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Abstract

Abstract

Reversible additiofiragmentation chain transfer (RAFT) polymerisation has been used to
synthesise a range of amphiphilic diblock copolymers. These diblock copolymers undergo
polymerisatioAinduced seHassembly (PISA) to form spherical, wotike or vesiular
nancobjects, depending on the target diblock composition and the reaction conditions.

Firstly, a poly(glycerol monomethacrylate) macromolecular chain transfer agent (PGMA
macreCTA) was utilised to polymerise benzyl methacrylate (BzMA) via RAFT agse
emulsion polymerisation. The ceferming PBzMA block was systematically varied from

62 to 1235 to form a series of PGMAPBzMA, diblock copolymer spheres with mean
particle diameters ranging from 28 to 230 nm at up to 50% w/w solids. BzMA conversions
of at least 98% were achieved within 6 h at 70 °C. Thekerical nanoparticles were used to
prepare stable eih-water Pickeringemulsions at various copolymer concentrations. The
cis-diol functionality on the PGMA stabiliser chains enabled-gaftective adsorption of
PGMAs:-PBzMA,,, nanoparticles onto patterned phenylboronic -derdttionalised planar
silicon wafers.

A poly(steayl methacrylate) (PSMA) macfGTA was prepared via RAFT solution
polymerisation in toluene. This PSMAmacreCTA was then employed in the RAFT
dispersion polymerisation oN-2-(methacryloyloxy)ethyl pyrrolidone (NMEP), im-
dodecane at 90 °CH NMR studes confirmed that the rate of NMEP polymerisation was
significantly faster than that of a n@olar monomer (BzMA) under the same conditions. A
series of PSMA-PNMER, diblock copolymer spheres, worms or vesicles could be prepared
via PISA, depending on ¢htarget degree of polymerisation (DP) of the dorening
PNMEP block and the solids content. This enabled construction of a phase diagram which
allowed pure copolymer morphologies to be reproducibly targeted. RSRMMER,y
spheres were evaluated as Rithg emulsifiers: either watémn-oil or oil-in-water Pickering
emulsions could be obtained depending on the shear rate employed for homogenisation.
Further investigation suggested that high shear rates leiadsitu inversion of the initial
hydrophobicdP SMA;,-PNMER, spheres to forrhydrophilic PNMEPR,;-PSMA, 4 spheres.

The RAFT solution polymerisation of NMEP was conducted in ethanol at 70 °C. Reducing
the CTA/initiator molar ratio from 10.0 to 3.0 when targeting PNMERd to a thredold
enhancemdnin the rate of polymerisation, which led to higher final monomer conversions.
A PNMEPR;, macreCTA was chairextended with BzMA via RAFT alcoholic dispersion
polymerisation. Electron microscopy studies indicated that the full range of diblock
copolymer maphologies could be obtained. A PNMEPBzMA,3, diblock copolymer was

al so synthesisedpota preatoovelhi ent etbarol
solution polymerisation of NMEP followed by the RAFT dispersion polymerisation of
BzMA. TEM aralysis of aliquots extracted during the diblock copolymer synthesis indicated
a gradual evolution in copolymer morphology from spherical micelles to pure vesicles via
worms.

Finally, a PGMA macreCTA with a mean DP of 63 was chamtended with NMEP under
RAFT aqueous dispersion polymerisation conditions. The target PNMEP DP was
systematically varied from 100 up to 6000 to generate a series of RENUER, diblock
copolymers in the form of highigolvated particles, as judged By NMR. Kinetic studies
corfirmed that the RAFT aqueous dispersion polymerisation of NMEP was approximately
four times faster than the RAFT solution polymerisation of NMEP in ethanol when targeting
the same DP in each case. Spontaneous dissolution of the BEMMER, particles occrs

on cooling from 70 °C to 20 °C as the weakly hydrophobic -tmm@ing PNMEP block
passes through its LCST and becomes hydrophilic. Thus this RAFT aqueous dispersion
polymerisation formulation offers an interesting and efficient route to a high molecular
weight watersoluble polymer in a convenient lewiscosity form.

Vi
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Chapter 171 Introduction

1.1 Polymer Science

Polymers are found everywhere in modern life, from everyalggcts such as a
toothbrush to highiech applications such as bulletproof vests. A polymer consists of
many covalentlybonded repeat units called monomers. The mean number of repeat
units per chain is known as the degree of polymerisation (DP). Staudirgjer
postulated the existence of macromolecules almost a century ago. This insight
eventually earnt him the Nobel prize in Chemistry in 1933lymers can be
characterised in various ways depending on their origin, structure, formation and
properties. Blymers can either be natural (e.g. cellulose) or synthetic (e.g.
polystyrene). They can be linear, branched or crosslinked and can be formed by
either addition or condensation reactions. They can have many important
applications as plastics, elastomersresins® This shows the true diversity of the

evergrowing field of polymer chemistry.

Unlike small molecules, polymers do not have a finite molecular weight. Instead they
have a distribution of molecular weightsigure 1.1), since each polymer chain can
have a different number of monomer repeat units. This molecular weight distribution
(MWD) means that most experimental measurements of moleculghtwesport

only an average value. The two most common molecular weight averages are the

numberaverage molecular weighivif) and the weightiverage molecular weight
(Mw).

Number-average
molecular weight (M)

Weight-average
molecular weight (M,,)

Number of molecules

v

Molecular weight

Figure 1.1 Schematic representation of a molecular weight distribution curve for a
polymer indicating the number-average molecular weight1,) and weightaverage
molecular weight (M,,).>*
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M, is defined by Equatiofh:

€0 (1)

0 :
£

Wheren is the total number of monomer repeat urlisis the molecular weight of

the monomer repeat unit ant the total number of species.
My is defined by Equatioa:

g0 )
€0

O

As shown inFigurel.1, My, tends to be skewed towards a higher molecular weight
than M,. The My/M, ratio can be used to assess the breadth of the MWD. This
parameter is also known as the dispersity. If all polychains were the same length,
My and M, would be identical resulting in a dispersity of unity. As this is not the
case andV,, is biased towards higher molecular weightt,/M, is always greater
than unity? M, andM,, can be measured by gel permeation chromatograpRE}if
appropriate calibration standards are available.

1.2 Free Radical Polymerisation

Free radical polymerisation is a type of chain growth polymerisation. It is one of the
most simple and versatilgpges of polymerisationsince it is applicable ta wide
range of functional vinyl monomer®lore-over, thistechnique can be used over a

broad range of operating conditiofg®lution, emulsion, dispersion, suspension etc.).

There arghreekey stepsn free radical polymerisation; initian, propagation and
termination.These are shown iRigure 1.2. Initiation can be broken down into two
stages Firstly, the decomgsition of the initiator to produce free radicakhis is

usually achieved by thermal homolysis of the initiator to form a pair of radicBls (R

The radical then reacts with a monomer unit fd produce a monomeadical
adduct (MB. Successive monomeddition then occus during propagation until
finally chain termination occurs. Termination can occur in one of two ways, either by
combination or disproportionation. If termination occurs by combination, two
polymer radical€ombine to form a singlehan, which hasa molecular weight equal

to the sum ofthe two polymer radicalsAlternatively, termination can occur by
disproportionation, whereby a hydrogen atom is transferred frorpaymer radical
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to another, resulting in a terminal vinyl group on @hain and a hydrogeoapped

chain on the other.

I —_— 2K Decomposition
k. . Initiation
R+ M —— P Initiation

Propagation

P, + Py > Poim Combination L.
Termination

p - 4, p LoP H Disproportionation
n

Figure 1.2 Reaction mechanism for free radical polymerisation showing initiation,
propagation and termination steps’

Decomposition, initiation, propagation and termination da@ described by
equations 3 to 6, whereyfs the rate of decomposition; R the rate of initiation, R

is the rate of propagation and iR the rate of termination (where % ki + kig). The
ahlity of the radical to react with the monomer is defined as the initiator efficiency,
f.
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In a free radical polymerisation, the rate of initiatiofinsited by the relatively slow

rate of initiator decomposition. Therefore, the taétermining stegs initiation,
rather than propagatio@nce thepolymerisationhas been initiated, high molecular
weight polymers are formedalmost immediately In addition to initiation,
propagation and termination side reactions can also occur in a free radical
polymeisation. These undesirable side reactions include chain transfer to polymer,
monomer, initiator or solvent. These side reactions are depicted generidaltjyia

1.3in which X represents the chain transfer species.
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P, + X —— P+ X

Figure 1.3 Chain transfer during free radical polymerisation.

One disadvantage of free radical polymerisation is tiateactivity of the polymer
radical species makes it difficult to control the molecular weight distribution of the
resulting polymer.The short lifetime of the propagating radical also makes it
impossible to make certain copolymer architectures such as block copolymers.

1.3 Living Anionic Polymerisation

Living anionic polymerisation has no intrinsic termination step, which allows the
synthesis of narrodMWD polymers with a given target molecular weighn a

living polymerisation, the rate of initiation must Ibeuch faster than the rate of
propagatiort. Under these conditions, all chains are initiated at the same time and
then grow uiformly.” There is no termination because carbanions cannot react with
each other. These reaction conditions lead tonarow MWD. OLi vingo
polymerisations areswally characterised by a linear increase imletular weight

with conversion. In contrast, high molecular weights are formed at the start of a free
radical polymerisation Rigure 1.4).2 Living anionic polymerisation offers a
convenient route to theysthesis of welldefined block copolymers by sequential
monomer additiorsince the chains remain active after all the initial monomer has

been consumed.

The first reporte@xample of living anionic polymerisation was by Szwarc in 1956.

A sodiumnapthalene complex was used to initiate the polymerisation of styrene at

-80 °C. Subsequent additions of styrene ¢
polymerisation. Styrene hasinse been used for many living anionic
polymerisations®** Organolithium compounds such asbutyl lithium are often

used as suitable initiators; they react
that maintains its reactivity even after contplenonomer consumption (s€gure

1.5).1

The main disadvantage of living anionic polymerisation is its intolerance towards
impurities and monomerfunctionality. Living anionic polymerisations require

extensive purification of both monomer and solvent as well as rigorous cleaning of
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the glassware. Reactions are also often conducted at relatively low temperatures (<
50°C).!?

"Free radical polymerisation

Living anionic
| polymerisation

Molecular weight

v

Conversion (%)

Figure 1.4 Molecular weight versus conversions for a free radical polymerisation and a
living anionic polymerisation.

eLc) (Y e ® © ®

n-Buli CH;=CH —— y-Bu—CH,—CH Li p— n-Busrnnnnr CH,—CH Li
Nucleophilic -

addition Propagation reaction

O

Styrene Living polystyryl lithium

Figure 1.5 Living anionic polymerisation of styrene’*

1.4Controlled/6 Li vi ngd6 Radi cal Pol y

Controlled/Iliving radi cali vpodb9 metreicshantiiqoul
polymerisations are characterised by the suppression of termination relative to
propagation. This is achieved by the rapid equilibrium between active and dormant
chains. Active polymer radicak are reversibly deactivated to minimise the
probability of terminatior. There is some disagreement over the nomenclature used

for controlled/living radical polymerisationbecause termination is merely
suppressed, rather than eliminat@tierefore the International Union of Pure and

Applied Chemistry (IUPAC) has recommended using the temeversible

deactivation radical polymerisatio(RDRP).°

RDRP combines the high levels of control conferred by living anionic
polymerisation with the tolance towards functionality and impurities that

characterises free radical polymerisation. Advantages of RDRP include reliable
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targeting of molecular weights, narrow molecular weight distributions and ease of
implementation. RDRP is weduited for the syhesis of functional block
copolymers and other copolymer architectures are also possible, as shégyuare
1.6.1°

g i HRES

AB Diblock Copolymer ABC Triblock Copolymer Graft Copolymer (comb)
AB Alternating Copolymer Diblock Copolymer Brush Star Copolymer

Figure 1.6 Block copolymer architectures reported in literature 1**°

Two main RDRP mechanisms are the persistent radical effect (PRE

degenerative transféf!’ Both involve an equilibrium between an active and

dormant species, séegurel.7.

kact .
P—A —= P t A
o (1)
eac p M
Dormant Active
chains chains

Figure 1.7 General dormant-active speges equilibrium in reversible deactivation
radical polymerisations™®

The three most widely used types of RDRP are nitreriddiated polymerisation
(NMP), atom transfer radical polymeason (ATRP) and reversible addition
fragmentation chain transfer (RRA) polymerisationEach polymerisation technique

will be discussed inletail inthefollowing sectionsATRP and NMP follow the PRE
mechanism, whereas RAFT follows the degenerative transfer mechanism. The PRE
does not require the addition of a radicaltiator because the activation step

generates a propagating radical. A capping species which is unable to undergo
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terminati on, known as a O6persistent rad,;
polymer radical, P This increases the lifetime of the donmiapecies relative to the

active species. The rate of deactivation is much higher than that of activation,
causing an increasing concentration of the dormant species and a concomitant
reduction in B which leads to a reduced rate of termination. In contrast, RAFT
follows the degenerative transfer mechanism. This follows the same initiation and
termination steps as free radical polymerisation and requires a radical initiator. An
equilibrium between ahain transfer agent (CTA) and a propagating radial is
established, in which the CTA forms a dormant speti@his mechanism will be

discussed further in sectidnb5.2

1.4.1Nitroxide -Mediated Polymerisation (NMP)

Initially, NMP synthese were based onthe use of a nitroxidde.g. 2,2,6,6
tetramethylpiperidinyl-o x y ( TEMPO) ) and a t her mal
azobisisobutyronitrile (AIBN))ut this has since bealeveloped tenableuse of a
unimolecular alkoxyamin@itiator. This alkoxyamine decomposes to form both the
nitroxide and the initiating radicaf. Such unimolecular initiatorslead to better

control over polymer molecular weights and dispersitie&

NMP is based orthe PRE.Figure 1.8 shows the mechanism using either (a) an
alkoxyamine or (b) a nitroxide anah initiator; both methodsnvolve a dynamic
equilibrium between an active and dormant state. During the active ra@temer
adds tahe growing polymer radical.

R—O—N\ R—R + °*O—N
Ra Nitroxide R
(a) Alkoxyamine + (b)
Initiator
R1 kact /R1
NP —0—N —~———— M"Pn. + *0—N

\R kdeact \R 5
2 +M

kp

Figure 1.8 The activation-deactivation equlibrium in ni troxide-mediated
polymerisation, (a) using a unimolecular initiator or (b) using a two-component
system®®
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Nitroxides and alkoxyamines have high bond dissociation energies and therefore
NMP is typicallyconductedat high temperatures (> 12€ when using TEMPOJ*

NMP is useful for a wide range of monomeitacluding styrene, acrylates,
acrylamides, dienes and acrylonitrile but unfortunatglycannot be used for
methacrylates. Compared with oth&DRP techniques NMP is a relatively
environmenmally-friendly techniquébecause of ittack of a metal catalyst (ATRRY

malodorous suifr compounds (RAFT).

1.4.2Atom Transfer Radical Polymerisation (ATRP)

ATRP was developed independently by Sawarffaad Matyjasewsk? and their
co-workersin 1995 ATRP requires the use of a metal catalyst comptedkan alkyl
halide initiator. Figure 1.9 outlines the mechanisnthe metal catalystleavesthe
alkyl halide bond causing the metatatalystto attaina higher oxidation state and
generatean alkyl radical.The latter species then able to react with free monomer

to generate a polymer radicl.

kact

X—CulX/L + P,

kdeact Q-l\y . kt

ARGET
ICAR

P,—X + Cu'X/L

Oxidising Agent Reducing Agent

Figure 1.9 ARGET and ICAR ATRP using a copper catalyst**

The most efficient and therefore most commarRP catalysts involve copper. The
oxygen sensitivitytogether with theicost of removalmade early ATRP syntheses
uneconomicfor industry. Since 199mewATRP formulations have been developed,
such as activator (re)generated by electron transfer (ARGET) ATRP and initiator for
continuous activator regeneration (ICARYhese ATRP formulations enable
regeneration of the metal afyst. Consequentlyless catalyst is requiredwhich
reduces both theverall cost andalsothe oxygen sensitivity of the polymerisation.
One disadvantage of ATRP is thattigic metal catalyst requires remo\atithe end

of the polymerisation for almosll applications
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ATRP has a high tolerance of monomer functionality and can be used for
(meth)acrylates, (meth)acrylamides and styrekisyvever, ATRP cannot be used
for acidic monomers or dienés® Acidic monomers can protonate ligands and
degroy the catalyst, whereas dienes displace ligands and generate lesaatbdox

species.

1.5Reversible Addition-Fragmentation Chain

Transfer (RAFT) Polymerisation

RAFT polymerisation is a type of living radical polymerisatitirat can produce
well-definedblock copolymers. It was first reportéy Rizzardoand ceworker$ in
1998 and over thpast two decadeRAFT has become a huge area of interest with

hundreds of papers being published each 3&4f.

RAFT polymerisationfollows a degenerative chaimansfer mechanisrand uses a
CTA to confer control over thanolecular weight with low dispersitiesbeing
routinely achievable (typicallyM./M, < 120)2° RAFT is a highly versatile
techniquethat can be usei polymerise a wide range of functional vinyl monomers.
These include styrene, (meth)acrylates, (meth)acrylamides and vinyl adétate.
initiator type and concentration can also play a vital role in RAFT polymerisations.
Typically, thermal initiators & used ( e. g.-azobib(&yanowlerd 4, 40
acid) ACVA)) but UV*® and gamma sourtkinitiation have also been reported in
the literatwe. High CTA/initiator molar ratios areormally associated with well
controlledpolymerisationstesulting in nammw dispersities. However, this can lead to
prolonged reaction timeseading togreater loss of the RAFT efgtoup>? Thus a
careful balance is requiregarticularly when targeting diblock copolymers to ensure
high chairend fidelity while maintaining nalow dispersities.

RAFT polymerisations have been conducted in a wadge of reaction medi&rom
organic solverst such asbenzen® to protic solvents, for examplalcohol$® and
water®* RAFT hasalsobeen conducted in less conventional solvents siscionic
liquids® or supercritical carbon dioxid®.One important consideration for selecting
a solvent is that the RAFT CTA must be soluble in the reaction mediGRAFT
agent selection will be discussed further in sectiénl
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1.5.1Selection of a suitable RAFT chain transfer agent

Thechoice ofRAFT CTA is essentialor asuccesll RAFT polymerisatiorf’*’ The
generic chemical structure of a RAFTTA is shown in Figure 1.10. The
effectiveness of the RAFT CTA depends on the selection of appropriate Z and R

groups for a given monomer, as well as the reaction conditions.

C R
7 s

Figure 1.10 Generic chemical structure of aRAFT chain transfer agent, where R is a
good leaving group and Z is a stabilising group.

