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Abstract

This Thesis uses reversible additipagmentation chain transfer (RAFT) polymerisation to
develop new aqueous dispersion polymerisation formulations in either salty or acidic agueous
media. A suitable steric stabiliser is chaxtended with a second blgavhich becomes insoluble

at a critical degree of polymerisation (DP). Hence the resulting amphiphilic diblock copolymer
chains seHassemble to form spherical nanoparticles via polymerisatduced seHassembly

(PISA), which ensures a lewiscosity cdloidal dispersion. To identify suitable steric stabilisers

and coreforming blocks for the high (or low) salt formulations studied in Chapters 2 to 5, various
hydrophilic homopolymers were subjected to aqueous solubility tests. This involved attempted
dissolution of each homopolymer in a series of known concentrations of ammonium sulfate, thus
identifying the minimum salt concentration required for their insolubility. Various cationic,
anionic, zwitterionic and neionic stabilisers proved to be suitablatersoluble precursors for

chain extension with acrylamidsmsed cordorming blocks. Formulations include poly(2
(acryloyloxy)ethyl trimethylammonium chloridg)oly(N,Nd i met hy |l acr yl ami de)
PDMAC), poly(2( met hacryl oyl oxy) et hyN,Ndingetndasryamioe) y | c¢c h ol
(PMPCT PDMAC) , pol iy(od oycaicu g | aani ydlea t( ehppieodyettiylP AM) ,

acryl amiNdaec)riypoolyyy(mor phol i ne) (PHEACT PNAM) in t
poly(2-acrylamide2-methylpropanesulfonic acid, sodium tsgl 1 p -cdrbpxfezhyl acrylate)
(PAMPST PCEA) at pH 2.0. I n this | atter case, t

to protonation of its pendent carboxylic acid groups.

Dilution of the first four colloidal dispersions with deionised water or increasing the pH of the latter
formulation leads to molecular dissolution to produce a viscous solution. If théoconiag block

is sufficiently long, transparent frestanding ged can be obtained. Such dilutiar pH-triggered
viscosity modification has potential applications for home and personal care products or as a
dewatering flocculant in oilfield applications. In this Thesis, various synthesis parameters are
optimised withthe aim of maximising this thickening effect, including the upper limits solids
content, final monomer conversion, chain extension efficiency andfaoreng block DP.
Furthermore, experimental reproducibility was optimised by judicious selection ofitiztor

type, reaction temperature and solution pH. For example, RMPOMACsoo0 particles were
prepared at 20% w/w solids using a potassium persulfate/ascorbic acid redox initiator at 30°C in
the presence of 2.0 M ammonium sulfate.

These diblock copolymer particles were characterised using dynamic light scattering (DLS), laser
diffraction, electrophoretic mobility and optical microscopy. Their mean diameter is significantly
larger than those typically reported in the PISA literatlites is partly because of the relatively

high DP targeted for the coeferming block but also because the particle cores are not fully
dehydrated'H NMR spectroscopy was used to calculate monomer conversions and to assess the
relative degree of hydratiasf the coreforming block at variousalt concentrations. The diblock
copolymer chains were also analysed by gel permeation chromatography (GPC) using a pH 7.0
TRIZMA buffer eluent combined with a refractive index detector. This technique indicated high
chain extension efficiencies but braadlecular weight distributiond{w/Mn ~ 1.52.5). The latter

is consistent with the relatively low [RAFT agent]/[initiator] molar ratios required for such
formulations. In addition, static light scattering in aqueous eluent was used to determine absolute
Mwval ues of wup to 2.5 MDa for the Ol ow saltéo
rheometry was used to determine the solution viscosity of the initiaviksosity dispersions and

highly viscous solutions obtained after either lowering the satterdration or raising the solution

pH. In this context, it is worth emphasising that relatively high dispersities are beneficial for
maximising the solution viscosity, because this parameter is much more sengivehtmM,.

