 800 (a — c) and two PMAAss-PBzMA100-PHXMAy-
PBzM Ao tetrablock copolymers where y = 600 or 800 (d —€). The red traces correspond to copolymer
films cast at room temperature and the black traces correspond to the same films after annealing in a
vacuum oven for 2 h at 200 °C. The domain spacing (d) was calculated using the Bragg equation
(d = 2m/q, where q is the scattering vector corresponding to the local maximum).
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5.4. Conclusions

A series of multiblock copolymer nanoparticles was synthesized via RAFT aqueous
emulsion polymerization. A PMAAss macro-CTA was selected owing to its high Tg
(228 °C)%2 and its ability to electrosterically stabilize nanoparticles synthesized by
PISA. This macro-CTA was chain-extended with alternating blocks of BzMA
(54 °C)®2 and HXMA (-5 °C)® to give diblock, triblock and tetrablock copolymers.
The target PBzZMA DP was fixed at 100 and the target PHXMA DP was varied between
200 and 800. PHXMA was selected to reduce the Ty relative to the previous
PBzMA/PBMA formulation reported in Chapter 4 hence and enable film formation at
ambient temperature.%® In principle, the tetrablock copolymer should produce
elastomeric coatings. The ability to produce such tough, resilient films using a
zero-VOC, wholly aqueous formulation is a potentially decisive advantage compared

to solvent-borne elastomeric coatings reported in the literature.t 2

Each multiblock copolymer was prepared with a high degree of conversion (> 98%)
for each block and the formation of spherical nanoparticles was confirmed by DLS
and TEM analysis. However, GPC analysis of the methylated block copolymers
indicated relatively high dispersities (B = 3.05 to 5.75) and poor blocking efficiencies
suggesting a poor level of control and the presence of some dead chains. The diblock,
triblock and tetrablock copolymers with a PHXMA DP of 800 were also modified by
a benzylation reaction to determine whether the broad MWDs observed are in some
way caused by the methylation protocol. A decrease in dispersity was observed by
both DMF and THF GPC analysis of the benzylated diblock copolymer (B = 2.22 and
1.98 respectively). However, the benzylated triblock and tetrablock copolymers were
only sparingly soluble in both DMF and THF. Any undissolved chains would be
removed by filtration during sample preparation. Thus, the GPC analysis conducted

may not be representative of the whole sample.

DSC analysis of the triblock and tetrablock copolymers showed that for a PHXMA DP
above 200, phase separation between the PHXMA and PBzMA blocks occurs. This is
demonstrated by the observation of two Ty features, relating to each of the
hydrophobic blocks of the block copolymer. Despite the broad MWDs, the triblock
(PHXMA DP = 400 to 800) and tetrablock copolymer (PHXMA DP = 600 or 800)

formed highly transparent films at room temperature. Optical transmittance
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(at 600 nm) was determined by visible absorption spectroscopy to be > 95% for the
triblock copolymer films and > 89% for the tetrablock copolymer films formed at
room temperature. However, lower transmittances (< 94% for the triblock copolymer
films and < 87 % for the tetrablock copolymer films) were observed after annealing

such films at 200 °C in a vacuum oven for 2 h.

SAXS analysis of these multiblock copolymer films indicated local phase separation
but an absence of long-range order. There was no observable trend between domain
spacing and PHxXMA block DP for films cast at room temperature. However, an
increase in domain size with PHXMA DP was observed for triblock copolymer films
annealed at 200 °C. In addition, the domain size increased further on the addition of a
fourth block (PBzMA).
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The synthesis of nanoparticles directly in water (over organic solvents or alcohols) is
desirable for a diverse range of applications including low-VOC coatings, and for
biomedical applications.* It is well known that PISA conducted by RAFT aqueous
dispersion polymerization leads to the synthesis of a range of diblock copolymer
morphologies such as spheres, worms and vesicles.>’ Such morphologies can be
reproducibly targeted by systematically varying the stabilizer block DP, the
core-forming block DP and the copolymer concentration.® In contrast, PISA conducted
by RAFT aqueous emulsion polymerization is often limited to the synthesis of
kinetically-trapped spherical nanoparticles. The key difference between these two
formulations is the aqueous solubility of the monomer; RAFT aqueous dispersion
polymerization involves the polymerization of a water-miscible monomer, whereas
RAFT aqueous emulsion polymerization involves the polymerization of a

water-immiscible monomer (with a relatively low aqueous solubility).