The Z group should activate the C=S bond towards radical addition and also stabilise
the transition state formed on addition of the propagating radigpical Z groups
include aryl and alkyl grougS.The R group must be a good radical leaving group,
but should also be capable of-iretiating polymerisation. Examples of suitable R

groups include cumyl and cyanoisopropyl groups.

S S S S
R Z )J\ R Z )L R Z J\ R
S/ \S S/ \O S/ \T S/
Z,
Dithiobenzoate Trithiocarbonate Xanthate Dithiocarbamate

Figure 1.11 Dithiobenzoate, trithiocarbonate, xarthate and dithiocarbamateRAFT
chain transfer agents.

Four classes of RAFT CTAs have been reporteithiobenzoates (DB),
trithiocarbonates(TTC), xanthates (dithiocarbonates) and dithiocarbamates (see
Figure1.11).2 Careful selectiorof the RAFT CTA is requiredgithiobenzoates have
very high transfer constants but may cause retardation when aisddgh
concentrationsln contrast,xanthates have lower transfer constants and are more

effective with less activated monomé¢kAMs) such as vinyl acetafe.

11
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Moadand ceworkers have reported guidelines for selectban appropriat®AFT
agent for a given monomeFigure 1.12).2 Solid lines indicate where good RAFT
control is achieved, whereas dashed lines indicate only partial RAFT control. In
general, more activated monomers (MAMsEh as methacrylates give better results
when using a dithiobenzoate or trithiocarbonate RAFT agent whereas LAMBI{e
vinyl pyrrolidone NVP) perform better when using a xanthate or dithiocarbamate.
Incorrect pairingof the monomer and CTA can inhibar significantly limit the

polymerisation leading to low monomer conversions.

—
Z: Ph >> SCHs ~ CH, ~ Ng >> Nij > OPh > OEt ~ N(Ph)(CHs) > N(Et),

MMA — VA
S, MA, AM, AN ——— oo -
CH,  CH, CH,
R |-on ~ |-ph > }—Ph > I—COOEt > I—CH —'—CH ~ I—CN ~ ’—Ph > |-cH, ~ I—Ph
CH;  CHy  COH Hy  CHy CH;  CHq
MMA ———======mnnnnn -
S, MA, AM, AN
---------------- N V7 V.4 ] ————

Figure 1.12 Guidelines for the selectiorof an appropriate RAFT agent for various
monomers.Solid lines indicate that good control can be achieved, whereas dashed lines
indicate only partial control.®

More recently, the developmentof-soa |l | ed O6uni ver salNg4- RAFT
pyridinyl)-N-methyldithiocarbamatbave enabled the polymerisatiof both LAMs

and MAMs Figure1.13).%® Therefore allowing diblock copolymers to be synthesised
in which one block comprises a MAM and the other is composed of a.LAM
Benaglia and cavorkers initially protonated the above universal RAFT agent using
4-toluenesulfonic acid, which enabled the polymerisation of methyl methacrylate
(MMA). The resulting PMMA macromolecular chain transfer agent (m&dra)

was neutralised bydding a stoichiometric amount dEN-dimethylaminopyridine
(DMAP). This neutral PMMA macr&€TA was chairextended with a LAMvinyl
acetate (VAc), to form a PMMAVACc diblock copolymer. GPC analysis indicated a
relatively high blocking efficiency compateto the PMMA macreCTA but a
relatively broad molecular weight distributioM(/M, = 1.39) for the diblock

copolymer.

12
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©
s
\ s
®N=< \N
5—R .
= _ 5—R RAFT of LAMs
- _ >
N N e.g. VAc, NVP
N N
base H®
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N
/ S—R S—R RAFT of MAMSs
/ — [ ’
J N e.g. MMA, MA, Sty
h oN
i /

=

Figure 1.13A wiuver s al 6 NR@pylding)gNemethyldithiocarbamate >

Onedisadvantage of RAFT polymerisation is that it produces intrinsically coloured
and dten malodorous polymers, both of which aaétributed tothe sulfurbased
RAFT CTA However, this problem has been significantly reduced by Moad and
co-workers, whoreportedefficient removal of theRAFT CTA from the polymer
chainends?*** Themost commomethods oRAFT endgroup removal are outlined

in Figure 1.14. Reacting lte thiocarbonylthio compound with a nucleoph(éeg.
amine&? results in the formation of a thid{*' This is perhap the most established
RAFT endgroup modification method. Thermal decomposition of the RAFT agent
offers a solvenfree route and cometely removes theulfur from the polymer
chainend to leave an unsaturated cha&ind®® Other methods include the use of

radicalé® or dienes?

X
R n\ S
<N R n

Y X Y

Thermal

elimation

S S
R
X Y 7

—~N /R
Diene .
Radical
induced

Figure 1.14 Schematic representatiorof the main methods of RAFT end group
removal/modification.®"*°
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1.5.2Mechanism of RAFT polymerisation

The mechanism of RAFT polymerisatfffi?® is based on the santbreesteps of

polymerisation as free radical polymerisation(initiation, propagation and
termination) However, propagation is slightly differenfrom that in conventional
free radical polymerisatiorfFigure 1.15). Initiation involves a conventional free
radical initiator such aan azo or peroxide compoutmgenerate radicalsyhich are

then able to react with the monomer to generate a polymer radigal (P

Initiation

Initiator —— I’ Lﬁ- l’- P,

Reversible chain transfer

- S
. — R Kygg P —S S—R K P,—S )
P, 4 S S R add Py S, B + R
—_— —_—
j/ Kaaa K V4
M A
kp

z

Reinitiation
.M . M M -
R Tl-— R—M —» — 3= P

Chain equilibrium

. S S—Pr, Pho—S._. S—FP, Pp—S s + P,
Pm . Y I, \‘r n
—

w | y z w

k, K
Termination

. K
P, + P, —— Dead polymer

Figure 1.15 The accepted mechanism for RAFT polymerisation according to Rizzardo
and coworkers.®

RAFT also hasthe additional kinetic steps of reversible chain transfer, reinitiation
and chain equilibriumas shown irFigure 1.15. Reversible chain transfer involves
the growing polymer radica(P,B reactng with the RAFT CTA (or macr&TA).
Fragmentation of the intermediate radical leaves a polymeric thiocarbonylthio
compound ad a new radica(RE. REthenreinitiates the polymerisation, reacting
with monomer units to form a new polymer radicalBP PnEcan reversibly add to

the macreCTA produced in the reversible chain transfer step. This is the chain
equilibrium stepthat produces controlled chain growth. Rapid equilibrium between
active polymer radicals (Eand Png and the dormant polymeric thiocarbonylthio

14
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compound provides an equal opportunity for the chains to grow. This allows
targeting of molecular weight and gsnarrowMWDs.

The final stage is the comlaition of two polymer radicals to form a dead polymer
chain. RAFT suppresses termination of polymer chains relative to propagation, but a
small amount of termination is still preséftThe probability of termingon and
chainend deactivation increases as the monomer concentration is reduced
(monomersstarved conditions)Therefore RAFT polymerisatns are often quenched
prior to full conversion to allow the RAFT CTA to remain attached to the polymer

chain for subequenthain extensionf desired

1.6 Emulsion Polymerisation

Conventional emulsion polymerisation invess four key components; a water
immiscible monomer, watesoluble initiator, surfactant and water. The use of water
as the reaction medium has sevadl/antagesincluding low viscosity, a cheap
environmentallyfriendly solvent and the efficient removal of heat from the
polymerisatiori*> Consequently this has led to emulsion polymerisation being
heavily used in industry for the manufacture of paint#ieaives and coatisg>*°
One disadvantage to conventional emulsion polymerisation issth@fuhigh levels

of surfactant. This isequired for smaller latexdsut it can havea negative effect on

important polymer properties, such as film formation.

Conventional enulsion polymerisation involves three key stages; interkdl and
1. *>*8 For simplicity, conventional emulsion polymerisation will be discusdmd
the same principles apply RAFT emulsion polymerisation with thsurfactant

beingreplaced witha hydrophilic macreCTA.

Interval | begins withmicrometresized surfactarstabilised monomer droplets and
surfactant micelles in solutidfi. The initiator generates radicals in the aqueous
phase; these radicals are then able to react wgmall amount ofwatersoluble
monomer to form oligoradicals. Notwithstanding fbev aqueous solubilityf the
monomer a relatively small amount is present in the aqueous phase. Up to a critical
chain length oligoradicals arealso solubke in the aqueoughase Figure 1.16;
Interval I). Oncethis critical chain length is reachealigoradicals can either undergo

homogeneous nucleation or heterogeneous nuclédtiliomogeneous nucleation

15
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uses free surfactant present in solution to generate new mic€lnversely,
heterogeneous nucleation involves the oligoradical entering a preformed surfactant
micelle. Heterogeneous nucleation is the primary route taken when tlaetasot
concentration is above the critical micelle concentration (CMC). Below the,@QbIC
surfactant micelles are present and therefore homogeneous nucleation occurs. During
interval |, rapid polymerisation occurs with an increasébath polymerisation ate

and number of particles with time (sEgure 1.17). Interval | iscompletewhen all

surfactant micelles have become monoswollen latex particles.

.os'\}?IZé'-
U -

| . e ./
\\'mf;,-. ~ e
? Droplet % | .: .%T

'./{/lm}) \7 2%
° < 3
P ANy

Water

Interval 11l

A0, o~

U Ny I

.3\1',:. Ny

\ Surfactant
stabilised J*%.

polymer

\
»

Water

Figure 1.16 Schematic representation of the three primary intervals (1, 11, lll) in

conventional emulsion polymerisatior>*®
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Surfactantstabilised monomer droplets and monors&rollen nascentparticles are
present m interval Il. During interval Il the monomer concentration in solution
remains relatively constant. Monomer frothe surfactanstabilised monomer
droplets replacedissolvedmonomer inaqueoussolution & it enters the monomer
swollenlatexes, resultingn a constantpolymerisation rateRigure 1.17). When all
monomer droplets have been com&a and only monome&awollen latexes are

presentinterval Il is completé®

A reductionin the polymerisation rate occurs during interval Ill as the monomer
concentrathn decreases within the mononssvollen latexesKigure 1.17). Interval

Il continues until all monomer is consutheand only colloidally-stable latex
particles remaiff®

Polymerisation
Rate

Interval | Interval Il Interval Il

0 50 100
Monomer Conversion (%)

Figure 1.17 Rate of polymerisationversus nonomer conversion for an emulsion
polymerisation, illustrating intervalsl, Il and 1lI.

In addition to surfactardtabilised emulsion polymerisations,-c@a | | ed ©ésur f a:
freed emul sion pol ymer i Thafinal latexartclesare al s o
usually stabilised bither surfacecharge or by a polymerisurfactant such as a
poly(ethylene oxidepased macromonomeFigure 1.18).*® For example, using an

ionic initiator such as ammonium persulfate fbe temulsion polymerisation of

styrene initially leadso the formation of anionic sulfateapped styrene oligomers in

the aqueous phase. Given their surfaeli&et character, these oligomers undengo

situ selfassembly to form micelles, which act as the locus for the ensuing styrene
polymerisation T much like a conventional surfactestbilised emulsion

polymerisation.

17
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When a polymeric surfactant is used, such as a hydrophilic r@choin RAFT
agueous emulsion polymerisation, the watemiscible monomer polymerises from
the macreCTA, which remains soluble in the reaction solution up to a critical DP.
At this point, the hydrophobic oligomer becomes insoluble andassémbles into
micelles wherethe hydrophilic macr&TA acts as a steric stabiliser for the

nanoparticles.

~ ~ "_»-I'—.-s.t N Stabilisation by
~ . . 7 - - . A . .
L -\ ionic surfactant
= - -
- Ve !
A rel

R - Electrical double layer
’

Stabilisation by
polymeric surfactant

Figure 1.18 Stabilisation of polymer latexes by either an ionic surfactant or a polymeric
surfactant.*®

1.7 Dispersion Polymerisaton

In a dispersion polymerisation, the monomer, initiator and stabiliser are fully soluble
in the solvent of choice. One essential criterion for dispersion polymerisation is that
the monomer is soluble in the reaction mixture, whereas the resulting palyme
insoluble®®*! This somewhat limits the monomer/solvent combinations possible for
agueous dispersion polymerisations and as a result, has led to much of the literature
being focussed on neaqueous formulatior®. Dispersion polymerisation can be

usal to form neamonodisperse particles in the range of 0.1 tprh5* Commercial
applications of such latexes include inkjet printing, electronic displays and solvent

coatings>’

The mechanism of a dispersion polymerisation can be separated intoy Skeke
(Figure 1.19).>° Initially, the monomer, (polymeric) stabiliser and initiator are all
soluble in the reaction solution. The reaction mixtgréhen heated, causing thermal
decomposition of the initiator to form radicals. In step 2, the initiator radicals react
with monomer and begin to form oligomers. These oligomers are soluble in the

solvent up to a certain critical molecular weight. Theyntpeecipitate to form small

18
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unstable particles or nascent nuclei, as indicated in step 3. In this step, the stabiliser
starts to adsorb onto the unstable particles, which begin to aggregate and increase in
size (step 4). Further adsorption of the staliilesesntually leads to colloidally stable
particles (step 5). The particles continue to grow as the remaining monomer and
oligomers enter the particles. At this stage, no new nuclei are formed. Finally, in step
6 the monomer is depleted and only stericatbilised particles remain. This

indicates the end of the polymerisation.

| " | 1§ @) ~~r

Y A M</'
AVAV] : ?j\ /‘ 1\

y "Ly NV Y T

I J

.
T

1€ I ® ~ @) ~~r

@‘
‘f-b
««,‘w

I = Initiator A\ = Polymeric stabiliser /A" = Propagating chain Q = Stable particle
I* = Initiator radical M = Monomer /~\/~/ = Polymeric oligomers @) = Unstable particle

Figure 1.19 Schematic representation of the main steps involved in dispersion
polymerisation.>*>2
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Although the majority othe literature involves nepolar solvents, -hydroxypropyl
methacrylate (HPMA) is a rare example of a vinyl monomer that is wsatable but
leads to a wateinsoluble polymer? Ali et al. reported the synthesis of PHPMA
latexes by dispersion polymerigm (Figure 1.20). These latexes were stabilised by
poly(N-vinyl pyrrolidone) (PNVP) and were synthesised af60° Control over the
particle sizefom 0.17 1.0 um was achieved by varying the choice of initiator and

the stabiliser concentration.

Egz W _ PNVP
>

H,0, 60 °C
Free radical initiator

HPMA

Figure 1.20 Schematic representation of the synthesis of PNV§tabilised PHPMA latex
particles via aqueass dispersion polymerisation a0 °C.*

1.8 Sel-Assembly

An amphiphilic molecule contains two distinctly different components connected by
a chemical bond. Usually, one part of the molecule is hydrophilic and has a strong
affinity to water, whereas the other part is hydrophobic and repels water molecules.
The mast common example of an amphiphilic molecule is a surfactant. Surfactants
have long hydrocarbon tails joined to a hydrophilic hgealip. Classification
depends on their hydrophilic hegdoup which can be anionic, cationic, zwitterionic

or neutral. Common examples include sodium dodecyl sulfate (SDS),
cetyltriammonium bromide (CTAB), phospholipids and stearyl alcohols,
respectively. The amphiphilic nature of surfactants leads to interesting behaviour in
aqueous solution. The hydrophilic hegidup is ableto form multiple strong
hydrogen bonds to water molecules, whereas the hydrophobic alkyl chains are
incapable of interacting with water molecules and therefore do not undergo hydrogen

bonding. The balance between these two types of interactions causetasisf(and
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amphiphilic molecules in general) to saksemble to form aggregates or micelle in

aqueous solutiorf:>

Seltassembly occurs spontaneously and is a thermodynarmitaln process. The
selfassembled structures are not held togdblyestrong covalent or ionic bonds but

by weaker van der Waals, hydrophobic interactions, hydrogen bonding and screened
electrostatic interactior. This results in soft, flexible materials that can respond to
changes in the solution (such as pH or etdygte concentration).

AB block copolymers can undergo microphase separation in the bulk. This occurs
because the enthalpy of demixing exceeds the entropy of nifxifige covalent

bond between the two blocks prevents macroscopic phase separation. Aofrange
diblock copolymer morphologies have been observed, including spheres, cylinders,
bicontinuous gyroids and lamellaBigure 1.21).>” Three parameters influence the
final copolymer morphology. Firstly, the volume fractidasndfg for the A and B
blocks, where the total volume fraction must be urigy s = 1). Secondly, the total
degree of polymerisatiol\ (whereN = Na + Ng) and thirdy the FloryHuggins
parameterGag (See Equation’), which describes the incompatibility of the two

blocks®™®

P
’?’Q "Y

- [ (7)
C

Here lg is the Boltzmann constant, T is the absolute temperature,ghda ind®gg
are theinteraction energies for the A and B segméhtdhe FloryHuggins
parameter varies inversely with temperature and is positive whBnnderactions

result in an increase in the overall energy.

Combining the FloryHuggins parametet {g) with the degree of polymerisatioN)

can give the degree ofgegation (N) between the two blocks. Comparing this to
the block volume fraction leads to a theoretical phase diagram, as shéuguia

1.21. This can be used to predict the various copolymer morphologies for an AB
diblock. Whenf, is 0.5 (i.e equal volume fractions of A and B blocks), lamellae are
observed. At lowerfs values, spheres, cylinders or bicontinuous gyroids are

observed. However, increiagfa above 0.5 leads to inverted structures.
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Figure 1.21 Theoretical phase diagram and correspondingolid-state morphologies for
diblock copolymers. The phases are indicated as follows: body centered cubic (BCC),
hexagonal cylinders (HEX), gyroid (GYR) and lamellae (LAM). f, is the volume
fraction of polymer block A, Gis the Flory-Huggins interaction parameter andN is the
total degree of polymerisaion.®®

In solution, he composition of a block copolymer can strongly influence the final
morphology. Subtle changes in the degree of polymerisation lead to a change in
relative volume fractions and therefore change the copolymer morphology. This is
detemined by the packing parameter, P, as shown in Equ&tion

- () 8

0o ®
HereV is the volume of the hydrophobic blodk is the crossectional area of the
hydrophilic block andl is the length of the hydrophobic segm&hEigure 1.22
shows how the packing parameter influences ttieassembly of block copolymers.
High curvature (FOwm) is observed when the hydrophobic segment is relatively small
compared to the hydrophilic block; this results in a eliqee structure which self
assembles to form spherical micelles. Increasing tbpgption of the hydrophobic
block leads to a gradual reduction in the curvature. This can lead to-hkerm
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micelles, rods or cylinders whaw O P O Y. Further increasing the hydrophobic
block volume fraction can lead to very low curvatureO(F: O 1) resuting in a

bilayer structure or a vesicular morphology.