Ultimately, the scope for potential commercial applications will depend on the relative cost and
reproducibility of these aqueous PISA syntheses. Thus,effestive monomers such as acrylic
acid, acrylamide and acrylonitrile were investigated in thiskwor
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1.1 Polymer Chemistry

1.1.1 General Concepts

Over a century ago, Staudinger hypothesised the existehaghaholecular weight (MW)
O6macromol ecul esd6 compr i si nlinket repea unitdhasinews wi t h
concept did not become widely accepted until Carothers provided experimental evidence for
the synthesis and characterisation of various polymers in the 1$30se these pioneering
studies, many more synthetic polymers have been developed for a range of applications,
including car tyres, household appliances, packaging, contact lenses, textiles and as bank notes.

It has been estimated that more than nine dpilltonnes of such plastics have been
manufactured over the past 70 yeaRecently, the environmental impact and -efidife
persistence of polymers has come under increasing scrutiny and is now subject to new

legislation?

Carothers distinguished between addition and condensation polymers on the basis of their
differing chemical structures. Thus, polymers formed from vinyl monomers were denoted
addition polymers, whereas polyesters formed from diacids and diols were termed
condensation polymers since a small molecule is eliminated when forming each repeat unit.
However, modern nomenclature classifies polymers as either chain or step polymers based on
their differing polymerisation mechanisms. Generally addition polymers quagent to
chain polymers and condensation polymers are essentially the same as step polymers, but with
some notable exceptions. For example, polyurethanes are structurally similar to condensation
polymers such as polyesters and polyamides, but no smaddicules are eliminated during
their synthesis. Nonetheless, mechanistic insight means that polyurethanes are considered to
be step polymerdChaingrowth polymerisations usually involve the reaction between a vinyl
(or cyclic) monomer and an initiator or catalyst, with regeneration of the active site on the

polymer chairends at the end of each growth step.
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The average number of monomer repeat units per polymer chain is defined as the degree of
polymerisation (DPJ.The numbetaverage molecular weighMg) is biased towards lower
molecular weight species and is defined accordingdaation 1.1, where M; is a given
molecular weight and; is the number of chains possessing that weight. The waigtage
molecular weight M) is biased towards higher molecular weight species and is defined
according tceEquation 1.2 Gel permeation chromatography (GPC) can be used to assess the
whole molecular weight distribution (MWD) as well ks and My, values. Although the use
of a refractive index detector requires calibration standards to be used, which assumes variation
in elution time depends only on mass, ignoring any chemical differences. Altetpati
colligative properties or engroup analysis via nuclear magnetic resonance (NMR)
spectroscopy or osmometry can be used to detemvhin@hereas static light scattering (SLS)

or smaltangle Xray scattering (SAXS) can be used to deterrMpe

— (@D 0 — (1.2

C:

The polydispersity index, now known as the
weightaverage molecular weight by the numibgerage molecular weight, as shown in
Equaton1.3 Thi s parameter provides an indicati o
greater than unity becauséy > Mn. A dispersity value which is close to unity indicates a

relatively narrow MWD whereas |l argér & value

— (1.3)
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1.1.2 Polymer Architectures

The monomer repeat units (A, B) on a linear polymer chain can be varied according to the
schematic structures shownkigure 1.1 The structure of a homopolymer is shown in (a) and
four types of copolymers, which comprise two different monomers, are shownen (b
Random copolymers comprise chains with a random sequence of the A and B repeat units. An
alternating copolymer has #istly alternating sequence of these two monomers, which are
present in an equimolar ratio. Gradient copolymers exhibit augradhange in composition
from one monomer to the other along the chain. Block copolymers can be formed by sequential
addition of one monomer followed by another. It is also possible to incorporate other monomers

into a linear polymer, which will form alteative sequences of the repeat units along the

chain?10

(a)
A—A—A—A—A—A—A—A—A—A—A—A

(b)
B—A—A—A—B—A—B—A—B—B—A—B

(c)
A—B—A—B—A—B—A—B—A—B—A—8B

(d)

(e)

A A A A A A B B B B B B

Figure 1.1 Schematic representations of various linear copolymers wharal B represent
different monomers: (a) homopolymer, (b) random copolymer; (c) alternating copolymer; (d)
gradient copolymer; (e) block copolymfer.