In this Thesis a water-soluble anionic PMAAx macro-CTA has been chain-extended
with a range of core-forming monomers via RAFT aqueous polymerization to assess
the effect of varying the aqueous solubility of the core-forming monomer on the ability
to access higher order morphologies via aqueous PISA. Polymerization of HBMA
(=20 g dm™ at 70 °C) led to the synthesis of a novel non-spherical ‘monkey nut’
morphology, thus breaking the restrictive paradigm of kinetically-trapped spheres. It
is believed that HBMA has sufficiently high aqueous solubility to enable its diffusion
into the growing nanoparticle cores on the time scale of the polymerization. This
provides greater solvation and hence increased mobility of the growing core-forming
chains located within the nanoparticle cores. This in turn aids sphere-sphere fusion,

which is a prerequisite for the formation of the ‘monkey nut’ morphology.

Following publication of this initial finding in 20178, the effect of varying the aqueous
monomer solubility has been validated by further unpublished work within the Armes
group. More specifically, a non-ionic PGMA macro-CTA has been chain-extended
with two other monomers exhibiting a similar aqueous solubility to that of HBMA
(~20 g dm?3). Firstly, glycidyl methacrylate (GlyMA) was investigated as a
core-forming monomer. Initial results, suggested that only spherical nanoparticles
could be obtained when using a PGMA4s macro-CTA.® However, further study has
confirmed that a worm phase could be obtained via a convenient three-step one-pot

protocol.° By utilizing a shorter PGMA,s macro-CTA and targeting a composition of
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PGMA25-PGlyMAys at 15% w/w copolymer concentration, the synthesis of epoxy-
functionalized diblock copolymer worms was achieved. Such worms can be
derivatized with 4-amino-TEMPO to give nitroxide-functionalized diblock copolymer
worms, which could offer potential applications for charge storage and transport. 113

More recently, the RAFT aqueous emulsion polymerization of 2-methoxyethyl
methacrylate (MOEMA) using a PGMA;9 macro-CTA was studied.’* This PISA
formulation enabled the full range of morphologies to be reproducibly targeted by
varying the target PMOEMA DP from 35 to 110 and the copolymer concentration
from 10 to 30% w/w. The evolution in copolymer morphology during the synthesis of
PGMA29-PMOEMA7o vesicles was also studied by in situ SAXS using a bespoke
stirrable reaction cell. A manuscript describing this work is currently in preparation.®®
There is also some evidence to suggest that PGMA29-PMOEMA, nanoparticles could
exhibit stimulus-responsive behavior. In order for diblock copolymer nanoparticles to
be stimulus-responsive the stabilizer block and/or core-forming block volume must
change, thus triggering a morphological transition. This change in block volume can
occur either by solvent entering the core of the nanoparticles or by end-group
ionization.” Nanoparticles synthesized via RAFT aqueous emulsion polymerization
typically possess highly hydrophobic cores, so such nanoparticles are not normally
stimulus-responsive.” 1® Thus, these subsequent experiments have further highlighted
the importance of aqueous monomer solubility when targeting higher order
morphologies via PISA. Another important parameter to consider is the Tq of the
core-forming block. For high T4 blocks, chain mobility within the nanoparticle cores
will be restricted, which may hinder the evolution of morphology from spheres to
worms to vesicles. In principle, this evolution in morphology should be more likely

for lower Tg4 blocks based on acrylates.