Spheres Vesicles
/\A < »
p |74
B aop lc
High Medium Low
Curvature Curvature Curvature
P<% %<P<Y %<Ps<1

Figure 1.22 Self-assembly of block copolymers into three different morphologies
(spheres, worms or vesicles) depending on the packing parameter®P.

Amphiphilic block copolymers can undergo saffisembly in aqueous solution. This
can be achieved in various ways including the solvent switch nfétaod thin film
rehydration”>®® The solvent switch method involves the amphiphilic block
copolymer beingnolecularly dissolved in a solvent which is good for both blocks.
Slowly introducing a solvent that is selective (a poor solvent) for one block induces
phase separation and aggregation begins to oEcurexample, Eisenberg and-co
workers preparegbolystyrenepoly(acrylic acid) (PSPAA) diblock copolymers by
sequential anionic polymerisati6h®® These PSPAA diblock copolymers were
dissolved in DMF, which is a good solvent for both PS and PAA. Deionised water,
which is a poor solvent for the PSobk, was slowly introduced causing the diblock
copolymers to selassemble in situ. The FSAA system has been studied in great
detail and a wide range of copolymer morphologies have been observed with varying
block compositions, se€igure 1.23. Not only are spheres, worms and vesicles
observed, but also bicontinuous rods, lamellae, hexagemadlyed hollow hoops
(HHHSs) and large compound micelles (LCM5§°
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Figure 1.23 Transmission electron microscopy (TEM) images and corresponding
schematic cartoons of various copolymer morphologies formed from amphiphilic RS
PAA, copolymers. (hexagonallypacked hollow hoopsare denoted at HHHs and large
compound micelles are denoted as LCMS):*®

The effect of the solvent composition for one particular block copolymessPS
PAAs,, has been studied in particular detailhe PS:¢-PAAs; diblock copolymers
were diluted in bxane and water was slowly introduced. The system was allowed to
reach equilibrium before further water additidfigure 1.24 shows the resulting
morphological behaviour of BR&PAAs; on addition of water. With 5 wt% water or
less, this diblock copolymer remains fully soluble but for higher water contents the
PS block becomes increasingly hydrophobic, resulting in the formatiepherical
micelles. Further addition of water leads to an eateler morphological transition
from spheres to rods to vesicles. After the initial vesicles were formed, increasing the
water content led to larger vesicles but with a relatively constaftthickness %

This morphological transition was found to be fully reversible: addition of dioxane

solvates the PS block and causes the vesicles to form rods.
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Figure 1.24 Phase diagram for a P&PAAs, diblock copolymer initially dissolved in
dioxane with the addition of increasing amounts of water. The morphologies and phase
boundaries were determined by TEM®’

1.9 Polymerisation-Induced SeltAssembly (PISA)

Monomer A *
J« Addition of * o i
/\/\/ Monomer B /\/\/\/\/\ Polymerisation-induced
—_— I

Water self-assembly

Water-soluble .
insoluble
Polymer A
polymer B

Figure 1.25 Schematic representation of polymerisatiorinduced selfassembly (PISA)
for an amphiphilic diblock copolymer in water.

Polymerisatiorinduced sekassembly (PISAY 2 has recently become established as
a powerful and versatile method for the synthesis of amphiphilic diblock copolymer
nanoparticles. In essence, a soluble polymer is ebdended using a second
monomer, which isselected such that the growing polymer &econd block)
becomes insable in the reaction medium, thulriving in situ sekassembly(Figure
1.25). Depending on the precise reaction conditions, this approattbe used to
preparea range of morphologies includirepheres, worms or vesicl&SPISA is
extremely convenient and removes the need for-palymerisation processing to
induce selHassembly. These steps are often tconasuming and have to be cadrie

out at relatively low solids (typically < 1%) whereas PISA can be performed at

relatively high solids, typically @ i 25%. Recently, Derry et al. synthesised

25



Chapter 171 Introduction

poly(lauryl methacrylatepoly(benzyl methacrylate) (PLM&BzMA) diblock
copolymers at up to 50%/w solids via RAFT dispersion polymerisation in mineral
oil at 90°C.”®

The final amphiphilic diblock copolymanorphologydepends on several parameters
including the hydrophilic blockDP, the hydrophobic cororming block DP and the
total solids contem In principle, maintaining a fixed hydrophilic block DRnd
systematicallyincreasing the hydrophobic blockP leads to an evolution in
morphology from spherical micelles to wornasvesiclesdue to a gradual reduction
in the curvature resulting in ancdrease in the packing paramet&his approach,
together with varying the solids contemtan lead to the development of phase
diagrams in which a specificopolymermorphology can be reproducibly targeted.
Figure 1.26 shows a phase diagram for poly(glycerol monomethacryigte)y(2-
hydroxypropyl methacrylatgYPGMAzs-PHPMA)) diblock copolymers synthesised
via RAFT aqueous dispersion polymerisation of HPMA at@3* Using a PGMAg
macreCTA and varying both the PHPMA DP and the solids content enabled pure
sphere, worm and vesicle phases to be prepared reproducibly.

GysHypg15% ¥ 2
p o
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Figure 1.26 TEM images and the corresponding phase diagram for a series of PGMA
PHPMA, copolymers synthesised by aqueous RAFT dispersion polymerisatioof
HPMA at various concentrations (S = sphass, W = worms and V = vesiclesy.

Several review articles on PIS#ave been publishe® > Charleuxet al. provideda
detailed overview of PISA via NMP, ATRP and RAB®lymerisatior?® Canning et
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al. focused on RAFImnediated PISA' and other, more specific reviews discuss
RAFT dispersion polymerisatiorin either aqueod$ or non-aqueousmedia’
Literature examples of PISA VRAFT aqueous emulsion polymerisation dRAFT
dispersion polymerisation (aguegadcoholic andh-alkane$ will be discussedn the

following sections.

1.9.1PISA via RAFT Aqueous Emulsion Polymeriséion

In principle, RAFT emulsion polymerisation provides a convenient surfafrtst
route for the synthesis of nanolatexdhe first examples of RAFT emulsion
polymerisation involved the addition of a RAKITA to a conventional emulsion
polymerisationin the presence @&urfactant. However, his led to poor control\eer
molecular weights and dispersities, low conversions and poor colloidal st&bility.
Development of seeded RAFT emulsion polymerisation led to imgrowatrol®
Seeded RAFT emulsion polymerisation inv@wusing a preformed latex, or seed, in
which additional monomer can react to grow new polymer shi&owever the
initial seed was not synthesised via RAFT polymerisasiothe final polymers did

not exhibit lav dispersitiesinstead, bimodal MWDs were obtained.

The firstab initio RAFT emulsion polymerisation was developed by Hawkett €% al.
9 This involved the synthesis of a hydrophilic poly(acrylic acid) (PAA) m<ZTA,
which acts asa stericstabiliser fo chain extensiorf a hydrophobic monomem-
butyl acrylate (BA). This resulted in a stable amphiphilic PAZRBA diblock
copolymer, which exhibite@ linear increase in molecular weight with conversion
and relatively low dispersityof 1.11,as judged bytetrahydrofuran (THF)GPC"’
This PAAPnBA diblock selfassembled to form 60 nm partislén solution.
Hawkett et althenextended this work to form triblock copolymers to demonstrate
the living character of the diblock copolynf&rfter the initialnBA block had been
synthesised, styrer(&)was addedo forma more hydrophobic block. Thgoduced
well-defined AA-PnBA-PS triblocks’®

Since the development ab initio RAFT emulsion polymerisation, Charleux and co
workers have dominated this areare$earch with numerous publicatioreckyear

for the last decade. Several parameters have been extensively,sndietingthe

nature of thehydrophilic stabiliseblock (acrylic® methacrylic®® acrylamidé?,

83,85

the hydrophobic coréorming monomer(nBA 2* styrene®®®®> methyl methacrylate
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(MMA)® or benzyl methacrylate(BzMA)®), the types of RAFT agent
(trithiocarbonate®®* or dithiobenzoaté®) and the reaction conditions (f4§° and

salt concentratidll), seeFigurel.27.

Stabilisers Core-forming polymers
Poly(acrylic acid) Poly(methacrylic acid) %
(PAA) (PMAA)
0. Polystyrene Paly(methyl methacrylate)
(/ \/%OH (PMMA)
n Poly(ethylene oxide)

o (PEO)

R R Poly(benzyl methacrylate) Poly(n-butyl acrylate)
—N (PBzMA) (PnBA)
\ N m
0 Chain transfer agents

Poly(N,N-dimethyl

acrylamide)
(PDMAG) 2
R =H, Me
Ci1Hzs
Poly((meth)acrylic acid-co- )1>< \"/ ~
poly(ethylene oxide)methyl ether

(meth)acrylate)
(P(MAA-co-PEOMA)
or P[AA-co-PEGMA) 2-(dodecylthiocarbonothioylthio)-2 4-cyanopentanoic acid-4-dithiobenzoate
P methylpropanoic acid (CPADB)
0\ (TTCA)

Figure 1.27 Chemical structures of various hydrophilic stabilisers, coreforming
polymers and chain transfer agents used for RAFT aqueous emulsion polymerisatiéh.
87

Two common watesoluble stabilisers used are poNN-dimethyl acrylamide)
(PDMAC)®* and mly(ethylene oxide) (PECH® These haveachbeen synthesised
with a trithiocarbonate RAFT agent and extended wiBA. The PDMAc-PnBA
diblock copolymerswere obtained ahi gh ¢ o n v @%)s&andextsbited O
reasonablyhigh blocking efficiencies by THF QP but also relatively high
dispersitiesranging from 1.32 td.862* An initial induction period of ~35 miwas
typically observedwith complete conversionseing achievedavithin a few hours. In
contrast, longer induction time of around1 h were observed for PE@®nBuA
diblock copolymersut high conversionsvere nevertheless achievedthin 6 h®
GPC analysisndicatedincreasingmolecular weight with conversion amdlatively
low dispersities were achieve(/M, < 1.26). Both the PDM#& and PEGbased
diblock copolymers seldssembled to form spherical micelles. Rieger et al. also
varied the target DP of theoreforming blockusing aPEQ;s macreCTA.# Using
styrene for the coreforming block led tolong reaction times with only 6%

conversionbeing achievedfter 23 hcompared tanore thard5 % within 4 h using
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nBA. Similarly, replacing the trithiocarbonate RAFT agent with a dithiobenzoate led
to extremely slowpolymerisations. PEDB chainextendedwith styrene only
reached 2@ conversiorwithin 23 hat 80°C and completely inhibited the reaction
with nBA.%

The effect of pHwas studied by Chaduc et al. for tRdSA synthesis ofPAA-PS
diblock copolymer§? Acidic conditions (pH 2.5) led thigh blocking efficiencies
and controlled growtlof the PS block. Increasing the pH caukenisation of the
PAA stabiliser which led to a loss of contraluring chain extension. It was also
observedhat the particle size varied with pH. g 2.5,55 nm spheres were formed
as judged by dynamic light scattering DLS), whereas increasing the pH to 8.1
produced 190 nm spheresiwas also confirmed by TEMtudies Figure1.28).%

pH 8.1

HO

PAA-PS

Figure 1.28 Chemical structure and TEM images obtained for the PAAs PS5
nanoparticles synthesised by RAFT emulsion polymerisation agither pH 2.5 or pH
8.1%

In addition to the previously discussed parameterepot syrnhesesof various
diblock copolymers via RAFT emulsion polymerisatioave beenreported PAA &
poly(methacrylic acid) RMAA)**° and poly(methacrylic acieto-poly(ethylene
oxide) methyl ether methacrylateP(MAA-co-PEOMA))®**'* macreCTAs have
each been synthesised using-cganoe4-thiothiopropylsulfanyl pentanoic acid
(CTPPA) as the RAFT CTA in water atiten chairextended withstyrene in a one
pot, twostep method. Chaduc et al. studied the kinetics of the dildopklymer
synthesis using each dfie above three mac®TAs® Kinetic experimerstshowed
that synthess using the PAA macr@€TA were significantly slover than those
conducted withthe other two mero-CTAs with an induction period afp to 2 h.
Using either the PMAA or P(MAAco-PEOMA) maro-CTA resulted inan
induction period of just under an howith high conversion®eing achievedavithin
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3 hwhen chairextending with styreneAll threeformulationsgavea linear increase
in molecular weight with conversion anelativelylow dispersiies (/M < 1.4)2°

Zhang et al. focsed on P(MAAco-PEOMA)-PS diblocks angariedboth thePSDP
and thePEOMA/MAA molar ratio within the stabiliseblock®® MAA/PEOMA
molar ratie of both 50/50 and 67/33 led to only spherical paesclwith larger
particleswith increasing®?S DPbeingobserved bYDLS and TEM. High conversions
and blocking efficiencieswith low dispersities were observed for all P(MA&A-
PEOMA)-PS diblocks. Chaduc et atxamined the onpot synthesis of diblock
copolymersusing PMAAas the stabiliser and varying the hydrophobic dorming
monomer’ Three hydrophobic cof®orming monomers were comparestyrene,
nBA andMMA . High conversion§O 99 %) were achievedavithin 2 h in each case
and spherical micelles of ~38m were obsered by TEM. Diblock copolymers
synthesised with styrera@ MMA hadhigh blocking efficiencies and reasonably low
dispersities M/M, < 1.48), whereasBA led to relatively poor contro] with high
dispersities being obtainedeven at low conversionsM({/M, = 1.52 at 11%
conversion;M,/M, = 2.29at 98% conversior® Such onepot, twostep syntheses
are highly convenient since theffer an entirely aqueous formulatiowhich is both

environmentally friendly and inexpensive.

Several other examples of RAFTelsion polymerisatiomhave been reported by
other research groups. For exampBozovicVukic et al. used a poly(4
vinylpyridine) (P4VP) macr&CTA and extendd it with styrene and acrylonitrile
(AN) at low pH®? This formed colloidally stable sphericandgarticles with eDLS
diameter of 45 nm. Ting et al. synthesised a pol(fRethacrylamido)
glucopyranose) (PMAG) maciGTA using a trithiocarbanate RAFT agent, which
was then chakextendedwith styrene The PMAGPS diblocks increaslen patrticle
size wih styreneconversion andflormedspherical micellesf between 50 and 60 nm
diameter Yeole and Hundiwalesed a sodium-4tyrensulfonate monomer with-4
cyanopentanoic acid dithiobenzoatteCPADB) to form a poly§odium 4
styrenesulfonateased macr&€TA. This macreCTA was extended with either
styrene o™MMA: gravimetric analysisndicatedthat MMA polymerised faster than
styrene and the latter diblock copolymgusoducedspherical micelles wheredke

former gave oval morphologi€$
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A wide range of spherical nanoparticles were synthesised via RAFT emulsion
polymerisation using various stabilisers and dorening monomers. Boissé et al.
reported the first example of na@pherical nanmbjects synthesised by RAFT
emulsion polymerisatioff A series of hydrophilic copolymer mae@TAs
comprising of acrylic acid (AA) and poly(ethylene glycol) methyl ether acrylate)
(PEGA) was synthesised usingddecylthiocarbonothioylthie2-methylpropanoic
acid (TTCA) as the CTA. Chain extension of #d3AA-co-PEGA) macreCTAs
with styrene produced amphiphilic diblock copolymers thatastembled to form
spherical micelles, worrhke micelles or vesicles. The effect of varying the macro
CTA composition (AA/PEGA molar ratio), pH and salt concentrati@ne studied.
Using either PAA or PPEGA homopolymers as the stabiliser led to onlyP3Ar
PPEGAPS spherical micelles. In contrast, welike micelles were observed by
TEM at either acidic pH or high salt concentrations for P{@oAPEGA)-PS diblock
copolymers geeFigure 1.28). Such norspherical morphologies led to a significant
increase in solution viscosity.A kinetic study of one P(AA0-PEGA)PS diblock
indicated an evolution in morphology from spherical micelles to widenmicelles

to vesicles was with increasing styrene conversion.

500 nm

[NaHCO,]

Figure 1.29 TEM images of thevarious copolymer morphologies obtained with P(AA
Cco-PEGA) (AA/PEGA = 50/50)when conducting the RAFT emulsion polymerisation of
styreneat different pH and salt concentrations®
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A second study by Boissé et al. examined the influence of stirring speed and calcium
chloride (CaC}) concentration on P(A&c-PEGA)PS nanoparticle morphologiés.

The stirring speed was varied from 100 rpm to 750 rpm for a given 0AA
PEGA)PS composition. Slower stirring speeds led to a reduction in the
polymerisation rate, which was attriled to the ratéimiting transport of monomer

from monomer droplets to the growing particles through the aqueous Phase.
stirring speed of 350 rpm was found to be optimum for witkenmicelle formation,

with stirring speeds of 100 rpm and 750 rpm optpducing spherical micelles.
Secondly, the Cagkoncentration was varied from 0.004 M to 0.530 M. The molar
ratio between the salt and acid units in the copolymer was also important in
determining whether spherical micelles or higher order morphologes @btained.

Low salt concentrations (0.004 M, salt/aoilar ratio = 0.056pnly led to spherical
micelles, whereas higher salt concentrations (0.04 M, saltracldr ratio = 0.67)
produced vesicular morphologi®swhen a molar ratio of unity was usghd 0.072

M CaCh), a mixed phase of wonrlike micelles and vesicles was observed by TEM.
Similar results were obtained when the salt was replaced by sodium bicarbonate
(NaHCGQ;) targeting a molar ratio of unity. Boissé et al. concluded that the nature of
the salt was not a particularly critical parameter but the molar ratio between salt and
the acid groups on the hydrophilic block determined the final morphéfogy.

Given the aHacrylic P(AAco-PEGA) macreCTA employed, sermacontinuous
addition of styree was required to gain control during the diblock copolymer
synthesis. To improve this formulation, a further study by Zhang®teplaced the
macreCTA with P(MAA-co-PEOMA). Such methacrylic macil©TAs possess
higher chain transfer constants and sabém efficient chain extension to form well
defined amphiphilic block copolymers under emulsion polymerisation conditions. A
series of P(MAAco-PEOMA)-PS diblock copolymers were synthesised at p8l 3
while varying the target PS DP and using various P(MAPEOMA) macre
CTAs® The solution pH was found to be an important parameter for the synthesis of
nonspherical morphologies. Zhang et al. targeted a DP of 200 for the PS block. The
RAFT agent had relatively low water solubility at pH 3 and THF GPC aisaly
indicated poor control, with &inal dispersity of 1.82 at 93% conversion. At pH 8,
GPC indicated some residual ma€®A suggesting a low blocking efficiency. An

intermediate pH of between 5 and 6 was found to be optimum, with high blocking
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efficiencies being achieved as judged by THF GPC and low dispersiligsi O
1.35). All P(MAA-co-PEOMA)-P S0 diblock copolymers synthesised at various pH
only resulted in spherical micelles. At pH 5, the PS block DP was varied from 200 to
1000. Low dispersitiesnal reasonably high conversions (typically > 90 %) were
obtained. On increasing the PS DP, a change in morphology from mainly spherical
micelles to vesicles was observed. Wedike micelles were also obtained, but this
was not a pure phase because a smalbumt of spherical micelles were also
observed by TEM. A kinetic study confirmed an evolution in morphology from
spherical micelles to worsiike micelles to vesicles with increasing PS DP, as
previously reported by Boissé et®3f' Two different P(MAAco-PEOMA) macre

CTAs were also used when targeting a DP of 300 for the PS block. A longer
P(MAA-co-PEOMA) macreCTA with aM, of 15 kg mol* led to mainly worrdike
micelles, whereas the shorter P(MA&PEOMA) macreCTA (M, = 11.8 kg mof)

led to a pure v&cle phase.