It is also possible to form ndmear polymers by using either bifunctional or
multifunctional monomers, via chain transfer to polymer, or via reaction with a
di(meth)acrylate impurity™ 13 In this case, either branched copolymers or gel networks are
formed!®* This Thesis will consider the formation of homopolymers, linear diblock

copolymers and lightly branched polymers.
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1.2 Polymerisation Techniques

1.2.1 Free Radical Polymerisation (FRP)

Free radical polymerisation is an example of a clgaowth polymerisation where high
molecular weight polymers can be obtained even at low monomer conversions. Many vinyl
monomers are suitable for this technique, for example the chemical structuren)f(mydates
and (meth)acrylamides; shown figure 1.2 FRP is best performed in the absence of air,
because oxygen forms a resonastbilised peroxy radical product that either retards or
inhibits the polymerisatio®, However, FRP is not adversely affected when using protic
solvents such as water and minimal purification of solvents and monomers is required. It is

tolerant of a wide range of vinyl monomers, but potential side reactions should be cori§idered.

a) b) c) d)
3 X J. I
0”0 0”0 o) r;l’Rz R
R R

I
1 R4 R4

Figure 1.2 Common vinyl monomers whereiRnd R represent substituent groups: (a)

acrylate, (b) methacrylate, (c) acrylamide, (d) methacrylamide.

1
The FRP mechanism is showrHigure 1.3and includes four steps: initiation, propagation,
chain transfer and termination. The decomposition of the initiator, where radical formation
usually occurs via homolytic cleavage, is often facilitated by heating or irradiation. This step
is usually sloncompared to the subsequent steps where the chain end is now a highly reactive
radical’. It is welFknown that most FRP syntheses usually suffer from chain transfer side
reactions. Chain transfer from a polymer radical to either solvent or monomer leads to a

reduction inMn, whereas chain transfer to polymer usually leads to branched polymers and

hence a highevly.!8
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Figure 1.3 Mechanism for free radical polymerisation (FRP) showing decompositionl ©f |

into two radicals, initial reaction with monomer, then propagation. There are four possible
transfer reactions; 1) to initiator, 2) to solvent, 3) to monomer, 4) to polymer. There are two
modes of termination; 1) disproportionation, 2) combination. Ratstants are also included

for each reactiof®°

Termination

The structural arrangement of repeat units in the above mechanism shows substituents
located isoregically, on alternating backbone carbon atdPnepagation could theoretically
occur via either heatb-head (HH) or heaeto-tail (H-T) monomer addition, but the latter is
overwhel mingly predominant for both steric 8

carbon atom of avinyl groupismoreer i cal | y h i-catba atend Mdrdovem t h e
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the propagating cadboal af ommaflt e n-catbbnéiordal ad

is stabilised by the Y substituent group, Begure 1.4

R
more hindered approach
K
/“\\ a &V less stable radical
R Y

Y % R/\- less hindered approach

more stable radical

Figure 14Schemati c representati on -coafr broasdrboota | b a dc
which results in heatb-head (HH) or heaeto-tail (H-T) addition, respectively. In practice,
the latter is strongly preferred.

The rate constant for the decomposition of the initidkgri¢ several orders of magnitude
lower than the rate constants for initiation and propagation, so the initial formation of radicals
is the ratdimiting step for FRP-® High MW chains are formed at low monomer conversions

and a high initiator concentration will result in more shorter polymer chains.

Commonly used thermal initiators include peroxides and azo compounds. When the central
bond is cleaved, this typically leads to the formation of two identical radicals via homolytic
fission?® Thermal initiators can be classified by their-tesur halflife temperature ¢ )
which is the temperature at which half of the initiator decomposes to form radicals within ten
hours. To ensure a constant supply of free radicals during the polymerisation, the reaction
temperature is usually set to be equal §o, this is calculated frorkq, as shown ifEquation

1.45:10

Q
R‘

(1.4)

:@d
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Watersoluble thermal initiators include:2 , -z06bis(2(2-imidazolin-2-yl)propane
dihydro-chloride (VA-044:0 y = 44°C),2,2-azobisisobutyramidinium chloride (AIBAl ¢

= 56°C) and4,4-azobis@-cyanovaleric acid) (ACVA0 y = 70°C), as shown iRigure 1.5

HN/> NH, NC o

N N
N%,)LN//N7(I\\N HN§)4N4 ﬁNH HOMN¢ NOH
C 2 0 CN

VA-044 AIBA ACVA

Figure 1.5 Structures of three wataoluble aze n i t i a-azohis@2-im@igzdid2-yl)
propane dihydrochloride (VA44), 2,2azobisisobutyramidinium chloride (AIBA) and 4,4
azobis(4cyanovaleric acid) (ACVA).