PMAA was originally chosen as the stabilizer block for this work owing to its anionic
character and high glass transition temperature, which are attractive properties for
potential applications in paints and coatings. Although such anionic macro-CTAs are
well-known to confer good electrosteric stabilization, electrostatic repulsion between
neighboring PMAA chains is likely to hinder the sphere-sphere fusion required for the
formation of higher-order morphologies. In addition, as the reaction pH (5) is very
close to the pKa of the PMAA (pKa PMAAss macro-CTA = 5.97) and the ‘monkey
nut’ morphology was only observed over a small PHBMA DP range (y = 150 to 155),

222



Chapter 6: Conclusions and Outlook

slight variations in the pH of the reaction solution may also affect whether this
morphology is observed or not. In hindsight, it would have perhaps been better to
utilize a non-ionic macro-CTA such as PGMA or PEO eliminate the polyelectrolytic
character that is known to favor kinetically-trapped spheres.*’

The second issue with using PMAA as the macro-CTA is that it requires derivatization
prior to GPC analysis. The anionic MAA residues can interact with or adsorb onto the
GPC column, thus disrupting the size exclusion mechanism and adversely affecting
the molecular weight and dispersity data. To enable GPC analysis of the block
copolymers synthesized in this Thesis, all PMAA-based block copolymers were
subjected to methylation via reaction with excess trimethylsilyldiazomethane, thus
converting PMAA to PMMA.®® GPC analysis of methylated PMAA«-PBzMA,
diblock copolymers synthesized via RAFT alcoholic dispersion polymerization has
been previously reported and low dispersities were observed (B < 1.26).1% 2 GPC
analysis of methylated block copolymers prepared by RAFT aqueous emulsion
polymerization in this Thesis yielded higher than expected dispersities (B < 1.32).
More specifically, for PMAAx-PBzMA, diblock copolymers dispersities of 1.32 to
1.89 were obtained which are significantly higher than those achieved by RAFT
aqueous dispersion polymerization synthesized for comparison (1.28 < b < 1.33).
Additionally, methylation of block copolymers containing other core-forming blocks
based on HPMA, HBMA, TFEMA or BMA also resulted in higher than expected
dispersities (1.56 < B < 3.33). These results suggest that certain monomers may be
incompatible with the methylation protocol, leading to artificially high dispersities.
Problems in the methylation of PHPMA-based block copolymer have been observed
by previous group members.?t All methylated block copolymers were analyzed by
'H NMR spectroscopy. However, calculation of the degree of methylation proved to
be difficult. Not-least owing to the overlap of the THF and methyl ester peaks, see
Appendix 9 to 14. It is therefore possible that the degree of methylation was not
guantitative. If this is indeed the case, MAA residues would still be present which

could account for the broad MWDs observed.

In addition, PMAAss-PHBMA, diblock copolymers synthesized using the as-received
HBMA monomer were not soluble in THF and thus could not be analyzed by GPC.
This was originally attributed to high levels of dimethacrylate impurity in the
‘technical grade’ HBMA monomer, PMAAss-PHBMA, diblock copolymers prepared
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using a purified batch of HBMA monomer were THF-soluble and could be analyzed
by GPC. However, analogous PGMAso-PHBMAy diblock copolymers prepared
utilizing the as-received HBMA monomer could be analyzed by GPC. This suggests
that cross-linking is more likely caused by the methylation reaction than by
dimethyacrylate impurities. In addition, subsequent work on the PGMA-PHBMA
system within the Armes group has shown that spheres, worms and vesicles can be
obtained. A phase diagram was created by chain-extending a PGMA4; macro-CTA
with HBMA via RAFT aqueous emulsion polymerization and varying both the
PHBMA DP (between 10 and 120) and the copolymer concentration (between 5 and
20% wiw).??