A follow-up paper focussing on the P(MAZ-PEOMA)-PS formulation by Zhang

et al. demonstrated that these diblock copolymer nanoparticles can be synthesised via
a onepot, twostep methodKigure 1.30). Firstly, a P(MAAco-PEOMA) macre

CTA was synthesised at pH 3.5 and taken to close to 100% conversion. Then,
without purification, the solution pH was adjusted to pH 5 and styrene, iniéiatbr

water were added. This approach led to the successful synthesis of R{®AAA
PEOMA)-PS diblock copolymers with a high level of control. High conversions and
low dispersities were reported Byt NMR and THF GPC studies, respectiv&ly.

This onepot sythesis is attractive for industry as no ppstymerisation
purification step is required. Spheres, worms or vesicles were targeted and a phase
diagram Figure 1.31) indicating the copolymer morphology obtained at various PS
DPs and P(MAAco-PEOMA) macreCTA molecular weights. This allowed spheres,

worms or vesicles to be reproducibly targeted.

Variation in the composition of the ceferming block was also studied by
(partially) replacing the PS block with PMMR.All three morphologies were
observed for a series of P(MA€o-PEOMA)YXPMMA syntheses conducted at pH
3.5, 5 and 7. However, using a mixture of styrene and MMA for thefoomeng

block only resulted in sphieal micelles’®
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Figure 1.30 One-pot two-step synthesis of P(MAAco-PEOMA)-PS diblock copolymer
nano-objects via RAFT aqueous emulsion polymerisatioof styrene®
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Figure 1.31 Phase diagramfor P(MAA -co-PEOMA)-PS diblock copolymers prepared
via RAFT emulsion polymerisationshowing where spheres, worms (fibers) and vesicles
can be obtained forvarious PS DP and P(MAAco-PEOMA) macro-CTA molecular
weights, at pH = 5%°

Non-spherical morphologies appear to be particularly difficult to target but with
systematic variation of the reaction parameters Charleux antders have shown
that wormlike micelles or vesicles are attainable by RAFT aqueousistom

polymerisatiorf?8+8797
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1.9.2PISA via RAFT Aqueous Dispersion Polymerisation

For a RAFT aqueous dispersion polymerisation, a watduble macreCTA is
chainextended with a monomer that is wateiscible but the corresponding
polymer is wateinsoluble. Relatively few monomers fulfil this requirement, which
led to a somewhat slower developmh of the field compared to RAFT aqueous
emulsion polymerisation. Since the first report of RAFT aqueous dispersion
polymerisation by Hawker and amorkers?® who described the synthesis of
poly(N,N-dimethyl acrylamidepoly(N-isopropylacrylamide) (PDMA®NIPAmM)
diblock copolymer nanoparticles, many stabilisers, -fomming monomers and
RAFT CTAs have been employed, $eégurel.32.

Stabilisers Core-forming monomers
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Figure 1.32 Chemical structures of hydrophilic water-soluble stabilisers, hydrophobic
core-forming monomers and chain transfer agents that can be used for RAFT aqueous
dispersion polymerisation’®"*

The most studied RAFT aqueous dispamspolymerisation formulation is for the
synthesis of poly(glycerol monomethacrylapely(2-hydroxypropyl methacrylate)
(PGMA-PHPMA) diblock copolymers developed by Armes andmookers’#9%1%

The first report was by Li and Arm&sin 2010: a dithiobernatebased PGMAs
macreCTA was chairextended with varying amounts of HPMA. PHPMA DPs of
30 - 300 were targeted at 10% w/w solids and the resulting P§RAPMA,
diblock copolymer spheres showed an increase in particle diameter with PHPMA DP
by DLS. Eletron microscopy studies confirmed a weadfined spherical
morphology for diblock copolymers prepared at 10% w/w. However, increasing the
solids content to 20% w/w led to vesicle formation when targeting a RGMA
PHPMAgoo diblock copolymer.
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Blanazs et aldemonstrated that this PGMPHPMA formulation could also vyield
worm-like micelles!® A detailed kinetic study during the synthesis REMA,~
PHPMA provided an important insight regarding the evolution in copolymer
morphology during the polymerisatioNlMR was used to determine the HPMA
conversion, with more than 99% being achieved within 2 h &C7MLS and TEM
studies were used to monitor the smBembly behaviour. Initially, only
molecularlydissolved copolymer chains were present, but after 8b spherical
micelles were formed that corresponded to a block composition of R&EMA
PHPMAy, (46% conversion). As the HPMA polymerisation progressed, these
spheres begin to aggregate, forming dimers and trimers before shortli®rm
micelles are observed@hese worms were eventually transformed into vesicles with
increasing HPMA conversion. A schematic, with corresponding TEM images, shows
the intermediate morphologies observed for this syskégure 1.33'%° The worms

begin to branch and cluster before forming flat sheets with worms located on the
periphery. These wrap up to form o6jelly

vesicles.

Highly branched | Junction points morph Bil ‘ 't )
Branched worms | worms, swelling of | to bilayer octopi with kel i Jellyfish enclose

junction points radial “tentacles” form jellyfish to form vesicles

TR b, e ';_..C.'..‘:,ﬁ'\ -

Increasing PHPMA Block Length

Figure 1.33 Proposed mechanism for the wornto-vesicle transformation that occurs
during the RAFT aqueous dispersion polymerisation synthesis of PGMAPHPMA 50,
as suggested by Blanazs et al. (scale bar = 100 riffy).

Phasediagrams wereproduced to enable spheres, worms and vesicles to be
reproducibly targeted for the PGMPHPMA systeni* As described earlier, the
PGMA stabiliser block DP, the PHPMA cef@ming block DP and the solids

content each influence the final copolymer morphology. Phase diagrams require one
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parameter to be fixed (usually the stabiliser block DP) in order to exahereffect

of varying the other two parameters (the efamening block DP and the solids
content). Blanazs et al. constructed three phase diagrams using three different PGMA
macroCTAs (Figure 1.34).” Using a relatively short PGMA macroCTA enabled

access to the full range of copolymer morphologies without any copolymer
concentration dependence. Spheres, worms or vesicles could each be formed at either
10% w/w or 25%w/w solids. Using a slightly longer PGMAmacreCTA led to
exclusively spheres at 10% w/w but targeting higher solids (17% w/w or greater)
enabled pure worm or vesicles phases to be produced. This strongly suggests that the
spheres produced at 10% w/wlids are kineticallytrapped, rather than an
equilibrium morphology. Increasing the PGMA stabiliser DP up to 112 led to almost
exclusively spheres even when targeting high PHPMA DPs at high solids. This
clearly shows that the copolymer morphology depemdnly on the coréorming

block DP and solids content but also on the DP of the stabiliser block.

(a) PGMA,,-PHPMA, (b) PGMA,;-PHPMA,, (c) PGMA,,,-PHPMA,
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Figure 1.34 Phase diagrams determined by TEM analysis for (a) PGMA-PHPMA,,
(b) PGMA,¢PHPMA, and (c) PGMA ;;-PHPMA, diblock copolymers synthesised at
various concentrations between 10 and 25% w/w (S = spheres, W = wornBW =
branched wormsand V = vesicles)"

In particular, the development of PGMAHPMA phase diagrams has enabled pure
wormtlike micellesto be reproducibly targeted. These PGMRAPMA worms form

gels as a result of multiple interorm contacts. Cooling these gels causes degelation
due to a wornto-sphere transitionRjgure 1.35).'°* This orderorder transition is

fully reversible: regelation occurs on heating. This thermal transition occurs due to
surface plastication of the PHPMA cefieming block. This leads to a subtle
lowering of the packing parameté&kheology studies of these worm gels has enabled
the critical gelation temperature (CGT) to be tuned, with lower PHPMA DPs having
a higher CGT?® Statistical copolymerisation of a more hydrophilic monomer

di(ethylene glycol) methyl ether methacrylateE@GMA) with HPMA can also
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increase the CGT® This reversible (de)gelation behaviour has several potential
applications in biomedical scient®:*°” Cold ultrafiltration of the biocompatible
PGMA-PHPMA diblock copolymer in its lowiscosity spherical forneffectively
removes bactert& and such sterile gels have been found to induce stasis in human

pluripotent stem cell¥’

Free-flowing
spherical micelle
solution at 4°C

Free-standing
worm-like micelle
gel at 21°C

Figure 1.35 Thermoresponsive behaviour for PGMA,+PHPMA 14 particles at 10%
w/w. A gel is formed at21 °C, which on cooling becomes a freBowing liquid. TEM
shows this coincides with a reversible worrto-sphere transition**

The vesicular morphology has also been extensively sttié®'*° warren et al.
examined how the vesi&s$ grow during PISA once they were fornt&tlt was

found that the vesicles remained approximately constant in overall size but grew
inwards as the membrane thickened, creating a smaller lumen. Mable et al. showed
that the thermoresponsive behaviour & BEGMAPHPMA system could be used to
induce a thermallyriggered release of silica nanoparticles encapsulated during the
PISA synthesi$® Cooling to 0°C caused the vesicles to dissociate releasing the
silica payload via a vesicl®-sphere transitionFinally, PGMAPHPMA-PBzMA
triblock copolymers have been synthesised by addition of BzMA after the RGMA
PHPMA seed vesicles were prepat&d'®The hydrophobic nature of the PBzMA
caused phase separation within the vesicle membranes leading tdefiredil

framboidal vesicles.

Polymerisation of HPMA using a watsoluble poly(2(methacryloyloxy)ethyl
phosophorylcholine) (PMPC) maef@TlA at 70°C also enabled the PISA synthesis
of a range of spheres, worms and vesitté€onversions of more than 99% were
achieved within 2 h at 70C. For a PMPg& macroeCTA, the PHPMA DP was varied

along with the solids content to enable the construction of a phase diagram. At 10%
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w/w copolymer, only spherical micelles were obtained (similar to the PfgMA
PHPMA system) wih an increase in particle size being observed with increasing
PHPMA DP. Increasing the solids content and targeting PHPMA DPs greater than
200 enabled pure worms and vesicles to be prepared. Addition of small amounts of
ethylene glycol dimethacrylate (E®IA) to form crosslinked cores enabled an

unusual o6l umpy rodoé part? cle morphol ogy

Warren et al. synthesised a poly(ethylene glycol) (PEG) dithiobenzoate-@&Aaro

for the RAFT aqueous dispersion polymerisation of HPWfACommercally
available mondiydroxy capped PEfg; was converted into moraminated PEG
(PEGNH,) via a PEGmesylate intermediate. This PEG1, was reacted with a
succinimidemodified cyanopentanoate dithiobenzoate (SCPDB) to form the final
PEGdithiobenzoate macfG@TA (Figure 1.36a). A series of PEGzPHPMA,
diblock copolymer nanoparticles were prepared in water &C50 his formulation
resulted in lowdispersity PE@zPHPMA, diblock copolymers even at high
conversions. The PE@-PHPMA, diblock copolymers selissembled to form a
range of nan@bjects. Spheres, worms and vesicles were observed, but lamellae
stacks, jellyfish and oligolamellae vesicles were also obdeffvigure 1.36¢). The
solids content was systematically varied from 20% w/w and PHPMA DPs of 100

to 400 were targeted to construct a phase diagram. A solidsi\toh@0% w/w was
required to form oligolamellar vesicles and small angleaX scattering (SAXS)
indicated an average of three membranes per vesicle. Like the HGNAMA
vesicles, the PE®HPMA vesicles underwent a reversible vestolsphere
transitionon cooling. This gave smaller lower polydispersity vesicles (compared to
the original vesicles) on returning to 8G. This reversible change in morphology
was used to encapsulate fluorescetdhelled PMPC homopolymer chains within
the PEG1z-PHPMA, vescles.

Although the majority of the RAFT aqueous dispersion polymerisation literature
utilises HPMA as the coffoerming monomer, other groups have utilised alternative
monomers that become waiasoluble polymers. An and egorkers polymerised-2
methoxyethyl agflate (MEA) using a poly(poly(ethylene glycol) methyl ether
methacrylate) (PPEGMA) trithiocarbonate ma€@dA at either 30 or 40C using a
redox initiator:** At least 90% conversion was achieved for a series of PPEGMA
PMEA diblock copolymers. DMF GPC dgsis showed an increase in number
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average molecular weight with both conversion and PMEA DP, with relatively low
final dispersities Mw/M, < 1.26). DLS confirmed the presence of 40 to 60 nm
particles with low polydispersities. In a second study, An andarkers used either

a PEG or PPEGMA maciGTA for the dispersiohom@olymerisation of either
DEGMA or the statistical copolymerisation of DEGMA with PEGMRZ.High
conversions were again achieved and the resulting nanogels had particle diameters

betweerb2 and 154 nm with low polydispersities.
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Figure 1.36 (a) Synthesis of a PEGlithiobenzoate macreCTA followed by (b)
polymerisation of HPMA to form PEG,;PHPMA, diblock copolymer nancobjects. (c)
Representative TEM images for PEGi3PHPMA 155, PEG12PHPMA 0 and PEG;:s
PHPMA 300"

1.9.3PISA via RAFT Dispersion Polymerisation in nhoraqueous

solvents

RAFT dispersion polymerisatidmas been conducted &nwide range of noraqueous
solvents. Theseexampleshave been separated into three categories; dispersion
polymerisation inlower alcohols (methanol, ethanol or ispropanol) nonpolar

media(n-alkanes)nd alternative media.
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Lower alcohols

Pan and cavorkers have synthesised several types diflock copolymer
nanoparticles utilising polystyrene as the efmeming block in methanol at 80

°oCc %121 Typically their approach has focused on the chain extension of a poly(4
vinylpyridine) macreCTA (P4VP) which was prepared using a trithiocarbenat
RAFT agentFigure 1.37.11¢118122The resulting P4VHPS diblock copolymers self
assemble into an array of complex morpho
and large compound vesicles, as well as the more common sphere, worm and vesicle
morphologies. Good control over molecular weight can be achieved, but relatively
low styrene conversions are usually obtained (typically less than 70% in 24 h at 80
°C). This wreacted styrene monomer solvates the polystyrene core and therefore

may influence the final copolymer morphology.

(o] o

s s
HO' lﬁ\n/s\Cqus Styrene HO' ™ n \n/ CizHas
s — S
| \ Methanol, 80 °C | .
Z P
N N
P4VP macro-CTA P4VP-PS

A =PavP W J\=PS -« =Styrene e« =Active species

(a) Vs (b) (c)
s 0@ '\

Figure 1.37 Schematic representation of the synthesis of polynylpyridine) -
polystyrene (P4VP-PS) diblock copolymers in methanol. The various morphologies into
which these P4VPPS diblocks sefassemble include (a) soluble chains, (b) spheres, (c)
worms, (d) vesicles, (e) nanotubes and (f) large compound vesicfég?’

In addition to utilsing P4VP as an effective steric stabiliser for the polymerisation of
styrene, PAA® PEO*® and poly(2dimethylamino)ethyl methacrylate) (PDMAY
have also been utilised as ma@®As. Like the PAVHPS diblock copolymers,
spheres, worms and vesicles w@bserved with either a PEO or PAA ma&dA
given appropriate tuning of the block compositions. In contrast to the
trithiocarbonate chemistry utilised in the P4VP, PAA and PEO m@dkd
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synthesis, the PDMA maci@TA was synthesised using a dithiobenzoR&FT

agent (CPDB). A range of PDMRS diblock copolymers were synthesised in
methanol at 80C. However, this seems unlikely as the boiling point of methanol is
only 65 °C. TEM studies of the diblock copolymers indicated a range of
morphologies, with sphes, worms, vesicles, nanotubes and large compound
micelles all being observedrigure 1.38). A further study in ethanol showed the
formation of hexagonallpacked hdbw hoops as an additional morpholdds).
Nevertheless, the high styrene monomer feed led to extremely low conversions (less
than 25%).

Figure 1.38 TEM images of the morphologies observed for PDMAPS diblock
copolymers prepared in methanol at 80C with various PS DPs'®

Higher conversions for styretfimsed syntheses have been achieved by both Yang et
al**® and Huo et at?® The former, used an alternating copolymerisation of styrene
andN-phenylmagimide (NMI). A PMAA macreCTA was employed in a 50:50 w/w
ethanol/1,4dioxane mixture. This resulted in conversions of more than 90% within
10 h. These PMAAPSalt-PNMI) diblock copolymers were unable to form
vesicular morphologies because the hgass transition temperature Y of the
coreforming block prevented wrapp. Insteadan evolution in morphology from
spheres to worms to lamellae (or platelets) was obséfvetiio et al. used a solvent
mixture of 95/5% ethanol/water in order to obtain high styrene conversions with a
poly(N-(4-vinylbenzyl)}(N,N-diethylamine) trithiocarbonate mae@rlA. This

formulation resulted in 90% conversion within 26%f.
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Toeliminatee he probl em of incomplete styrene

and Armes and cworkerg?™132

replaced styrene with benzyl methacrylate. For
example, Semsarilar et al. synthesised four alesblible macreéCTAs using a
trithiocarbonate RAFT agénPDMA, PMAA, PGMA and PMPC Rigure 1.39).

Chain extension of each precursor block with benzyl methacrylate in either ethanol
or methanol led to high conversions (2 %) in each case and systematic variation

of the target PBzMA DP produced a range of copolymer morphologies as judged by
TEM.*?” With a particular focus on PMAA-PBzMA, a phase diagram was
constructed to identify the precise copolymer compositions edjéor pure spheres,

worms and vesicles.
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Figure 1.39 RAFT alcoholic dispersion polymerisation of benzyl methacrylate using
four different macro-CTAs to form diblock copolymers that undergo polymerisation
induced selfassembly*?’