In principle, polymer radicals may also react with initiator, solvent, monomer, or dormant
(terminated) polymer chains via chain transfer reactions, which can cause a reduction in
polymer chain length and an increase in their dispersity. In some moneaniesrylate or
dimethacrylate impurity may exist from when the monomer was prepared, which will cause
branching in the polymer structuteFor example, relatively low levels of ethylene glycol
dimethacrylate (EGDMA) impurity in-Bydroxyethyl methacrylate (HEMA) monomer can
have a significant impact on the molecular weight and solubility of the resulting poly(2

hydroxyethyl methacrylate (PHEA). 1322

However, because radicals are preserved in such side reactions, the overall polymerisation
kinetics remain the same. The respective rates of initiation, propagation and termination are
denoted afl, R, andR:.. The rate of thermal decomposition of the initiafy, is given in
Equation 1.5,wheref is the initiator efficiency and]is theinitiator concentration. This step
is relatively slow and is hence the ritaiting step for the overall rate of polymerisation

(Rooly). Moreover, the rate afecompositionRy) is approximately equal t&.

Y @0 Y (1.5)
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When the initiator efficiency is less than unity, not all the generated radicals react with
monomer to form a polymer chain. Instead, a minor proportion of the radicals become trapped
for a short period within a solvent cage, which increases the propaliliteir recombination.
This is known as the 6écage effect o favhich r esul

usually varies between 0.30 and 0°80.

Electron spin resonance (ESR) spectroscopy has been used to determine the polymer radical
concentration, but in practice this technique is not widely available. The rate of polymerisation
(Rooty) is equivalent tdR,, because each propagation has the same rate constant and it is the
sum of them. Furthermore, if the steagtgte approximation is valid, the rate of initiatid) (
is equal to the rate of terminatioR;), so the polymer radical concentration can be eliminated
from the rate equatiohThe rate equations for propagation and termination are given by

Equations 1.6and1.7 below.
Y Q0 0EF Y (1.6)
Y C¢CQOUE Y (1.7)

Here M] is the monomer concentratiod)f] denotes the corkdsentr at
the rate constant for propagation dads the rate constant for termination. Termination via
disproportionation results in two polymer chains; one cleaith is saturated and the other has
an unsaturated group that is capable of further reaction. In contrast, termination by combination
resultsin just one polymer chain, whose MW is the sum of the two reacting polymer radicals.
While there are two pathways for termination, most polymer radicals tend to undergo
termination predominantly by combinatiért can be challenging to determine the ratio
between the rate constants for disproportionationa) and combinationk{ 2)) owing to the
influence of chain transfer reactiond/ethods such as mass spectrometry andgeadp

analysis are used to evaludter) ki (2.2 The proportion of polymer radicals that undergo
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di sproportionation increases when the- propai
hydrogen available for transfer. For example, methyl acrylate appears to undergo termination
exclusively by combination at 25°C while polystyrene has been reporteave &k (1) /k: )

rati o &#Indonti@ast, &, ki) ratio of approximately unity has been observed for

methyl methacrylate at 903

Combining the rate equations for propagation and termination enables derivation of an
expression foRpoly, Which eliminates the polymer radical concentration term Espetion

1.8.