In an effort to better understand the reasons for the broad MWDs reported in this
Thesis, selected copolymers were analyzed by different methods. Firstly, some block
copolymers were analyzed using a THF eluent containing 1 to 4% glacial acetic acid,
see Appendix 15 and 16. The addition of acetic acid to the GPC eluent ensured that all
MAA residues were in their protonated (non-ionic) state and thus should not interact
with the GPC column. This analysis technique is frequently used by the sponsor
company of this PhD project, AkzoNobel, to analyze MAA (or AA) based statistical
polymers, as the use of trimethylsilyl diazomethane is not considered appropriate in
an industrial context. In Chapter 4, all copolymers synthesized using the high-
throughput protocol were analyzed by GPC at AkzoNobel using a THF eluent
containing 4% v/v acetic acid. THF GPC analysis of the laboratory-scale methylated
copolymers indicated broader MWDs relative to the high-throughput samples. There
are three possible explanations for these higher dispersities. Firstly, the high-
throughput protocol might afford more control over the polymerization. Secondly, the
methylation artificially broadens the MWD. Thirdly, the GPC instrument used to
analyze the high-throughput samples at AkzoNobel performs better than the GPC
instrument at Sheffield. The THF plus acetic acid protocol was also used to analyze
the PMAAss-PBzMA1g diblock, PMAAss-PBzMA100-PHXMAg triblock and
PMAAss-PBzMA100-PHXMAgo0-PBzMA1 0 tetrablock copolymers. In each case the
dispersities were lower than those reported for the corresponding methylated
copolymers, see Appendices 15 and 16. This suggests that the methylation protocol
artificially broadens the MWD.
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A second method of chemical derivatization was also investigated. Instead of
methylating the block copolymers, selected copolymers were modified via
benzylation (Appendices 7 to 15 and Appendix 17). The PMAAss macro-CTA,
PMAAss-PBzMA100  diblock, PMAAss-PBzMA100-PHXMAgw triblock and
PMAAss-PBzZMA100-PHXMAgo0-PBzM Ao tetrablock copolymers were modified by
reaction with excess benzyl bromide in DMF and analyzed by both DMF and THF
GPC, see Figure 5.4. Analysis of the benzylated PMAAss macro-CTA reported very
similar results to those obtained for the methylated macro-CTA. For the diblock and
triblock copolymers, a reduction in dispersity was observed relative to the
corresponding methylated copolymers analyzed by THF GPC. However, a lower than
expected My is also observed. Additionally, the benzylated PMAAss-PBzZMA100-
PHXMAgo-PBzM Ao tetrablock was insoluble in DMF and only sparingly soluble in
THF. The removal of undissolved chains by filtration prior to GPC analysis would
make the GPC analysis not representative of the whole sample. The low solubility of
the block copolymers in both THF and DMF also prevents the degree of benzylation
from being calculated by *H NMR spectroscopy, Appendix 7 and 8.

The dramatic reduction in dispersity observed on analysis of the benzylated diblock
copolymer suggests that methylation artificially broadens the MWD. This hypothesis
was supported by DMF GPC analyses of other PMAA-based diblock copolymers;
PMAAss-PHPMA100, PMAAs6-PMM Ao, PMAAss-PBMA100 and
PMAAGss-PTFEMA100. In all cases, comparable or lower dispersities were reported by
DMF GPC analysis of the benzylated copolymers in relation to THF GPC analysis of
the methylated copolymers, see Appendix 15 and 17.

With the benefit of hindsight, it would have been advisable to synthesize analogous
block copolymers utilizing a PGMA macro-CTA alongside those prepared using the
PMAA macro-CTA for direct comparison. This would have provided a clearer
understanding of the effect of the anionic charge density on the PMAA chains and also

enabled the cause of the high dispersities to be more clearly established.

The high-throughput experiments reported in this Thesis provide the basis for further
high-throughput screening of RAFT-mediated PISA formulations, which is likely to
be required for commercialization of this promising technology.?® This could be

achieved by using the Chemspeed A100 automated synthesizer to further explore the
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design space. By systematically varying the monomer choice, the DP of each block,
the number of blocks and the copolymer concentration, the relationship between the
copolymer compositions and desired physical properties (e.g. hardness, flexibility,
impact resistance, adhesion) could be established. Utilizing the high-throughput
approach would enable this work to be conducted more efficiently and faster than

serial laboratory experiments.