Crosslinking of PMAA-PBzMA nanoparticlesvith EGDMA enabled Semsarilar et

al. to transfer these ethanolic dispersions into alkaline solution without dissolution to
give a mixed phase of worms and sphéfésTriblock copolymerswere also
preparedwhere 2,2,Zrifluoroethylmethacrylate TFEMA) was added as a third
block after the PMAAPBzMA diblock copolymer synthesisThis enabled the
synthesis of serfluorinated triblocks. Thesandergoselfassembly into a range of
complex morphologies with incompatibilitypetweenthe PBzMA and PTFEMA
coreforming blocksdriving phase separation on the nanometre length.5¢ale

A binary mixture of PMAA macraCTAs enabled the synthesis of lgelydispersity
PMAA-PBzMA block copolymer gsicles'* This method involves using both a
relatively short vesickdorming PMAA, macroCTA together with a longer PMAA
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macreCTA (where y > x) which favours the formation of spherical micelles. For
example, combining a PMAA and PMAA7; macreCTA in the dispersion
polymerisation of BzMA in ethanol leads to relatively small vesicles. Low
polydispersity is achieved because the shorter PMARBzMA chains are
preferentially expressed at the inner surface of the vesicles while the longer
PMAA17:-PBzMA chans are located at the outer surface.

Jones etl. focused on the synthesis of PDMPBzMA diblock copolymers® High
conversions were observed and using a relatively short PlpMacreCTA enabled

the construction of a phase diagram for access to pinerespworm and vesicle
phases. However, utilising a longer PDMAnacreCTA only enabled the synthesis

of kinetically-trapped spherical micelles even when targeting highly asymmetric
PDMA74+PBzMA1 oo diblock copolymers. This is similar to the situation the
RAFT aqueous dispersion polymerisatiohHPMA when using a relatively long
PGMA;12> macreCTA. In a separate study, Jones et al. synthesised a series of
PDMAg,-PBzMA, diblock copolymers to explore how spherical micelles grow
during a RAFT PISA synthes'*' SAXS studies confirmed an increase in number of
copolymer chains per micelldN{g9 with increasing PBzMA DPTwo possible
mechanisms for this increase ingjlwith particle size were proposedrigure
1.40).%" Firstly, exchange of individual copolymer chains with micelles after
nucleation,Figure 1.40a. The second mechanism invokes spispieere fusion to
explain the formation of larger spherical nanoparticleEgyure 1.40b. It was
concluded that both mechanisms may contribute to the observed increase in
nanoparticle dimensions with the use afrelativelylong PDMAgs; macreCTA
ensuring that sphetgphere fusion merely resulted in larger spherical pariicle, as

opposed to worrtike micelles or vesicles.

RAFT dispersion polymerisatiorsonductedn alcohol tend to be particularly slow
compared to aqueous dispersion puodyisation, with conversions afreater than

90% requiring typically 24 h ratherthan 23 h. To increase the rate 8zMA
polymerisation in the synthesis BDMA-PBzMA diblock copolymes, Jones et al.
examinedthe effect of adding water as a-solventto the ethanolic dispersion
polymerisation>? Varying amounts of water (5 20%) wee added to anhydrous
ethanol. As expected, faster rates of polymerisation with increasing water content

were observed. However, this change in solvent composition also affected the final
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block copolymer morphology: only kineticaltyapped spheres were s#yved when
an 80/20 ethanol/water mixture was employed for the synthesis of RPMA
PBzMA,qo diblock copolymers. In cdrast, such copolymers formed vesicles when

prepared in pure ethanol.

(a)%é+ii%—>*
(b%h%_»*

Figure 1.40 Two mechanisms suggested by Jones et al. for the growth of spheres during
RAFT dispersion polymerisation, (a) exchange of individual copolymer chains between
micelles following nucleation and (b) isotropic sphersphere fusion™*

Alternative coreforming monomers to styrene and BzMA have been evaluated for
RAFT alcoholic dispersion polymerisation. For example, Semsarilar et al. reported
the synthesis of poly(@imethylaminoethyl methacrylat@ply(stearyl methacrylate)
(PDMA-PSMA) in ethanol at 70C ushg PETTC as the RAFT CTA® This
resulted in diblock copolymer spheres, worms and vesicles with acsgstalline
coreforming block. Lowe and cwvorkers synthesised several PDM#abilised
diblock copolymers in ethanol at 7€¢.2**** Coreforming moromers utilised here
include; 2phenylethyl methacrylate (PEMAJ? 3-phenylpropyl methacrylate
(PPMA)®*  2-(naphthalen@-yloxy)ethyl methacylate (NOEMAY® and 2
phenoxyethyl methacrylate (POEMA¥ PDMA-PPEMA diblock copolymers
generally attained highonversions. A range of parameters were studied, including
the stabiliser block DP, the ceferming block DP and the solids content. Spheres,
worms and vesicles were produced and PISA syntheses at up to 40% w/w solids was
achieved** PDMA-PPPMA diblock opolymers also enabled spheres, worms and
vesicles to be produced with conversions of at least 92%. It was found that JfDMA
PPPMA; selfassembled to form thermoresponsive worms, which underwent a
reversible worrrto-sphere transition when heated to T This also resulted in
degelation similar to the thermoresponsive aqueous PBEMRMA worm gels
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reported byBlanazs et alUnlike the welicontrolled PDMAPPEMA and PDMA
PPPMA formulations, the synthesis of PDMMNOEMA and PDMAPPOEMA

only led to bimodaGPC chromatograms and relatively high dispersitMg/§, up

to 1.83). However, spheres, worms and vesicles were observed for the -PDMA
PNOEMA diblock copolymers, whereas only spherical micelles with increasing
particle size were obtained for the PDMPPCEMA diblock copolymers?3®

In non-polar media

The first example of RAFT dispersion polymerisation in4pafar media came from
Houillot et al. for the synthesis of poly&hylhexylacrylatepoly(methyl acrylate)
(PEHA-PMA) diblock copolymers in isodecane at 80.**"***Two PEHA macre
CTAs were syrtesised using either a dithiobenzoate or trithiocarbonate RAFT CTA.
These precursors were then chakiended with methyl acrylate to form diblock
copolymers. Utilising a PEHAB macreCTA led to a strong rate retardation and
extremely poor controlM,/M, = 18) with residual macr€TA identified in the THF
GPC chromatograms. In contrast, faster rates of polymerisation and better control
were achieved for PEHRMA diblock copolymers prepared using the PEHRC
macreCTA, although relatively high dispersitiegere still observedM./M, up to
2.7).1*" PEHA-PMA diblock copolymers synthesised with the trithiocarbonate gave

near monodisperse micelles of approximately 50 nm by DLS.

Fielding et al. synthesised a series of PLMA m&CiAs via RAFT solution
polymeriation in toluene at 76C using various RAFT CTAE® In particular, a
relatively short PLMA; and a longer PLM4y macreCTA prepared using cumyl
dithiobenzoate (CDB) were compared. Both were ceatended with benzyl
methacrylate via RAFT dispersion polerisation inn-heptane at 90C (Figure
1.41a) to afford a series of PLMAPBzMA, diblock copolymers. Utilising the
longer PLMAg; macreCTA the PBzMA DP was varieftom 100 to 900 at a solids
content of 15% w/w. THF GPC analysis indicated relatively high dispersities of
between 1.34 and 1.69. This is substantially lower than that reported by Houillot et
al. but still compares unfavourably to other RAFT polymerisatioanducted in
aqueous or alcoholic media. DLS and TEM studies of these RBEMBzMA,
diblock copolymers indicated only spherical micelles over a wide range of target
PBzMA DP Figure1.41b). However, utilising the PLM#& macreCTA resulted in

the formation of spheres, worms and vesiclegyre 1.41c). The PBzMA DP was
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varied from 25 to 300 and the solids content was varied from 12.5% w/w to 25%
w/w in order to construct a PLMAPBzMA, phase diagramFgure 1.41d). The
PLMA1-PBzMA, diblock copolymers all proceeded to at least 91% conversion and
THF GPC analysis resulted in relatively Idi,/M,, values.The morphology of each
diblock copolymer was agged by TEM and enabled the phase boundaries to be
defined. Like the aqueous and alcoholic RAFT dispersion polymerisati@pure

worm phase occupied very narrow phase space. Unlike some other phase diagrams,
the PLMA~PBzMA, diblock copolymers exhibed relatively little dependence on
copolymer concentration with spheres, mixed phases and vesicles being observed at
all concentrations studied?
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Figure 1.41 (a) RAFT synthesis of poly(lauryl methacrylate) (PLMA) macraCTA via

solution polymerisation in toluene at 70 °C, followed by the RAFT dispersion
polymerisation of benzyl methacrylate (BzMA) inn-heptane at 90 °C. (b) Schematic
representation of the chang in particle size when using a long PLMA macreCTA (DP

O 37). (c) Schematic representation of the
a short PLMA macro-CTA (DP = 17). (d) Phase diagram constructed for the PLMA-

PBzMA, diblock copolymer nanoparticles.

These PLMAPBzMA diblock copolymer formulations were later extended by
Fielding et al. by replacing the relatively volatieheptane withn-dodecane. This
enabled a detailed study of the thermoresponsive vigammicelles without solvent
evaporaon problems*® A PLMA1&-PBzMAs; worm dispersion was studied in
particular detail. Like other wordike dispersions multiple intavorm interactions
led to a soft freestanding gel. In contrast to the PGMAIPMA worm gels prepared
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in water,heatingthe PLMA 15-PBzMAg; worm gel resulted in degelation via a werm
to-sphere transition. This transition was more or less reversible at high copolymer
concentrations, with worm reformation occurring on cooling t6Q@Figure1.42).

This wormto-sphere transition was supported by rheological studies, which showed
degelation on heating above %0 and regelation on cooling below 30. Variable
temperature’H NMR studies ind,e-dodecane indicated that heating the PLMA
PBzMAg7 worms caused partial solvation of the PBzMA chains. This solvation led to
an increase in the effective stabiliser block volume (because the BzMA units nearest
to the PLMA chains become solvated) and reductn the effective coréorming

block volume fraction leads to greater curvature, which causes a-igesphere
transition. Two possible mechanisror this thermal transition were discussed. In
mechanism A worm-like micelles undergo sequential budding to form spheres,
whereas mechanism B involves random worm cleavageFspre 1.42. SAXS
studies suggest sequentialdding is the more likely mechanism because of the

relatively low population of spherical micelles.

Sequential budding Random worm cleavage

Figure 1.42 TEM images and digital photographs for the reversible wormto-sphere
transitions when heding/cooling a dispersion of PLMAsPBzMA3; in n-dodecane. Two
possible mechanisms for this are shown: (A) sequential budding and (B) random worm
cleavage. The former mechanism is considered more likel$f
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The PISA synthesis of PLMA&RBzMA was also condted in either mineral oil or

poly( dlefin) by Derry et al’® The effect of solvent type was studied on the-self
assembly behaviour and a phase diagram was constructed for each solvent. Pure
sphere, worm and vesicle phases were observed for both mineeaidopoly U

olefin). These phase diagrams indicated narrow worm space, as expected based on
previous work by Fielding et af*'**The effect of varying the total solids content

for PLMA4~PBzMAgs and PLMA-PBzMA4gs was studied. PISA enabled syntheses

to be conducted at up to 50% w/w solids. An increase in viscosity was observed for
the PLMA,-PBzMAgs spheres at higher concentrations (40% or 50%). Targeting a
PBzMA DP of 495 resulted in a gltke paste, but on dilution TEM studies showed

only sphericalmicelles. A onepot protocol was developed for the synthesis of
PLMAs-PBzMAyoo diblock copolymer spheres. A PLMA macreCTA was
synthesised in mineral oil at 70C by RAFT solution polymerisation. The
subsequent RAFT dispersion polymerisation of BzMA wasducted at 30% w/w
solids. Around 98% conversion was achieved for the final PiMPBzMA100

diblock copolymer with aM, of 24.4 kg mof and a narrow dispersity of 1.18

indicating remarkably good control for this epet synthesis.

More recently, LpezOliva converted a commercialgvailable monocarbinel
functionalised polydimethylsiloxane (PDMS) into a RAFT maCDbA by
esterification with PETTC?! The advantage of using such a commercially available
precursor is the ability to have a fixed DP ftire macreCTA, which aids
reproducible syntheses. This PDMSmacreCTA was then employed for the
synthesis of PDM&-PBzMA, diblock copolymers im-heptane at 70C (Figure
1.43).** The PBzMA DP was varied from 50 to 300 and conversions of at least 90%
were achieved. THF GPC indicated high blocking efficiencies for the RBMS
PBzMA diblock copolymers relative to the magtd@A. An increase inVl, with
PBzMA DP was obarved with M,/M, O 1.34. Synthesis of PDM&PBzMA\
diblock copolymers at 10 or 15% w/w solids only resulted in spherical micelles but
increasing to 20% w/w (or higher) resulted in mixed phases, with pure vesicles being
observed for a PBzMA DP of 200 oregter. A phase diagram indicated an
extremely narrow worm phase with just two pure worm samples being identified for
PDMSss-PBzMAgo at 25% and 30% w/w solids.
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Figure 1.43 Synthesis of PDM$g macro-CTA via DCC/DMAP -catalysed esterification
of monocarbinolterminated PDMS using a carboxylic acidfunctionalised RAFT agent
(PETTC), followed by the synthesis of PDM&PBzMA, nanc-objects via RAFT
dispersion polymerisation of BzZMA inn-heptane at D °C.**

Alternative media

RAFT solution polymerisatiomvas first conducted in ionic liquids in 2002 by Perrier

et al®® for the synthesis of PMMA and PMA using a CPDB RAFT agent. The
solvent was 4alkyl-3-methylimidazoliumhexaflurophosphate (J{PFg], where x =

4, 6 or 8). These solvents did not appear to work for styrene, but MMA and MA gave
conversions of 70 to 91% and relatively low dispersities of less than 1.26. The first
report of RAFT PISA in ionic liquids was by Zhang and 2ffUA trithiocarbonag-
terminated PEG mactGTA was chairextended with either styreney-butyl
methacrylate (BMA) or 2-hydroxyethyl methacrylate (HEMA) in -futyl-3-
methylimidazolium hexafluorophosphate ([bmim]gpF at 80 °C.*** Diblock
copolymers synthesised with eitheBMA or HEMA were obtained at high
conversion © 93%), whereas styrene polymerisations resulted in generally lower
conversions (79 94%). All diblock copolymers selissembled to form vesicles. In a
similar study, Zhou et al. examined the kinetics of styrpnlymerisation for the
synthesis of PE@S diblock copolymers in [bmim][RFand compared this rate to
that obtained in methanol or a 80/20 methanol/water mixfdfgsing ionic liquid

led to faster reactions than in methanol, with 94% conversion achiavi2 h. The

styrene polymerisation was also slightly faster than that in the 80/20 methanol/water

50



Chapter 171 Introduction

mixture. A vesicular morphology was observed by TEM (after dialysis into an 80/20

methanol/water mixture).

There are several examples of RAFT dispergiolymerisation in supercritical GO

in the literature®**4® The dispersion polymerisation of MMA using a fluorinated
macroCTA was reported by Howdle and -wmrkers Figure 1.44).° A
1H,1H,2H,2H-perfluorooctyl methacrylate (FOMA) macitGTA was synthesised in

the bulk using CPDB at 60C. Without purification, this PFOMA macitGTA was
chainextended with MMA in supercritical CGQo form a freeflowing copolymer
powder. This diblock copolymer synthesis proceeded to 99% conversion after 20 h
and THF GPC indicated a fina¥,/M, of 1.22. SEM studies of the resulting
copolymer powder revealed polydisperse spherical parti€igsre1.44.

; H
A:»,\,?rf
S n AN ,“\ PMMA
0 CPDB o CN s¢CO, A,
———- —_—
60 °C, AIBN AIBN, MMA ’“::3}?3&

(o}

(o]
24 h 65 °C and 4000 Psi
PFOMA-PVIMA
c c be ¢

7F1s 7F15

FOMA PFOMA macro-CTA

Figure 1.44 Schematic representation of the synthesis of PFOMRMMA diblocks via
RAFT dispersion polymerisation in supercritical CO, (scCQ,) and an SEM image of
the resulting spherical copolymer particles:*

1.10Pickering emulsions

A Pickering emulsion is an emulsion stabilised by solid particles. They were first
discovered by Ramsd&yiin 1903 although they are named based on the later work
of Pickering*®in 1907. For solid particles at an oil/water interface, the emulsion type
is dictated by the particle wettability at the thpease contact angld(Figure1.45).