Y Q0 — (1.8)

CombiningEquation 1.8with the rate equation for initiatiofEquation 1.5 leads to

Equation 1.9

Y Q0 — (1.9)

Derivation of Equation 1.9 requires two assumptions: (i) the steatigte approximation
(i.,e.R =Ry) and (ii) that the number of monomer units consumed during initiation is negligible
compared to that consumed during propagation. Inspeé&mgtion 1.9, faster rates of
polymerisation can be achieved by increasMgdnd []. The relatively slow rate of initiation
(owing to the lowky value) plus chain termination leads to a relatively broad MWD (typically
n = 1 B.0)5which is characteristic of polymers prepared by FRP. Moreover, significantly
shorter chains are formed under monowstarved conditins, which also contributes to a

broader MWD?>°

The kinetic chain lengtts) is defined as the average number of monomers polymerised for

each radical that initiates a polymer ch&iThis quantity is equal to the ratio of propagating

10
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to initiating (or terminating) ratésthat isRy/R..> The rate laws can be combined to giyeee

Equation 1.10

' = (1.11)

Equation 1.11showss is proportional to the monomer concentratibtj fnd has an inverse
square root dependence on the initiator concentraljomtje degree of polymerisation (DP)

is equivalent to 2for disproportionation angfor combination.

In principle, lowtemperature polymerisations can be conducted using either redox initiators
or photoinitiators. The early history of redox polymerisation has been described by?Bacon.
Baxendale and eworkers described initiation of vinyl polymerisations using a hydrogen
peroxideferrous salt systeri¥.More recently, Lamb and eworkers reported the usetabutyl
hydroperoxide (TBHP) combined with reducing agents such as sodium formaldehyde

sulfoxylate (SFS), sodium metabisulfite (MBS) or ascorbic acid (A$Ac).

It is not possible to make wetlefined diblock copolymers by FRP. If two (or more) vinyl
monomers are present in the reaction mixture, a statistical copolymer will be obtained whose
structure is governed by the respective relative comonomer reactivay. ristoreover, the
mean lifetime of an individual growing polymer radical is far too short (£ 9)0to allow
sequential monomer additidh.Instead, the synthesis of diblock copolymers requires a
polymerisation mechanism that confers much greater control-d&ftied block copolymers
can be prepared using (pset)tleing polymerisation methods, as outlined in the following

sections

11
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1.2.2 Living Anionic Polymerisation (LAP)

In order to synthesise polymers with narrow MWDs, the conventional -gnawith
polymerisation mechanism must be modified to prevent intrinsic termination and substantially
extend the lifetime of each propagating chain. Such a polymerisation is saidtb bev i n g 6
because polymerisation continues indefinitely if further monomer is added to the reaction
mixture. 331 The | UPAC definition for a -glowtvi ng p
polymerisation from which chai n?Szwamwasther and
first to report the c o¥Thisseminabsfudyivoivedihaligingp ol y m
anionic polymerisation (LAP) of styrene using sodium naphthalenide initiator in anhydrous
tetrahydrofuran Kigure 1.6) with this system exhibiting a negligible tendency to undergo
termination. An anionic adduct (active centre) forms when the initiator adds to styrene
monomer, which is then able to react with furtmomer to produce polystyrene chains with

carbanion endgroups??

K naphthalemde @(CHZ K\) K\W

Ph

Figure 1.6 LAP of styrene to form polystyrene, using anionic naphthalenide anions as the
electron transfer agefi.

Initiation is effectively instantaneous for LAP, resulting in immediate growth of all polymer
chains at approximately the same rate. The anionic-@rals cause chains to repel each other;
which suppresses any intrinsic termination mechanism. Theseioasdiad to a relatively

narrow MWD polymers compared to those obtained by FRP, as shdviguire 1.7.

12
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Molecular Weight

Figure 1.7Schematic representation of MWDs exhibited by a living polymer (LAP) and-a non
living polymer (FRP).

Due to the uniform simultaneous growth of polymer chains, living polymers exhibit a linear
evolution of molecular weight with monomer conversibiggre 1.8). Furthermore, even after
polymerisation is complete, the living character of the chains is retained, enabling the synthesis

of well-defined block copolymers via sequential monomer addition while maintaining a narrow

MWD (e.g. &% = 1.10).
( Chain-growth polymerisation
. o%
- \.\o
i) <>,"\“:a
G-l
5 e
T 2
= 6\\
3 ‘0‘
K o~
(=] )
s W
Step-growth polymerisation
Conversion

Figure 1.8Molecular weight evolution against monomer conversion for a typical-grainth
polymerisation, stegrowth polymerisation and a nd@erminating polymerisation.