Following the high-throughput studies conducted at AkzoNobel, it was shown that
replacing the PBMA block in these formulations with a lower Tg PHXMA block
enabled film formation to be achieved at room temperature. So far, only the effect of
varying the PHXMA DP has been studied. There are many other parameters that could
be investigated further to produce high-quality block copolymer films. Firstly, the
PBzMA DP could be varied or alternative core-forming monomers could be explored
such as 2-ethylhexyl methacrylate. As mentioned earlier, the PMAA macro-CTA
could be replaced with a PGMA macro-CTA. PGMA has a lower T4 than PMAA and
would also enable easier GPC analysis, without the need for chemical derivatization.
Optimization studies could also be conducted in order to minimize the dispersities of
the block copolymers. Modification of this protocol to develop a one-pot formulation
would also be highly advantageous, particularly from an industrial viewpoint. In
addition, evaluating all acrylic block copolymer formulations would increase the
number of potential low T4 monomers available to aid film formation and microphase

separation at room temperature.

Further analysis of the block copolymer films could also be conducted. Ideally, optical
transmittance studies should be repeated on films of comparable thickness as this
parameter also influences the transmittance.?* Atomic force microscopy could also be
used to assess the surface morphology of the phase-separated films to determine the
extent of particle coalescence. Mechanical testing could also be conducted to probe
the hardness, flexibility, impact resistance, adhesion of these new block copolymer
films.2 Additionally, SAXS and TEM analysis could be conducted on the wet particle
dispersions to look for evidence of internal microphase separation within the

nanoparticles.
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Appendix 1. Calculation used to determine the degree of ionization of the
PMAAss-DB and PMAAss-TTC macro-CTAs under the reaction conditions (pH 5).

For a weak acid:
HAs H* + A
Consider PMAA, macro-CTA as a weak acid:
PMAA — COOH —» H* + PMAA — CO0~
The dissociation constant (ka) can be calculated from the pka
kg = 107Pka
Ka is relative to the concentration of each species:

[H*[A7]
STV

The [H*] can be calculated from the pH value:
[H*] = 107PH
For a monoprotic acid:
[H*] = [A7]
The [HA] can be calculated by rearranging the equation for ka:

HY|[A~
i = 1

Once we have determine [H*] and [HA] we can be calculated the percentage dissociation:

[H*]
[HA]

% dissociation = x 100

229



Chapter 7: Appendices

Appendix 2. Structural parameters obtained from SAXS analysis of 1.0 % w/w
aqueous dispersions of PMAAss-PHBMA, diblock copolymer nano-objects at pH 5
using the spherical micelle model. R is the radius of gyration of the PMAAss corona
chains while xsoi denotes the volume fraction of solvent in the core.

Population of Spheres
al
Scale Radius (Sch\i/ o Ry « Sigma
(nm) (mixing (nm) “Iinterface
(M) coeff)
PMAAss-PHBMAs, 0.0009 9.6 1.3 2.5 1.0 0o 2

Population of Chains

Ry Theta Volume Scattering Scattering_
Scale length length density

(nm) sol (m3) density (sol)  (poly)

PMAAss-PHBMAs, 0.0016 1.3 0.5 6.90 9.42 10.70
al
Std R
Radius dev  (mixing ’ Sigma
Scale  (nm) (nm)  coeff) (nm)  Xsol interface
PMAAss-PHBMA3 e 0.0020 131 13 2.5 1.0 0 2
PMAAss-PHBMA1000 0.0023 165 11 2.5 1.0 0 2
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Appendix 3. Monomer conversions for all high-throughput syntheses were
determined by using HPLC to calculate the amount of residual monomer (ppm).
Example calibration plots for (a) BzZMA monomer and (b) BMA monomer and
example chromatograms for (¢) PMAAss-PBzMAsy and (d) PMAAss-PBMAsq are
shown in this figure.

a) BzMA calibration plot b) BMA calibration plot

30000 - 18000 -

16000 A »
25000 ~®
= 14000

20000 - 12000
© 10000 -
215000 <
< o << 8000 - .