For hydrophilic particles, this angle will be less thari 88sulting in the particles
being located predominately in the aqueous phase. In this case-iarwatker
emusion is formed. Alternatively, for hydrophobic particldee contact angle is
greater than 90 resulting in a watem-oil emulsion. Using an equal volume of
water and oil is a good method to determine the preferred type of emulsion for a
given particle However, variation of the droplet volume fraction has been shown to

lead to phase inversidf’
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Hydrophobic
{

Water

0 <90 ° oil-in-water 0 > 90 ° water-in-oil

Hydrophilic

Figure 1.45 Particles adsorbed at the oil/water interface for three different contact
angles. If thePickering emulsifier has a contact angle below 90then an oitin-water
emulsion will be formed. If the contact angle is greater than 3Qthen a waterin-oil
emulsion will be formed**

Once attached to the oil/water interface, the energy requiredaohdibie particles is

given by Equatior®:*>°

o “ir p AI-S 9)

Here r is the particle radiu3,,, is the surfacéension at the oil/water interface add

is the particle contact angle. The sign in the brackets is negative for the removal of
the particle into the aqueous phase and positive for the removal of the particle into
the oil phase. Thereforeds energy is required for the particle to detach into the
water phase iff < 9¢° or detach into the oil phasedf> 9¢°.**° Equation9 shows

that the energy fodetachment depends on the thpbase contact angle of the
particle. This is depicted iRigure1.46. A contact angle close to 9@as the highest
energy of detachent and will result in small, stable emulsion droplets. The energy
of detachment rapidly decreases as the contagleanoves further away from 90
leading to larger, less stable emulsions. A contact angle of less tham geater

than 160 leads to a detachment energy of less than 10 KT; in this case the particles
are too hydrophilic or hydrophobic to stabilise a Pickering emufsfofhe particle

radius plays an important factor in determining the detachment energy and therefore
emulsionstability (see Equatiof). The energy of detachment is proportional to the
square of the particle radius as showifrigure 1.47 for a contact angle of 90Very

small particles have a relatively small detachment energy and therefore are able to

adsorb to or desorb from an oil/water interface on a relatively fast time'gthie.
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contrast, larger particles have a relatively large energy of detachment compared to
their thermal energy (kT) and so are more likely to be permanently adsorbed to the
surface. Therefore Pickering emulsions are usually far more stable than surfactant

stabilised emulsions.
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Figure 1.46 Energy of detachment versus contact anglel) for a nanoparticle with a
radius of 10 nm at a toluene/water interface (,, = 0.036 Nnmt").***
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Figure 1.47 Variation of the theoretical energy of detachment (expressed in KT units)
required to detach a single spherical particle from an oil/water interface (,,= 0.05 N
m™) with particle radius. Assuminga particle contact ange of 90 at 298 K*°
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Initially, inorganic particles such as silitX;**® barium sulfat®* and calcium
carbonat& were used to form stable Pickering emulsions. Velev ardarkers
reported the first example of organic (polymer latex) particles hesed to stabilise

an emulsiort®® In this case, charge stabilised polystyrene particles stabilised 1
octanol droplets. Similar latexes have since been used to stabilise a range of
Pickering emulsion&™*° Spherical nanoparticles prepared via RAFT agseou
dispersion polymerisation can form stable Pickering emulsfSnBor example,
crosslinked PGMAPHPMA spheres were homogenised witdodecane to form a
series of oHin-water emulsions. Without the presence of EGDMA as a dnussr

these PGMAPHPMA gpheres dissociate during the high shear homogenisation
process required for emulsification. In this latter case the PGMRMA chains
merely act as polymeric surfactanisgure 1.48 provides evidence for these two
types of behaviour. Crodmked PGMAPHPMA spheres exhibit a concentration
dependence with emulsion droplet diameter, i.e. larger droplets are formed at lower
copolymer concentrations, whereas using theainnon crosinked) spheres lead

to no change in emulsion size when varying the copolymer concentration. The

former copolymer concentration size dependence is characteristic of Pickering

H 61
emulsions.
400
(a) (b)
350
‘E‘ Gyo0-Hy00-Eo cross-linked spheres
3 300 /
5 i : i G
g =1 Vi Thia Rons saiares ;m 9 55% Gyoo-Hyqo linear spheres ‘-
£ 200 B o buach
3 ‘T"‘ X TR X
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Figure 1.48 (a) Mean laser diffraction droplet diameter versus copolymer concentration
for both linear PGMA 1o-PHPMA 50 Spheres and crosdinked PGMA 1,-PHPMA 5
PEGDMA ,, spheres, (b) optical microscopy images recorded for selected dsians
corresponding to the data points shown in (a). The 10@m scale bar applies to all
images.*®

More recently, anisotropic block copolymer nanoparticles have been evaluated as
effective Pickering emulsifier€%2** Thompson et al. used PLMRBzZVIA
worm-like micelles inn-dodecane to prepare stable watepil emulsions:®® The

mean droplet diameters could be tuned fropn8to 117um by varying the worm

copolymer concentration. Similar PLMRBzMA worms were also used in a related
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study to makesorefractive ethylene glycih-n-alkane Pickering emulsior? n-
Tetradecane was selected as the immisambéikane because it has the closest
refractive index to ethylene glycol. Such contrast matching resulted in transparent
emulsions which exhibitedransmittance of up to 81% at low worm copolymer
concentration$®* PDMA-PBzMA wormlike micelles prepared in methanol have
also been employed as Pickering emulsifiers by Rizzelli & dlhese anisotropic
nanoparticles formed stable sunflower-ioimehanol emulsions. Mable et al.
synthesised a series of framboidal PGRRAPMA-PBzMA triblock copolymer
vesicles via RAFT polymerisatidil’ These nanoparticles were used to prepare
stable o#in-water emulsions and, unlike smooth PGNAAIPMA diblock copolymer
vesicles, the do not require crosslinking®*® Increasing the PBzMA DP led to
greater vesicle surface roughness as judged by TEM and SAXS. This resulted in

higher Pickering efficiencies as determined by turbidimetry.

1.11Thesis Outline

The present work focuses on the synthesis of diblock copolymers via RAFT
polymerisation. These diblock copolymers have been selected so that one block is
solvophilic and the other solvophobic. During polymerisation of the second
solvophobidblock, these diblock copolymers underBtSA. In Chapter 2, the RAFT
emulsion polymerisation oBzMA from a watersoluble PGMA macreCTA is
explored in detailA series of PGMA&PBzMA, diblock copolymersaresynthesised

and analysed by a wide range of technigueduding GPC, TEM, NMRandDLS.

The PGMAPBzMA nanoparticlesre selectively adsorbed onto phenylboronic acid
functionalised surfaces aradsoassessed as Pickering emulsifi€@sapter 3 cover

the synthesis of poly(stearyl methacrylape)y(N-2-(methacryloyloxy)ethyl
pyrrolidone) (PSMAPNMEP) diblock copolymers ai RAFT dispersion
polymerisation inn-dodecane. The PNMEBP and solids contenis varied to
constructa phase diagram in which pure spheres, worms and vesiclestameedb
These PSMAPNMEP diblock copolymersare alsocanalysed as potential Pickering
emulsifiers. In Chapter 4, detailgmblymerisationkinetics for a series of PNMEP
homopolymes synthesised via RAFT solutiopolymerisationare presentedA
PNMEP macreCTA is synthesised andhan-extended with BzMAvia RAFT
alcoholic dispersion polymerisation. These diblock copolymers farmange of

copolymer morphologies and aobust onepot protocol is developed.Finally,
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Chapter Sexamineghe RAFT aqueous dispersion polymerisatioNMEP wsing a
relatively short PGMA macr€TA. Very high PNMEP DPs are targeted which
enables the synthesis of high molecular weight PNMERa inonvenient low

viscosity form.
1.12References

(1) Staudinger, HBerichte der Deutschen Chemischen Gesellschadh(®B Series)
192Q 53, 1073.

(2) Flory, P. JPrinciples of Polymer Chemistornell University Press: New York,
1953.

(3) Ebewele, R. OPolymer Science and Technolp@RC press: Florida, 2000.

(4) Odian, G Principles of Polymerizatigndth editon ed.; John Wiley & Sons: New
Jersey, 2004.

(5) Kamigaito, M.; Ando, T.; Sawamoto, Mhhemical Review2001, 101, 3689.

(6) Moad, G.; Rizzardo, E.; Thang, S. Accounts of Chemical Resear2@08 41,
1133.

(7) Webster, O. WSciencel991 251, 887.

(8) Moad, G.; Rizzardo, E.; Thang, S. Mustralian Journal of Chemistr005 58,
379.

(9) Szwarc, M.; Levy, M.; Milkovich, RJournal of the American Chemical Society
1956 78, 2656.

(10) Hirao, A.; Loykulnant, S.; Ishizone, Progress inPolymer Scienc002 27,
1399.

(11)Ishizone, T.; Goseki, R. InEncyclopedia of Polymeric Nanomaterials
Kobayashi, S., Millen, K., Eds.; Springer: Berlin, 2014.

(12) Matyjaszewski, K.; Davis, T. FHandbook of Radical PolymerizatiphViley,
2002; Vol 5.

(13) Zetterlund, P. B.; Kagawa, Y.; Okubo, hemical Reviewd008 108 3747.
(14)Bates, F. S.; Fredrickson, G. Annual Review of Physical Chemisfr99Q 41,
525.

(15) Hamley, I.Nanotechnolog2003 14, R39.

(16) Hadjichristidis, N.; Pspas, S.; Floudas, GBlock Copolymers: Synthetic
Strategies, Physical Properties, and Applicatiohshn Wiley & Sons: New Jersey,
2003.

(17)Braunecker, W. A.; Matyjaszewski, Rorogress in Polymer Scien@9)07, 32,
93.

(18) Nicolas, J.; Guillaneufy.; Lefay, C.; Bertin, D.; Gigmes, D.; Charleux, B.
Progress in Polymer Scien2€13 38, 63.

(19) Hawker, C. JJournal of the American Chemical Soci@894 116, 11185.
(20)Hawker, C. J.; Barclay, G. G.; Orellana, A.; Dao, J.; Devonport, W.
Macromolecule4996 29, 5245.

(21) Macromolecular Engineeriniylatyjaszewski, K.; Gnanou, Y.; Leibler, L., Eds.;
Wiley-VCH: Weinheim, 2007; Vol. 1.

(22) Kato, M.; Kamigaito, M.; Sawamoto, M.; Higashimura, Macromolecules
1995 28, 1721.

56



Chapter 171 Introduction

(23) Wang, JS.; Matyjaszewski, KJournal of the American Chemical Society
1995 117, 5614.

(24) Matyjaszewski, KMacromolecule2012 45, 4015.

(25) Chiefari, J.; Chong, Y. K.; Ercole, F.; Krstina, J.; Jeffery, J.; Le, T. P. T.;
Mayadunne, R. T. A.; M@, G. F.; Moad, C. L.; Moad, G.; Rizzardo, E.; Thang, S.
H. Macromolecule499§ 31, 5559.

(26) Moad, G.; Rizzardo, E.; Thang, S. Australian Journal of Chemistrg006 59,
669.

(27)Moad, G.; Rizzardo, E.; Thang, S. Australian Journal of Chemist 2009 62,
1402.

(28) Moad, G.; Rizzardo, E.; Thang, S. Australian Journal of Chemistrg012, 65,
985.

(29)Chong, Y. K.; Le, T. P. T.; Moad, G.; Rizzardo, E.; Thang, S. H.
Macromolecule4999 32, 2071.

(30) Lu, L.; Zhang, H.; Yang, N.; Cai, Wlacromolecule200§ 39, 3770.

(31)Hong, C. Y.; You, Y. Z; Bai, R. K.; Pan, C. Y.; Borjihan, Gournal of
Polymer Science Part A: Polymer Chemi2601, 39, 3934.

(32) BarnerKowollik, C. Handbook of RAFT Polymeation; John Wiley & Sons:
Weinheim, 2008.

(33)He, T.; Zou, Y-F.; Pan, GY. Polymer Journal002 34, 138.

(34) McCormick, C. L.; Lowe, A. BAccounts of Chemical Resear2004 37, 312.
(35) Perrier, S.; Davis, T. P.; Carmichael, A. J.; HadutletD. M. Chemical
Communication2002 2226.

(36) Gregory, A. M.; Thurecht, K. J.; Howdle, S. NWlacromolecules2008 41,
1215.

(37) Willcock, H.; O'Reilly, R. K.Polymer Chemistrg01Q 1, 149.

(38) Benaglia, M.; Chiefari, J.; Chong, Y. K.; Moad, G.; Rizzardo, E.; Thang, S. H.
Journal of the American Chemical Soci2809 131, 6914.

(39) Barne&owollik, C.; Perrier, SJournal of Polymer Science Part A: Polymer
Chemistry2008 46, 5715.

(40)Chaong, Y. K.; Moad, G.; Rizzardo, E.; Thang, S. Macromolecule007, 40,
4446.

(41) Moad, G.; Chong, Y.; Postma, A.; Rizzardo, E.; Thang, S2dtlymer2005 46,
8458.

(42)Wang, Z.; He, J.; Tao, Y.; Yang, L.; Jiang, H.; YangMacromolecule2003

36, 7446.

(43) Liu, Y.; He, J.; Xu, J.; Fan, D.; Tang, W.; Yang, Macromolecule2005 38,
10332.

(44)Inglis, A. J.; Sinnwell, S.; Davis, T. P.; BarA¢owollik, C.; Stenzel, M. H.
Macromolecule2008 41, 4120.

(45)Lovell, P. A.; ElAasser, M. S.Emulsion Polymerization and Emulsion
Polymers Wiley: Chichester, 1997.

(46) Chern, C. SProgress in Polymer Scien2€06 31, 443.

(47)Harkins, W. D.Journal of the American Chemical Soci&BA7, 69, 1428.

(48) Gilbert, R. G.Emulsion Polymerization: A Mechanistic Approagcademic
Press: London, 1995.

(49) Thickett, S. C.; Gilbert, R. Q2olymer2007, 48, 6965.

(50)Richez, A. P.; Yow, H. N.; Biggs, S.; Cayre, OPJogress in Polymer Science
2013 38, 897.

57



Chapter 171 Introduction

(51) Kawaguchi, S.; Ito, K. IrPolymer ParticlesOkubo, M., Ed.; Springer: Berlin,
2005, p 299.

(52) Shen, S.; Sudol, E. D.; lasser, M. SJournal of Polymer Science Part A:
Polymer Chemistr994 32, 1087.

(53) Ali, A. M. I.; Pareek, P.; Sewell, L.; Schmid, A.; Fuijii, S.; Armes, S. P.; Shirley,
l. M. Soft Matter2007, 3, 1003.

(54) Israelachvili, J.Intermolecular & Surface Forces2nd ed.; Academic Press:
London, 1991.

(55) Alexandridis, P.; Lindman, BAmphphilic Block Copolymers: Seklssembly
and ApplicationsElsevier: Amsterdam, 2000.

(56) Swann, J. M.; Topham, P. Polymers201Q 2, 454.

(57)Mai, Y.; Eisenberg, AChemical Society Reviewf12 41, 59609.

(58) Bates, F. SSciencel991, 251, 898

(59) Bates, F. S.; Fredrickson, 8hysics Toda}999 52, 32.

(60)Blanazs, A.; Armes, S. P.; Ryan, A.Mlacromolecular Rapid Communications
2009 30, 267.

(61) Zhang, L.; Eisenberg, ARolymers for Advanced Technologi398 9, 677.

(62) Discher, D. E.; Ahmed, F. lIAnnual Review of Biomedical Engineerifgnual
Reviews: Palo Alto, 2006; Vol. 8, p 323.

(63) LoPresti, C.; Lomas, H.; Massignani, M.; Smart, T.; BattagliaJ@rnal of
Materials Chemistr2009 19, 3576.

(64)Clarke, C.J.; Zhang, L.; Zhu, J.; Yu, K.; Bruce Lennox, R.; Eisenberg, A.
Macromolecular Symposii997, 118 647.

(65) Zhang, L.; Eisenberg, Alournal of the American Chemical Socié896 118
3168.

(66) Cameron, N. S.; Corbierre, M. K.; Eisenberg, Sanadian Journal of
Chemistryl999 77, 1311.

(67) Shen, H.; Eisenberg, Alhe Journal of Physical Chemistryl®99 103 9473.

(68) Discher, D. E.; Eisenberg, AScience2002 297, 967.

(69) Charleux, B.; Delaittre, G.; Rieger, J.; D'Agosto,Macromolecles 2012 45,
6753.

(70)Warren, N. J.; Armes, S. Bournal of the American Chemical Soci@§14
136, 10174.

(71) Canning, S. L.; Smith, G. N.; Armes, S.Nfacromolecule2016 49, 1985.

(72) Derry, M. J.; Fielding, L. A.; Armes, S. IProgressin Polymer Scienc2016

52 1.

(73)Derry, M. J.; Fielding, L. A.; Armes, S. Polymer Chemistr2015 6, 3054.

(74) Blanazs, A.; Ryan, A. J.; Armes, S.NMacromolecule2012 45, 5099.

(75) Cunningham, M. FProgress in Polymer Scien@808 33, 365.

(76) Prescott, S. W.; Ballard, M. J.; Rizzardo, E.; Gilbert, R.M&acromolecules
2002 35, 5417.

(77)Ferguson, C. J.; Hughes, R. J.; Pham, B. T. T.; Hawkett, B. S.; Gilbert, R. G.;
Serelis, A. K.; Such, C. HMacromolecule2002 35, 9243.

(78) Ferguson, C. J.; Hughes, R. J.; Nguyen, D.; Pham, B. T. T.; Gilbert, R. G,;
Serelis, A. K.; Such, C. H.; Hawkett, B.I8acromolecule2005 38, 2191.

(79) Sprong, E.; Leswin, J. S. K.; Lamb, D. J.; Ferguson, C. J.; Hawkett, B. S.;
Pham, B. T. T.; Nguyen, D.; Such, C. H.; Serelis, A. K.; Gilbert, R. G.
Macromolecular Symposz006 231, 84.

(80)Boissé, S.; Rieger, J.; Belal, K.;icco, A.; Beaunier, PLi, M.-H.; Charleux,

B. Chemical Communicatiorz01Q 46, 1950.

58



Chapter 171 Introduction

(81)Boissé, S.; Rieger, J.; Pembouong, G.; Beaunier, P.; CharleuwquiBal of

Polymer Science Part A: Polymer Chemis2fi 1, 49, 3346.

(82) Chaduc, I.; Crepet, A.; Boyron, O.; Charle , B. ; D6Agost o, F.
Macromolecule2013 46, 6013.

(83) Manguian, M.; Save, M.; Charleux, Blacromolecular Rapid Communications

2006 27, 399.

(84) Rieger, J.; Zhang, W.; Stoffelbach, F.; CharleuxM&cromolecule01Q 43,

6302.

85Zhang, X. Boi ss®, S. ; Zhang, W. ; Bea
Charleux, BMacromolecule2011 44, 4149.

(86) Rieger, J.; Osterwinter, G.; Bui, C.; Stoffelbach, F.; Charleux, B.
Macromolecule®009 42, 5518.

(87) Zhang, X.; Rieger, J.; Charleux, Bolymer Chemistrg012 3, 1502.

(88)R|eger, J . ; Stoffel bach, F.; Bui , C. ;
Macromolecule2008 41, 4065.

(89) Chaduc, I.; Zhang, W.; Rieger, J.; Lansalot, M.; D'Agosto, Farlébx, B.
Macromolecular Rapid Communicatiog611, 32, 1270.

(90)Ch aduc, . Girod, M. ; Antoine, R. ; Cr
Macromolecule2012 45, 5881.

@91)Zhang, W.; D6Agost o, F.; BMagromoleules O. ; R
2011, 44, 7584.

(92)Bogowdi Ki i, J.; Mafon, H. T.; Meuldiijk,

Macromolecule2007, 40, 7132.

(93)Ting, S. R. S.; Min, E. H.; Zetterlund, P. B.; Stenzel, M.Micromolecules
201Q 43, 5211.

(94) Yeole, N.; Hundiwale, DRSC Advance2013 3, 22213.

(95)Zhang, W. ; D6Agost o, F.; BMagramolecules O . R
2012 45, 4075.

(96) Zhang, W.; D'Agosto, F.; Dugas,-P.; Rieger, J.; Charleux, B2olymer2013

54, 2011.

(97)Lesage de la Haye, J.; Zhang, X.; Chaduc, I.; Brunel, F.; Lansalot, M.;
D'Agosto, FAngewandte Chemiz016 128 3803.

(98) An, Z.; Shi, Q.; Tang, W.; Tsung, &.; Hawker, C. J.; Stucky, G. Dournal of

the American Chemical Socie2907, 129, 14493.

(99) Li, Y.; Armes, S. PAngewandte Chemie International Editid@1Q 49, 4042.
(100)Blanazs, A.; Madsen, J.; Battaglia, G.; Ryan, A. J.; Armes, $owrnal of the
American Chemical Sociefp11], 133 16581.