During LAP, the rate of initiation is much faster than the rate of propagation. Thus, the rate
of polymerisation is simply equal to the rate of propagation because the latter is the rate

limiting step Equation 1.12. The kinetic chain length can be determined at any given

13
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conversion usingquation 1.13 which is derived from the integrated form of the rate equation.
The complete absence of transfer reactions and termination is assumed when deriving such

formulae.

Y Qo0 0 (1.12)

(1.13)

Here, R, is the rate of polymerisatiork, is the propagation rate constar®,'| is the
concentration of propagating anionic chaid] [s the monomer concentration at any given
time, 3 is the kinetic chain lengthM]o is the initial monomer concentration arigb[is the
initiator concentration. LAP enables the facile production of -ne@modisperse
homopolymers with preletermined DPs by simply adjusting thd]§ / [I]Jo molar ratio, as

summarised ifEquation 1.14

00 (1.14)

LAP suffers from some practical limitations compared to conventional FRP. It is restricted
to a few norfunctional vinyl monomers that are compatible with a highly nucleophilic initiator
(e.g. styrene, isoprene, butadiene etc.). It is also necessaryotousty exclude protic
impurities (e.g. water) from the reaction solution, so this also restricts the choice of solvent
(e.g. THF, toluene or benzene). However, one benefit of this technique is that the living

polymer chains can be capped by addition sdiigable reagent such as methanol.

1.2.3 Reversible-Deactivation Radical Polymerisation (RDRP)

In the 1990s several strategies were developed for suppressing the termination of polymer
radicals. These techniques were initially ternfigochg radical polymerisationsbut because
termination and chattransfer reactions are still possible, they were subsequently renamed

14



Chapter lintroduction

controlled radical polymerisationsin 2009, the termreversibledeactivation radical
polymerisation (RDRPjvas recommended by IUPAC which more accurately captures the

modus operandi of the polymerisation mechani&ids.

The basic principle of RDRP is to reversibly trap or otherwise temporarily deactivate chain
radicals in order to suppress termination, thus establishing pseimpcharacterTechniques
generally involve either reversible endpping of the polymer radicals or rapid reversible
chain transfer between an eaapped polymer radical and a polymer radical. Each chain grows
with approximately equal probability in short bursts of\attji which results in a relatively
narrow Poi ss onl.2MWDke pther radicdl polyr@erisation methods, RDRP
requires an inert atmosphere to avoid oxygen inhibition. However, the conditions are much less
demanding than those required for LAP because protic impurities are not detrimental to
RDRP3237Alike LAP, the rate limiting step for RDRP is propagation because initiation should

be very quick to allow all polymer radical chains to grow for the same length of time.

RDRP is characterised by a linear evolution in molecular weight with conversion, which is
similar to that for a noterminating polymerisation, sé¢dgure 1.8 The three main RDRP
techniques are nitroxidmediated polymerisation (NMP), atom transfer radical polysaéion
(ATRP) and reversible additiefnagmentation chain transfer (RAFT) polymerisation. NMP
works very effectively for styrene and acrylates, but is incompatible with methacrylic
monomers and often requires prolonged heating to achieve higlersmms. On the other
hand, RAFT and ATRP are more versatile and easier to conduct at lower temperatures with
faster reaction kinetic® Conventional ATRP in aqueous solution is complicated by several
factors that can lead to premature termination, so certain modifications are often made to such
formulations. The range of functional vinyl monomers that are amenable to RAFT
polymerisation $ relatively broad and includes both (meth)acrylates and (meth)acrylamides.

This polymerisation method is the subject of this Thesis and is discussed in more detaif below.