10000 - 6000 e

e 4000 o
5000 -
R® = 0.9996 2000 79 . R? = 0.9998
L) P A
0 . . . . . 0 T T r r S
0 50 100 150 200 250 0 50 100 150 200 250
Amount (ppm) Amount (ppm)
c) PMAA-PBzMA,, d) PMAA;,-PBMA,,
BzMA
BMA
monomer
monomer

WLA,A, I | S W |

0 2 4 6 8 10 12 0 2 4 6 8 10 12
Time (min) Time (min)
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Appendix 4. Intensity-average size distribution plots for dynamic light scattering data
reported in Table 1 and Figure 2. This data demonstrates the effect of stirrer geometry
and stirring rate (rpm) on the synthesis of PMAAss-PBzM Asoo and PMAAsg-PBMAsoo
diblock copolymer nanoparticles via high-throughput RAFT aqueous emulsion
polymerization at 70 °C. All reactions were performed at 20 % w/w solids using a
macro-CTA/initiator molar ratio of 5.0. Intensity-average size distribution plots for
the equivalent laboratory-scale syntheses (c) and (f) are also included for comparison.

a) PMAA-PBzMA;,, synthesized
using a propeller stirrer

350 rpm N 550 rpm
450 rpm 650 rpm
1 10 100 1000

Intensity-average Diameter (nm)

b) PMAA,-PBzMA;,, synthesized
using an anchor stirrer

150 rpm
250 rpm
350 rpm
; 1'0 160 10'00

Intensity-average Diameter (nm)

c) PMAA;;-PBzMA;,, synthesized
on a laboratory scale

1 10 100 1000
Intensity-average Diameter (nm)

d) PMAA;;-PBMA;,, synthesized
using a propeller stirrer

350 rpm

550 rpm
450 rpm

650 rpm

1 10 100 1000 10000
Intensity-average Diameter (nm)

e) PMAA;;-PBMA;,, synthesized
using an anchor stirrer

150 rpm

250 rpm

350 rpm

1 10 100 1000
Intensity-average Diameter (nm)

f) PMAA5s-PBzMA;,, synthesized
on a laboratory scale

1 10 100 1000
Intensity-average Diameter (nm)
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Appendix 5. Intensity-average size distribution plots for dynamic light scattering data
reported in Table 2. This data demonstrates the reproducibility of the PISA synthesis
of diblock copolymer nanoparticles via high-throughput RAFT aqueous emulsion
polymerization of either benzyl methacrylate (BzMA) or n-butyl methacrylate (BMA)
at 70 °C using a PMAAss macro-CTA at pH 5.

a) PMAA,-PBzMA;,,

Expt. 1
Expt. 2
Expt. 3
Expt. 4

Expt. 5

100 1000
Intensity-average Diameter (nm)

b) PMAA55'PBMA5OU

Expt. 1
Expt. 2
Expt. 3
Expt. 4

Expt. 5

100 1000
Intensity-average Diameter (nm)

Appendix 6. Intensity-average size distribution plots for dynamic light scattering data
for diblock, triblock and tetrablock copolymers prepared via RAFT aqueous emulsion
polymerization. These syntheses were performed either on the high-throughput
Chemspeed A100 robot synthesizer or on a laboratory-scale. These block copolymers
were prepared via either (a) Route A or (b) Route B as outlined in Scheme 2.

a) High-throughput syntheses: Route A

PMAA ;;-PBZMA 5-PBMA ;00-PBzMA

106 (0.10) nm
PMAA ;-PBzMA 5-PBMA 5
86 (0.09) nm
PMAA ;-PBzMA 5,
49 (0.17) nm
1 10 100 1000

Intensity-average Diameter (nm)

c) Laboratory-scale syntheses: Route A
PMAA ;;-PBZMA ;0,-PBMA ;,-PBzMA
109 (0.16) nm