(101)Blanazs, A.; Verber, R.; Mykhaylyk, O. O.; Ryan, A. J.; Heath, J. Z.; Douglas,
C. W. I.; Armes, S. Rlournal of the American Chemical Soci2812 134, 9741.
(102)Chambon, P.; Blanazs, A.; Battaglia, G.; Armes, SMiBcromolecule2012

45, 5081.

(103) Verber, R.; Blanazs, A.; Armes, Soft Matter2012 8, 9915.

(104)Ratcliffe, L. P. D.; Ryan, A. J.; Armes, S.Ftacromolecule2013 46, 769.
(105)Lovett, J. R.; Warren, N. J.; Armes, S. P.; Smallridge, M. J.; Cracknell, R. B.
Macromolecule2016 49, 1016.

(106) Cunningham, V. J.; Ratcliffe, L. P. D.; Blanazs, A.; Warren, N. J.; Smith, A. J;
Mykhaylyk, O. O.; Armes, S. RRolymer Chemistrg014 5, 6307.

(107)Canton, I.; Warren, N. J.; Chahal, A.; Amps, K.; Wood, A.; Weightman, R.;
Wang, E.; Moore, H.; Armes, S. RCS Central Scienc201§ 2, 65.

59



Chapter 171 Introduction

(108)Warren, N. J.; Mykhaylyk, O. O.; Ryan, A. J.; Williams, M.; Doussineau, T.;
Dugourd, P.; Antoine, R.; Pote&a G.; Armes, S. PJournal of the American
Chemical Societ015 137, 1929.

(109)Mable, C. J.; Gibson, R. R.; Prevost, S.; McKenzie, B. E.; Mykhaylyk, O. O.;
Armes, S. PJournal of the American Chemical Socigf15 137, 16098.

(110)Mable, C. J.Warren, N. J.; Thompson, K. L.; Mykhaylyk, O. O.; Armes, S. P.
Chemical Scienc2015 6, 6179.

(111)Sugihara, S.; Blanazs, A.; Armes, S. P.; Ryan, A. J.; Lewis, Aournal of
the American Chemical Socie2911, 133 15707.

(112)Sugihara, S.; Arms, S. P.; Blanazs, A.; Lewis, A. Soft Matter2011, 7,
10787.

(113)Warren, N. J.; Mykhaylyk, O. O.; Mahmood, D.; Ryan, A. J.; Armes, S. P.
Journal of the American Chemical Socig814 136, 1023.

(114)Liu, G.; Qiu, Q.; Shen, W.; An, Z. $4acromolecule011, 44, 5237.

(115)Shen, W.; Chang, Y.; Liu, G.; Wang, H.; Cao, A.; An,Macromolecules
2011 44, 2524.

(116)Wan, W. M.; Sun, X. L.; Pan, C. YMacromolecular Rapid Communications
201Q 31, 399.

(117)Wan, W:M.; Pan, C.Y. Polyrmer Chemistry201Q 1, 1475.

(118)Wan, W:M.; Pan, C.Y. Macromolecule201Q 43, 2672.

(119)He, W:D.; Sun, X:L.; Wan, W:M.; Pan, C.Y. Macromolecule2011, 44,
3358.

(120)Huang, C:Q.; Pan, GY. Polymer201Q 51, 5115.

(121)Sun, JT.; Hong, C-Y.; Pan, CGY. Polymer Chemistrg013 4, 873.

(122)Wan, W:M.; Hong, C:Y.; Pan, C.Y. Chemical Communication2009 1,
5883.

(123)Cai, W.; Wan, W.; Hong, C.; Huang, C.; Pam;YC.Soft Matter201Q 6, 5554.
(124)Zhang, W. J.Hong, C. Y.; Pan, C. YMacromolecular Rapid Communications
2015 36, 1428.

(125)Yang, P.; Ratcliffe, L. P. D.; Armes, S. Macromolecule2013 46, 8545.
(126)Huo, F.; Li, S.; He, X.; Shah, S. A.; Li, Q.; Zhang, Wacromolecule014

47, 8262.

(127)Semsarilar, M.; Jones, E. R.; Blanazs, A.; Armes, SAd¥anced Materials
2012 24, 3378.

(128) Semsarilar, M.; Ladmiral, V.; Blanazs, A.; Armes, S.F8lymer Chemistry
2014 5, 3466.

(129)Gonzato, C.; Semsarilar, M.; Jones, E. R.; Li, F.; Krooshof, G. J. P.; Wyman,
P.; Mykhaylyk, O. O.; Tuinier, R.; Armes, S. Bournal of the American Chemical
Society2014 136, 11100.

(130)Jones, E. R.; Semsarilar, M.; Blanazs, A.; Armes, $/&romdecules2012

45, 5091.

(131)Jones, ER.; Mykhaylyk, O.0O.; Semsarilar, M.; Boerakker, M.; Wyman, P.;
Armes, SP.Macromolecule®015 49, 172.

(132)Jones, E. R.; Semsarilar, M.; Wyman, P.; Boerakker, M.; Armes,Rl{Anmer
Chemistry2016 7, 851

(133)Semsarilar, M.; Penfold, N. J.; Jones, E. R.; Armes, oBmer Chemistry
20156, 1751.

(134)Pei, Y.; Lowe, A. BPolymer Chemistrg014 5, 2342.

(135)Pei, Y.; Dharsana, N. C.; van Hensbergen, J. A.; Burford, R. P.; Roth, P. J,;
Lowe, A. B.Soft Matter2014 10, 5787.

60



Chapter 171 Introduction

(136)Pei, Y.; Dharsana, N. C.; Lowe, A. Bustralian Journal of Chemistr015

68, 939.

(137)Houillot, L.; Bui, C.; Save, M.; Charleux, B.; Farcet, C.; Moire, C.; Raust, J.
A.; Rodriguez, IMacromolecule2007, 40, 6500.

(138)Houillot, L.; Bui, C.; Farcet, C.; Moire, C.; Raust;Al; Pasch, H.; Save, M.;
Charleux, BAcs Applied Materials &riterfaces201(Q 2, 434.

(139)Fielding, L. A.; Derry, M. J.; Ladmiral, V.; Rosselgong, J.; Rodrigues, A. M,;
Ratcliffe, L. P.; Sugihara, S.; Armes, S.Ghemical Scienc2013 4, 2081.
(140)Fielding, L. A.; Lane, J. A.; Derry, M. J.; Mykhaylyk, O.;QArmes, S. P.
Journal of the American Chemical Socig814 136, 5790.

(141) LopezOliva, A. P.; Warren, N. J.; Rajkumar, A.; Mykhaylyk, O. O.; Derry, M.
J.; Doncom, K. E.; Rymaruk, M. J.; Armes, SMacromolecule2015 48, 3547.
(142)Zhang, Q.Zhu, S.ACS Macro Letter2015 4, 755.

(143)Zhou, H.; Liu, C.; Gao, C.; Qu, Y.; Shi, K.; Zhang, \Bburnal of Polymer
Science Part A: Polymer Chemis22916 54, 1517.

(144)Hasell, T.; Thurecht, K. J.; Jones, R. D. W.; Brown, P. D.; Howdle, S. M.
Chemical Communication2007, 3933.

(145)Lee, H.; Terry, E.; Zong, M.; Arrowsmith, N.; Perrier, S.; Thurecht, K. J.;
Howdle, S. MJournal of the American Chemical Socigf808 130, 12242.

(146)Zong, M.; Thurecht, K. J.; Howdle, S. MChemical Communication22008
5942.

(147)Ramsden, WProceedings of the royal Society of Lond®@®3 72, 156.

(148) Pickering, S. UJournal of the Chemical Society, Transactia887, 91, 2001.
(149)Aveyard, R.; Binks, B. P.; Clint, J. HAdvances in Callid and Interface
Science2003 100, 503.

(150)Binks, B. P.Current Opinion in Colloid & Interface Scien@®02 7, 21.
(151)Binks, B. P.; Lumsdon, S. @Qangmuir200Q 16, 8622.

(152)Binks, B. P.; Lumsdon, S. @angmuir200Q 16, 2539.

(153)Binks, B. P.; Lumsdon, S. @Physical Chemistry Chemical Physi2z80Q 2,
2959.

(154) Schulman, J. H.; Leja, Jransactions of the Faraday Socidi§54 50, 598.
(155)Aveyard, R.; Binks, B. P.; Fletcher, P. D. I.; Rutherford, CCBlloids and
Surfaces A: Physicochemical and Engineering Aspg@&s 83, 89.

(156)Velev, O. D.; Furusawa, K.; Nagayama,llangmuir1996 12, 2374.

(157) Strohm, H.; Lébmann, Bournal of Materials Chemistr004 14, 2667.
(158)Binks, B. P.; Lumsdon, S. Qangruir 2001, 17, 4540.

(159)GiermanskaKahn, J.; Schmitt, V.; Binks, B. P.; Le@lalderon, FLangmuir
2002 18, 2515.

(160) Thompson, K.; Mable, C.; Cockram, A.; Warren, N.; Cunningham, V.; Jones,
E.; Verber, R.; Armes, Soft Matter2014 10, 8615.

(161) Thompson, K. L.; Armes, S. P.; Howse, J. R.; Ebbens, S.; Ahmad, I.; Zaidi, J.
H.; York, D. W.; Burdis, J. AMacromolecule201Q 43, 10466.

(162)Rizzelli, S. L.; Jones, E. R.; Thompson, K. L.; Armes, S.CBlloid and
Polymer Scienc2015 294 1.

(163) Thompson, K.; Fielding, L.; Mykhaylyk, O.; Lane, J.; Derry, M.; Armes, S.
Chemical Scienc2015 6, 4207.

(164) Thompson, K. L.; Lane, J. A.; Derry, M. J.; Armes, SLBagmuir2015 31,
4373.

(165) Thompson, K. L.; Chambon, P.; Verber, R.; Armes, SJ&urnal of the
American Chemical Sociej012 134, 12450.

61



Chapter 21 Poly(glycerol monomethacrylatejpoly(benzyl methacrylate) diblock copolymer nanoparticles

Chapter 2

Poly(glycerol monomethacrylate)
poly(benzyl methacrylate) diblock
copolymer nanoparticles via RAFT
emulsion polymerisation
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Reproduced in part with permission from:

[Cunningham, V. J.; Alswieleh, A. M.; Thompson, K. L.; Williams, M.; Leggett, G.

J.; Armes, S. P.; Musa, O. Mlacromolecules2014 47, 5613.] Copyright [2014]
American Chemical Society.
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2.1 Introduction

Glycerol monomethacrylate (GMA) is a relativelypensive specialty monomer. It is
used in the synthesis of soft contact lenses and is usually formed via a multistep
process leading to a mixture of 44nd 2,3hydroxy isomers:” Recently, Ratcliffe

et al. reported its cosffective synthesis from aaqueous emulsion of glycidyl
methacrylate (GlyMAY. This ringopening reaction in water at 80 °C resulted in an
aqueous solution of GMA within 9 h. NMR spectroscopy studies confirmed no
hydrolysis of the methacrylic ester and negligible polymerisationroaduuring the

ring opening reaction. This GMA monomer was then used in th@oingynthesis of
PGMA-PHPMA diblock copolymer nanobjects Figure 2.1). The first step
involved the synthesis of a PGMA madgtd A via RAFT solution polymerisation in
water. This was followed by the addition of HPMA in a RAFT aqueous dispersion
polymerisation. 8mpling during the reaction showed an evolution in morphology
from spheres to worms to vesicles with 99% conversion being achieved after 90

min.2

Hydrolysis e
80 °C, H,0, air
0 >
(o) RAFT polymerisation

70 °C, H,0, N,

>
o O
OH
(@)
Water-immiscible Diblock copolymer nano-objects

Figure 2.1 One-pot synthesis of PGMAPHPMA diblock copolymer nano-objects.
Glycidyl methacrylate (GlyMA) is converted to glycerol monomethacrylate (GMA) in
water at 80 °C, followed by the preparation of a PGMA macreCTA. Chain extension
of the PGMA macro-CTA with 2-hydroxypropyl methacrylate (HPMA) produced well-
defined PGMA-PHPMA diblock copolymer nano-objects?

The cisdiol functionality of PGMA has also been utilised for -pEpendent
complexation with phenylboronic acid. It is well documented that such boronic

acid species can react with dialcoh6isFor example, poly(vinyl alcohol) can be

mi xed with borax t'%Several other applicationsnparticulsly i me o
in the biomedical field, include lipase inhibitibhdrug delivery? and controlled

release.®* Cambre and Sumerlin published @nwprehensive review of the
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biomedical applications of boronic adidsed polymers in 20P1The important
feature which enables these applications is the ability of boronic acid species to

covalently bind with cisliols to form cyclic esters in alkaline @epus solution.

Thompson et al. reported the synthesis of PGat#bilised polystyrene (PGMRS)
latexes by conventional aqueous emulsion polymerisati®elton et al. examined
the pHdependent adsorption of these PGIA& latexes onto functionalised
regeerated celluloséilms (Figure 2.2).* At pH 10.5 the cigliol and boronic acid
react to form a boronate ester. This complexation occurs due to the pH being above
the pk, of the phenylboronic acid (pi& 9)° In contrast, reducing the pH to 4 led to
desorption of the PGMAS latex from the delose surface. This reversible
transition was confirmed by confocal microscopy using Alizarin Red S dye which
only fluoresces when present as a boronate coniplekis work was extended to
look at the interaction of the PGMRS latexes with phenylborani acid
functionalised silica surfac&sThis showed similar results, with adsorption occurring

at high pH but no adsorption observed at pH 4.

Hog
;
Figure 2.2 Schematic representation of the pHlependent adsmtion of PGMA -PS
latexes to phenylboronic aciffunctionalised regenerated cellulose film$.

pH 10

Cellulose FiIm
Cellulose Film

This Chapter describes a relatively rare example of a RAFT aqueous emulsion
polymerisation formulation based omartionic steric stabiliser block, poly(glycerol
monomethacrylate) (PGMA). Two PGMA maeB¥As have been chakxtended
using a watermmiscible monomer, benzyl methacrylate (BzMA), via RAFT
agueous emulsion polymerisation. The effect of varying the target degree of
polymerisation of the coftorming PBMA block and the overall copolymer
concentration on the particle size, blocking efficiency and conversion has been
systematically investigated. These PGMRBzMA, nanoparticles are also assessed
as Pickering emulsifiers for four model oils, namely sumélo oil, n-hexane,n-
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dodecane and isopropyl myristate. Finally, the dihydroxy functionality of the PGMA
stabiliser chains has been used to control the surface adsorption of GMA
PBzMA;24 nanoparticles on a micneatterned planar substrate via phenylbaron
acid chemistry.The work presented herein has already formed the basis of a
publication inMacromolecules’ Since the publication of this manuigt, further
analysis of the PGMA maciGTA revealed an actual DP of 63 (rather than DP 51).

2.2 Experimental Details

2.2.1Materials

Glycerol monomethacrylate (GMA) was donated by GEO Specialty Chemicals
(Hythe, UK). Benzyl methacrylate (BzMA), 4.dzobis(4cyanopentanoic acid)
(ACVA; 99 %), n-dodecane, isopropyl myristate, sunflower oil and 3
formylphenylboronic ad were purchased from Sigafddrich UK. 2-Cyano2-
propyl dithiobenzoate (CPDB) was purchased from STREM Chemicals Ltd.
(Cambridge, UK) 2, -RzObis[2(2-imidazolin-2-yl)propane]dihydrochloride
(AIPD) was purchased from Wako Pure Chemicals, Ltd (Osakaanjapll
chemicals were used as receivegdDimethyl sulfoxide,d;-dimethyl formamide and
ds-methanol were purchased from Goss Scientific Instruments Ltd., (Cheshire, UK).
All other solvents were purchased from Fisher Scientific (Loughborough, UK) and

usal as received. Dnised water was used for all experiments.

2.2.2Preparation of PGMAg; macro-CTA

CPDB RAFT agent (1.650 g, 7.454 mmol), GMA (78.144 g, 488 mmol) and ACVA
(0.3790 g, 1.352 mmol; CPDB/ACVA molar ratio = 5.0) were weighed into a 500 ml
roundbottom flask and degassed with nitrogen for 15 min. Ethanol (148 ml) was
deoxygenated separately with nitrogen for 30 min prior to addition to the other
reagents. The reaction solution was stirred and degassed in an ice bath for a further
30 min before placig in an oil bath at 70C. The polymerisation was allowed to
proceed for 150 min, resulting in a monomer conversion of 68 % as judgtd by
NMR (comparing the integrated vinyl signals at 5.6 and fijom to the two
oxymethylene protons at 3:74.3 ppm). he crude homopolymer was purified by
precipitating into a teifiold excess of dichloromethane. This purification process was

repeated twice to give a pure PGMA ma@dA (53.14 g, < 1 % monomer
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remaining).*H NMR indicated a mean degree of polymerisatio®¥ia endgroup
analysis (by comparing the aromatic RAFT signals i7.8.0 ppm to the two
oxymethylene protons at 3-74.3 ppm). DMF GPC analysis indicatedMa, of
15,000 g mot and anM./M, of 1.19 (vs. a series of nearonodisperse PMMA
calibration sandards). The same method was used for the synthesis of a BRGMA

macreCTA by simply varying the CPDB/GMA molar ratio.

2.2.3RAFT aqueous emulsion polymerisation of benzyl

methacrylate

A typical protocol for the synthesis of PGMAPBzMAg7; diblock copolymemvas as

follows: PGMAsz macreCTA (0.0696 g), BzMA (0.4414 g, 2.505 mmol), ACVA
(0.600 mg, 2.141 e mol ; CTA/ ACVA mol ar ra
were weighed into a 25 ml rowfmbttom flask and purged with nitrogen for 30 min,

prior to immer#on in an oil bath set at 7QC for 6 h. The resulting copolymer was

analysed by DMF GPQM, = 62,100 g mot, My/M,, = 1.18vs. PMMA standards).

'H NMR spectroscopy analysis iy-DMF indicated less than 1% residual BzMA
monomer (comparing the vingignals at 5.8 and 6.3 ppm to the five aromatic

protons at 7 7.8 ppm). DLS studies of a 0.20% w/w copolymer dispersion indicated

an intensityaverage particle diameter of 91 nm (DLS polydispersity, PDI = 0.05).

2.2.4Synthesis  of  fluorescentiflabelled PGMAg-PBzMA 24

nanoparticles

An excess of methylamine solution (33 wt.% in absolute ethanol) was added to
PGMAs3-PBzMA124 (1.50 g) synthesised via RAFT aqueous emulsion
polymerisation. After 10 min, this aqueous copolymer dispersion was reacted with
rhodamineB i sot hi ocyanate (3. 10°Cmwih,contthuods8 & mo |
magnetic stirring. The resulting fluorescertypelled nanoparticles were purified by

dialysis for eight days with-8 water changes per day. DLS studies of a 0.20% w/w
copolymer disprsion indicated an intensigverage particle diameter of 46 nm (PDI

= 0.15). The resulting copolymer was analysed by DMF GRC=(29,200 g mot,

Mw/Mp = 1.10 vs. PMMA standards).
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2.2.5RAFT aqueous emulsion polymerisation of PEGsPBzMA 5

The REBzAMompanoparticles were prepared by
azo initiator (6. 1,0dimghi dOh Or-BMA tngnborh?) 8 9 6P K

0.0568 mmol ; [ CTA] /[ Al PD] mol ar ratio =
mmo | target DP = 02 0a0 )4 onetrdemewde i fglhaesdk icnar
magnetic stir bar. These reagents were d

(9.20 mL, 10% w/w solids) and purged wit
was sealed and i mmersedhinaéaheoni wWhbahht b
was guenched by exposur e (tNa aitrheand aa
characteri saiti-bBn malTrAgahse bPyE GDr Nask bwamr e
reported'®l sewhere).

2.2.6Preparation of Pickering emulsions using PGMAPBzMA latex

particles

Either sunflower oil,n-hexane,n-dodecane or isopropyl myristate (2.0 ml) was
homogenised with 2.0 ml of a 0.06752.50% w/w agueous PGMAPBzMA
copolymer dispersion for 2 min using a IKA UHKfarrax T-18 homogeniser

equipped with a 1éhm dispersing tool operating at 12,000 rpm.

2.2.7Preparation of surfaceaminated silicon wafers using N-[2-(2-
nitrophenyl)propan -1-oxycarbonyl]-3-aminopropyl)

Al | gl assware and substrates were cleane
(a 3:7 mixture 6 hydrogen peroxide and concentrated sulfuric acid) for 2 h. The
glassware and the substrates were washed with deionised water several times then
sonicated for 10 min and rinsed with deionised water. Glassware and substrates were
dried in a 120C oven forl h. The silicon wafers were submerged in a 1:1:5 solution

of ammonium hydroxide, 30% hydrogen peroxide and deionised water (The Radio
Cooperative America). The solution was heated to 85 °C for 30 min and allowed to

cool. The samples were rinsed with deged water, sonicated and dried in an oven

before use.

Silicon wafers were immersed into a 1 mM solution{2-(2-nitrophenyl)propan
1-oxycarbonyl}3-aminopropyl)triethoxysilane (NPPQGSilane) in toluene for 48 h at
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20 °C. The coated wafers were rinsetth toluene, followed by ethanol, and dried

under a stream of nitrogen gas.

2.2.8Photopatterning of NPPOC functionalised surfaces

A He-Cd laser (Kimmon IK3202M) with an UV emission wavelength of 325 nm
was used to irradiate samples. The area illuminatettidoyaser beam was 0.20 Tm
and the laser power was 11 mW. Micropatterns were obtained by irradiation of
NPPOCcoated silicon wafers using an electron microscopy copper grid (Agar,

Cambridge, UK) as a convenient mask.

2.2.9Selective adsorption of PGMAs;-PBzMA 1,4, nanopatrticles onto

patterned NPPOGfunctionalised silicon wafers

Patterned NPPO4nctionalised silicon wafers were immersed in a 20 mM
ethanolic solution of 3ormylphenylboronic acid for 2 h at Z&. The wafers were
rinsed with ethanol and dried ngi a nitrogen gas stream. The phenylboronic acid
functionalised wafers were then immersed in a 0.01% w/w aqueous dispersion of
fluorescentlylabelled PGMA3-PBzMA; 24 nanopatrticles at either pH 4 or pH 10 for

2 h at 20 °C. Finally, each wafer was rinsechwiiater several times and dried gently

under a nitrogen gas stream.
2.2.10Copolymer characterisation

'H NMR Spectroscopy
All 'H NMR spectra were recorded using a 400 MHz Bruker Aveite
spectrometer using,-methanol d,-dimethylformamide ods-dimethylsulfoxide.

Gel Permeation Chromatography (GPC)

The molecular weights and dispersities of the PGMA m&¥8 and PGMA
PBzMA diblock copolymers were determined by DMF GPC at 60 °C. The GPC set
up consisted of two Polymer Laboratories PL geind Mixed C columns connected

in series to a Varian 390 LC mutletector suite (refractive index detector) and a
Varian 290 LC pump injection module. The mobile phase was HPLC grade DMF
containing 10 mmol LiBr with a flow rate of 1.0 ml rfinCopolymer solutions
(1.0% wv) were prepared in DMF using DMSO as the flow rate marker. Ten near

monodisperse poly(methyl methacrylate) standards (PMM#As 6257 618,000 g
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mol™?) were used for calibration. Data were analysed using Varian Cirrus GPC

software (version 3.3).

Dynamic Light Scattering (DLS)

The intensityaverage hydrodynamic diameter of each batch of spherical diblock
copolymer nanoparticles was determined using a Malvern Zetasizer NanoZS
instrument. Aqueous dispersions (0.20% w/w) were analysed using disposable plastic

cuvettes and data were averaged over three consecutive runs.

Transmission Electron Microscopy (TEM)

Copper/palladium TEM grids (Agar Scientific) were coatedhause to yield a thin

film of amorphous carbon. The grids were then subjected to a glow djsctoar30
seconds to create a hydrophilic surface. Individual samples (0.20% w/w aqueous
dispersion, 10.0 pL) were adsorbed onto the freshly treated grids for one minute and
then blotted with filter paper to remove excess solution. To stain the nanlegartic
uranyl formate (9.0 puL of a 0.75% w/w solution) was absorbed onto the sample
loaded grid for 20 seconds and then carefully blotted to remove excess stain. The
grids were then dried using a vacuum hose. Imaging was performed using a Philips
CM100 indrument operating at 100 kV and equipped with a Gatan 1 k CCD camera.

Optical Microscopy

Optical microscopy images were recorded using a Motic DMBA300 digital
biological microscope equipped with a built camera and Motic Images Plus 2.0
ML software.

Laser Diffraction

A Malvern Mastersizer 2000 instrument equipped with a small volume Hydro
2000SM sample dispersion unit (ca. 50 ml), a HeNe laser operating at 633 nm, and a
solid-state blue laser operating at 466 nm was used to size each emulsion. The
stirring rate was adjusted to 1,000 rpm in order to avoid creaming of the emulsion
during analysis. After each measurement, the cell was rinsed once with ethanol,
followed by two rinses with distilled water; the glass walls of the cell were carefully
wiped withtissue to avoid crossontamination and the laser was aligned centrally to

the detector prior to data acquisition.

69



Chapter 21 Poly(glycerol monomethacrylatejpoly(benzyl methacrylate)diblock copolymer nanoparticles
via RAFT emulsion polymerisation

Fluorescence Microscopy
A single droplet of a Pickering emulsion was placed on a microscope slide and
viewed using an Olympus Upright Epifirescence microscope equipped with a

Hamamatsu ORCAR monochrome camera and Volocity software.

Atomic Force Microscopy (AFM)

AFM studies were carried out using a Nanoscope IV Multimode Atomic Force
Mi croscope (Veeco, Sant aerBoa 12b gm).aSjlicorJ S A)
probes (Bucker, Germany) with average spring constants between 20 and’80 Nm
were used for tapping mode studies. Mean heights were determined for micro
patterned particles.

2.3 Results and Discussion

2.3.1Synthesis of PGMAj; macromoleculr chain transfer agent via

RAFT solution polymerisation

S

CN S S
n
Yl\o/\/\m‘ CPDB - N © a
0

OH Ethanol, 70°C, N,, ACVA
40% w/w PGMA macro-CTA
CTA/ACVA =5.0
GMA o

OH

Scheme2.1 Synthesis of poly(glycerol monomethacmate) (PGMA) macro-CTA using
CPDB as the RAFT chain transfer agent.

Reaction kinetics for the synthesis of a PGM¥acreCTA in ethanol at 70 °C and

40% wiw solids $cheme2.1) have previously been published by Blanazsal®®
Utilising this data, a DP of 70 was targeted. The reaction proceeded for 150 minutes,
resulting in a GMA conversion of 68%. For the synthesis of a @t it is
desirable to terminate the polymerisation prior to reaching full conversion tceensur
RAFT chainend fidelity. This is essential to ensure high blocking efficiencies when
making block copolymers via chain extension. The PGMA m&drd was purified

by repeated precipitation into excess dichloromethane. The resulting polymer was
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dissolved m water and freeze dried to give a pure PGMA m&Té\ (< 1% residual
monomer remaining}H NMR analysis of the dried polymer indicated a mean DP of
63. DMF GPC analysis of the PGMAmacroCTA indicated aW, of 15,000 g mot

with a low dispersityM,/M,) of 1.19 Figure2.3).

M, = 15,000 g mol*
M, /M, =1.19

I T T T L T T T T T T T 1

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

Figure 2.3 DMF GPC chromatogram of the PGMAs; macro-CTA (vs. PMMA
calibration standards).

2.3.2Kinetics of PGMAg-PBzMA3 Vvia RAFT emulsion

polymerisation

0
S
M
S
(o]
CN BzMA
(o)
HO—< —(
HO

H,0, 70°C, N,, ACVA

PGMA; macro-CTA PGMAg;-PBzMA,

Scheme 2.2 Diblock synthesis of poly(glycerol monomethacrylatg)-poly(benzyl
methacrylate), (PGMAs-PBzMA,) at 70 °C.

The PGMA; macroCTA synthesised was then chartended with BzMA via
RAFT aqueous emulsion polymerisatioBctieme2.2). The kinetics for a block
composition of PGMAs-PBzMAspe Was studied at 10% w/w solids and 70 °C. The
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PGMAs3 macreCTA/ACVA molar ratio was varied from 3.0 to 10.0 to see how this
affected the polymerisation rate and dispersity of the PgNeBzMAgzqs diblock
copolymer. The reaction was sampled every 15 minutes and each sample was
analysed byH NMR spectroscopy id,-DMF, which is a good solvent for both the
PGMA and PBzMA.
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Figure 2.4 Kinetics of polymerisation of BzZMA at 70 °C prepared at 10% w/w solids
with varying PGMA ¢; macro-CTA/ACVA molar ratios of 3.0 (circle), 4.0 (square) and
10.0 (triangle). The target diblock copolymer composition in each case was PGMA
PBzMA 30

As can be seen iRigure 2.4 all three PGMA; macreCTA/ACVA molar ratios led

to very high conversion (O 99 %) within
CTA/ACVA molar ratio (10.0) led to the slowest polymerisation with 99%
conversion achieved within 6 h. In comparison, utilising a m&dra/ACVA ratio

of 4.0 or 3.0 led to significantly faster reactions with 99% conversion reached in 2.5

h and 2 h respectively. Low mae@lA/ACVA molar ratios such as 3.0 can often

hinder the RAFT living character resulting in high dispersities (typically greater than
1.30). Therefore, higher molar ratios are used in order to reduce termination and

maintain living character. In this particular case, this did not seem to be a problem as

72



Chapter 21 Poly(glycerol monomethacrylatejpoly(benzyl methacrylate)diblock copolymer nanoparticles
via RAFT emulsion polymerisation

all three reactions when analysed by DMF GPC showed high blocking efficiencies
relaive to the PGMA3; macreCTA as well as having low dispersities of less than
1.20 Figure2.5).

IA\

Y PGMA;; macro-CTA
\‘ M, = 15,000 g mol*
v M,/M, =119

Macro-CTA/ACVA= 3.0
M, = 49,400 g mol!
M, /M, =1.15

Macro-CTA/ACVA = 4.0

M, = 50,500 g mol!

M, /M, =1.16
Macro-CTA/ACVA = 10.0

M., = 45,500 g mol!
M, /M, =1.15

-—
-~

12 13 14 15 16 17
Retention time (min)

Figure 2.5 DMF GPC chromatograms of the PGMAs; macro-CTA and the resulting
PGMA ¢:-PBzMA 30 diblock copolymers after 99% BzMA conversion had been attained
for the kinetics with varying the macro-CTA/ACVA molar ratio from 3.0 to 10.0.

2.3.3Synthesis of PGMAs-PBzMA, diblock copolymers via RAFT

emulsion polymerisation at 10% w/w solids

A series of PGMAs-PBzMA diblock copolymers have been prepared via RAFT
emulsion polymerisation at 70 °C. The target PBzMA DP was varied frofr2832.

A macroeCTA/ACVA molar ratio of 4.0 and solids content of 10% w/w was selected
for all polymerisations. All diblock copolymers vee analysed by'H NMR
spectroscopy, DMF GPC, DLS and TEM. The results are summami3edble2.1.

Very high conversions of at least 98%, as judggdH NMR spectroscopy were
achieved for the polymerisation of BzMA in the synthesis of PGMXBzMA,
diblock copolymers. DMF GPC analysis shows an increadd,iwith increasing
PBzMA DP. The dispersities of the PGM¥PBzMA, diblock copolymers remain
low (Mw/M, < 1.30) even for highly asymmetric diblocks such as PGMA
PBzMA; 235 Figure 2.6 shows representative DMF GPC chromatogrdor six of
the PGMAg3-PBzMA, diblock copolymers. These all show high blocking relative to
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the PGMAss macreCTA chromatogram with little evidence of contamination from

the macreCTA in the diblock copolymer curves.

Table 2.1 Solids contents, conversions, numbesverage molecular weights N1.,),
dispersities (M/M,) and mean DLS and TEM diameters obtained for PGMAs-
PBzMA, (Ges-By) diblock copolymer nanoparticles and the corresponding PGMAs
macro-CTA. The numbers in brackets rder to the polydispersity (PDI) of the sample.

Target Solids Conversion? GPC Particle diameter

composition  content (%) M M /MP DLS TEM

(% wiw) (g mol ) (nm) (nm)

1 Ge____ 0_____ 67____15000 __1lo - -

2 Gg3-Bgo 10 =09 19,700 1.19 28 (0.10) 20
3 Gg3-Bogs 10 =099 20,900 1.23 30 (0.13) 23
4 Gg3-Bioa 10 =99 26,900 1.22 41 (0.15) 27
5 Gg3-Biss 10 =99 30,400 1.21 53 (0.25) 35
6 Ggs-Bigs 10 =099 34,600 1.26 55(0.12) 36
7 Gg3-Bais 10 =09 39,800 1.23 58 (0.06) 43
8 Gg3-Basr 10 98 45,600 1.26 64 (0.07) 44
9 Gg3-Bsgo 10 =99 51,100 1.19 81 (0.10) 35
10 Gg3-Bsog 10 =09 62,100 1.18 91 (0.05) 73
11 Gg3-Byos 10 =99 77,100 1.21 113 (0.04) 82
12 Gg3-Bgig 10 =99 83,400 1.24 137 (0.02) 105
13 Gg3-Bioss 10 =09 116,800 1.26 230 (0.02) 193

a. Monomer conversion determined by !H NMR spectroscopy
b. Determined by DMF GPC using a series of near-monodisperse PMMA calibration standards

Each of the PGM&-PBzMA, diblock copolymers were analysed by DLS and TEM.
Dilute copolymer dispersions (0.20% w/w) were used for both techniques to analyse
the nanoparticles formed during the polymerigatibhe amphiphilic nature of the
PGMAs3-PBzMA, diblock copolymers leads to polymerisatimmluced sel
assembly (PISA)Figure2.7a showghe intensityaverage diameters as measured by
DLS. As the cordorming PBzMA DP increases from 62 to 1235 an increase in
diameterwas observed by DLS. All data show unimodal peaks with low PDIs. The
TEM images irFigure2.7b indicate the formation of spherical nanopatrticles for each
diblock copolymer targeted. A plot of mean particle diameter as measyreaNd

and DLS against PBzMA DP wahown inFigure2.7c. A linear increase in particle
diameter with PBzMA DP is observed. This provides a convenient route to the
synthesis of spherical nanopartglavith a particular diameter between 28 nm and

230 nm simply by varying the PBzMA DP.
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Figure 2.6 DMF GPC chromatograms for PGMAg-PBzMA, diblock copolymers
prepared at 10% w/w solids, where x = 124247, 371, 494, 618 or 1235. Molecular
weight data are expressed in units of g mol(G = PGMA and B = PBzMA).

The colloidal stability of three PGMA-PBzMA nanoparticles (x = 124, 216 and
309) was assessedlable 2.2). Firstly, a freezghaw cycle was conducted.
Nanoparticle dispersions were placed2t °C overnight and then allowed to heat
back to 20 °C. Secondly, the stability after the additbealt (0.25 M MgS@) was
studied. The stability was measured by DLS as this technique is very sensitive to
small increases in particle size. All three diblock copolymers showed a small
increase in particle diameter (< 10 nm) after these tests compapeeitously. This

confirms strong steric stabilisation from the hydrophilic PGMA stabiliser.

These PGMAs-PBzMA, spheres synthesised at 10% solids offer excellent size
control and compared with other PGM#abilised systems such as PGNAIPMA
spheres thegppear very weltlefined when imaged by TERT?? Unlike the PGMA
PHPMA systemthe PGMAPBzMA diblocks only appear to form spherical micelles
at 10% w/w. This will be studied further in sect@®:3.4and2.3.5
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Gg3-B3y,
91 nm (0.05)

\

Figure 2.7 PGMA&:-PBzMA, diblock copolymers prepared at 10% w/w solids: (a) DLS
intensity-average size distributions, (b) TEM images and (c) a plot of mean particle
diameter versus mean degree of polymerisation of the PBzMA coferming block (G =
PGMA and B = PBzMA).

Table 2.2 DLS patrticle diameter (nm) determined before and after either the addition

of 0.25 M MgSQ, or a single freezethaw cycle (at-21 °C). The numbers in brackets

refer to the polydisperdgenogt eosf RGMA saanmtp | @B §
PBzMA).

2.3.4Synthesis of PGMA;-PBzMA, diblock copolymers via RAFT

emulsion polymerisation at 1650% w/w solids

The solids content of a PISA synthesis can play a crucial part in determining the final
copolymer morphology. Foexample, Blanazs et al. showed that a series of
PGMA7g-PHPMA, diblock copolymers synthesised at 10% w/w solids by RAFT
aqueous dispersion polymerisation only formed spherical mi¢ll@s. increasing

the solids content to 13% w/w, mixed phases of spHengeelles, wormlike
micelles and vesicles were formed. Pure worm and vesicle phases were formed
above 17% w/w solids. It was suggested that the spherical micelles can become

kinetically-trapped at 10% w/w and are therefore not necessarily the equilibrium
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