PMAA ;;-PBZMA -PBMA
90 (0.17) nm

PMAA ;-PBzMA
62 (0.15) nm

1 10
Intensity-average Diameter (nm)

100

1000

b) High-throughput syntheses: Route B

PMAA ;-PBMA ;5,-PBzMA -PBMA
117 (0.17) nm

PMAA 55-PBMA 550-PBZMA 500
82 (0.16) nm

PMAA-PBMA
47 (0.21) nm

1 10 100 1000
Intensity-average Diameter (nm)

d) Laboratory-scale syntheses: Route B

PMAA 55-PBMA 55,-PBzMA 55-PBMA 55
121 (0.17)nm

PMAA;-PBMA ;,i-PBZMA ;g
80 (0.13) nm

PMAA;-PBMA
64 (0.16) nm

1 10 100 1000
Intensity-average Diameter (nm)
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Appendix 7. 'H NMR spectra recorded for benzylated PMAAss-PBzMA1o diblock copolymer, PMAAss-PBzMA100-PHXMAsgqo triblock copolymer and
PMAAss-PBzMA100-PHXMAg0-PBzMA1oo tetrablock copolymer all synthesized via RAFT aqueous emulsion polymerization. All spectra were recorded in

d--DMF.

(c) PMAA,,-PBZMA ,o)-PHXMAoo-PBZMA o

water d,-DMF

water

(a) PMAA,-PBzMA, o, d,-DMF

TO

c,c
L)L A y
5 4 3 2 1 0
6 (ppm) recorded in d;-DMF
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Appendix 8. *H NMR spectra recorded for benzylated PMAAss-PBzMA1q diblock copolymer, PMAAss-PBzZMA100-PHXMAggo triblock copolymer and
PMAAss-PBzMA100-PHXMAg0-PBzMA1oo tetrablock copolymer all synthesized via RAFT aqueous emulsion polymerization. All spectra were recorded in
ds-THF.

(c) PMAA;,-PBZMA,o,-PHXMA 305-PBZMA ;00

dy-THF
dg-THF
water aa'a”
DMF bb’b”
c,c CM Q‘Kg A \
]LJ | i
dy-THF
dg-THF aa'a"”
water bb'b"
DMF A
c,c /- \

(a) PMAA,-PBZMA,,

s dg-THF aa’
M" water L dg-THF by
3

EERS LJUL_M' e - U

10 9 8 7 6 5 4
5 (ppm) recorded in dg-THF
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Appendix 9. *H NMR spectra recorded for (a) methylated and (b) benzylated PMAAss macro-CTA diblock copolymer synthesized via RAFT aqueous emulsion
polymerization. Spectra were recorded in dg-DMF.

(c) Benzylated

PMAA,, macro-CTA in d,-THF DMF d;-THF
bev & o
HooC f
ISy e
el ST Y gy d;-THF
i° DMF abcde
1
! j ( Al
i
" . L WONCCIE I
Atk

(b) Benzylated
PMAA; macro-CTA in dg-DMF

wac, : ""d e55 A, /f\g/ch)
i% j dg-DMF Xel
N P e N &/ N

(a) Methylated
PMAA;; macro-CTA

dy-DMF

dy-DMF

HOOC

boev & o ] THF
i dg-DMF abcde
a s)l\s/\/© 8
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Appendix 10. *H NMR spectra recorded for (a) methylated and (b) benzylated PMAAss-PHPMA100 diblock copolymer synthesized via RAFT

aqueous emulsion polymerization. Spectra were recorded in ds-DMF.

(b) Benzylated
PMAA,-PHPMA ,,

a a’
dy-DMF
b 56" b’ Y
(o] (o] o o
c eH/QH
f
d
g

(a) Methylated
PMAA..-PHPMA 4,

abab’'g

ababg

10 9 8
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Appendix 11. *H NMR spectra recorded for (a) methylated and (b) benzylated PMAAss-PMMAuq diblock copolymer synthesized via RAFT
aqueous emulsion polymerization. Spectra were recorded in ds-DMF.

(b) Benzylated
PMAA,,-PMMA .,
a a ds-DMF HE
e
b 56 ‘b h_ 400 A
o] 0 O 0
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Appendix 12. *H NMR spectra recorded for (a) methylated and (b) benzylated PMAAss-PBMA100 diblock copolymer synthesized via RAFT
aqueous emulsion polymerization. Spectra were recorded in ds-DMF.

(b) Benzylated
PMAA,,-PBMA,

a a’
b {756 “H | /100
(o] (o] 0 [e]
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Appendix 13. *H NMR spectra recorded for (a) methylated and (b) benzylated PMAAss-PTFEMAuo diblock copolymer synthesized via RAFT

aqueous emulsion polymerization. Spectra were recorded in ds-DMF.
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Appendix 14. *H NMR spectra recorded for (a) methylated and (b) benzylated PMAAss-PBzMA10o diblock copolymer synthesized via RAFT
aqueous emulsion polymerization. Spectra were recorded in ds-DMF.
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Appendix 15. Number-average molecular weights (Mn) and dispersities for a range of PMAA-based block copolymers synthesized via RAFT
aqueous emulsion polymerization. Block copolymers were either modified by a methylation or benzylation reaction prior to THF GPC analysis or

not modified and analyzed using THF eluent containing 4% v/v acetic acid.

Methylated block copolymers

Benzylated block copolymers

Not modified, analyzed using THF +
4% v/v acetic acid eluent

PMAA, -PBZMA, -PHXMA, -PBZMA,

Composition
M b M b M b
n n n

PMAA, macro-CTA 7,000 1.18 6,300 1.19 6,000 1.23
PMAA, -PHPMA 11,100 151 20,800 1.57 10,500 1.64
PMAA,-PMMA, | 45,000 1.79 30,600 1.77 36,000 2.18
PMAA_-PBMA 18,600 2.44 9,400 1.45 12,500 3.68
PMAA_-PTFEMA 11,400 2.94 9,100 2.13 16,700 2.94
PMAA, -PBZMA 15,900 3.05 16,100 2.22 22,300 2.34
PMAA_-PBZMA, -PHXMA, - 98,800 5.86 143,300 4.42

67,300 5.75 132,700 4.46
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Appendix 16. THF GPC chromatograms of a selection of PMAA-based block
copolymers synthesized via RAFT polymerization in water. Block copolymers are not
modified prior to GPC analysis but analyzed using a THF eluent containing 4% v/v
acetic acid. Molecular weight (M,) and dispersity (D) are calculated relative to a series of
near-monodisperse PMMA calibration standards.

PMAA-PTFEMA,,, PMAA;-PBMA,,

Q”i =2 ;2'700 gﬂ;;-;;,soo PMAAS,-PBZMA ;5
=2 M, = 22,300

PMAA-PMMA,,, l P =234

M, = 36,600

be218 PMAA.,-PHPMA,,,

M, = 10,500
PMAA,-PBZMA, 5,-PHXMAg, b=164
PMAA.,

M, = 6,000
p=123

M, = 143,300
D=4.42 \

8 10 12 14 16 18

Retention time (min)

243



Chapter 7: Appendices

Appendix 17. DMF GPC chromatograms of a selection of PMAA-based block
copolymers synthesized via RAFT polymerization in water. Block copolymers are
modified by a benzylation reaction prior to analysis. Molecular weight (M,) and dispersity
(D) are calculated relative to a series of near-monodisperse PMMA calibration standards.

PMAA;.-PHPMA, oy  pMAA.,-PTFEMA,q,

PMAASG'pMMAlgg Mn = 20,800 Mn = 9,100
M, = 30,600 =157 =213
b=177
PMAA;.-PBMA
M, = 9,400
PMAA,,-PBzMA

M, = 16,100
=222 \
\ PMAA;, macro-CTA
PMAA;.-PTFEMA \ ) M, = 7,800
M, = 9,100 1.19
b=213
10 1 12 13 14 15 16 17 18
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