15
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1.2.4 Reversible Addition-Fragmentation Chain Transfer (RAFT) Polymerisation

RAFT polymerisation was firstreported by Chiefari et al. in 1998 RAFT
polymerisations are based on the principle of rapid reversible transfer between active and
dormant polymer chain¥.Unlike NMP or ATRP, it does not rely on the persistent radical
effect, but instead uses degenerative transfer whereby the radical is transferred from the active
centre to another species, which alters its reacttvifihe RAFT mechanisnmF{gure 1.9) is
similar to that of FRP, but the addition of a highly reactive organosb#sed chain transfer
agent (CTA) that fragments during chain transfer leads to pdaiip charactert®#24° This
chain transfer agent restricts the number of active polymer radicals that are present at any given
time by creating an equilibrium between active and dormant species. All polymer chains have
an equal probability to grow as they become successivélyated and deactivated while

premature termination can be effectively suppressed by judicious choice of the RAFT CTA.

kq

— 21
,—1, —4— n

Initiation
ki k
h ~w > M —— Py
(w)
ko
SS- S__S s__S
Pn + R Kadd P~ 0 R kg Pn/ + R
T K.add " \Z( kﬁ f
M
kP
. K R-M’
Propagation R LI o kp Pr}\
()
kpM
. S S. s s s S
Pm + Pn &;Pm/ P, K.addp P + P
U T k-aaap \Z( Kaddp \f O
M M
kP
Termination P;,+ p;n _k . pead Polymer

Figure 1.9 Mechanism for reversible additidragmentation chain transfer (RAFT)
polymerisation as proposed by Rizzardo anavookers??43
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Most Vvinyl monomers cafacbevatadsaedoasmern g h
Al exds i vatedd monomers (LAMs). MAMs have conj
and a carbonyl group (e.g. acrylamide), whereas LAMs have no such conjugation (e.g. vinyl
acetate). In general, a welbntrolled polymerisatioof a MAM can be achieved using either
dithioesters or trithiocarbonates, whereas poorly controlled polymerisations are usually
observed when using either dithiocarbamates or xanthates. For LAMgpbsite behaviour
is observed. In principle, the kinetics of a RAFT polymerisation should be similar to that of
FRP, because the overall rate should not be affected by chain transfeasitiens. However,
inhibition prior to polymerisation and retardatiduring polymerisation are often obser{etf.

In some cases, this has been attributed to inappropriate selection of the organosulfur RAFT

agent, se€igure 1.10474°

Reactive C=S double bond

S

Radical-stabilising Z—group)L Weak S-R single bond

Z S—R
Figure 1.10General chemical structure of a RAFT chain transfer agent (CTA)

The RAFT CTA enables rapid reversible capping of the active propagating polymer radical
PA) to form a dormant radical species. The C
reaction of the CTAwithany/8; t hus it gives rise ta@. a hig
The Z group on the RAFT CTA must be capable of stabilising this intermediate radical species
to reduce the instantaneous concentration gh P an d hence gain coni
polymerisation. The R group on the RAFT CTA must be algadical leaving group and the
resul ting radical -ifitBtiAg polymerssationtiogorne rew @mdpdgatingo f  r e

species (RA ) .

17
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Judicious selection of a suitable CTA is required to achieve controlled polymerisations for
a specific type of vinyl monomer, some possible Z and R group substituents are shown in
Figure 1.1142454 polymerisation of acrylates works best when using RAFT agents that
contain no cyano groups, whereas polymerisation of methacrylates ison@lblled when
using RAFT agents bearing cyano grof# more active RAFT agent is required for
polymerisation of MAMs, to make the propagating radical more reactive towards
polymerisation and a less reactive RAFT agent is required for polymerisation of LAMs in order

to destabilise the intermediate radicatl &avour fragmentatioff

o}

S .Me
Z: Ph >> SMe > Ni;l > N < Me >> N@ - OPh > OEt ~ N _ NnM . Ny,

<«——— MMA HPMAM ——---> <«——— VAc, NVP,NVC —------ >
«—  StMAAMAN — .

CH; CHy H CH, CH;  CH, CH, H CH, H H
R: FCN - lfPh> I*Ph> }COOE1>> }0H2+CH3 ~ }CN - }Ph> }CH3 - lfCN ~ lfPh
CH CH CN CH CH; CH CH CH CH H H

<«— MMA, HPMAM ——— === == ==~ >

A

St, MA, AM, AN >
Lo VAGNVPNVG e >

Figure 1.11Guidelines for RAFT agent selection for the polymerisation of various MAM and
LAM monomers: solid lines represent good control, whereas dashed lines indicate partial
control. Figure reproduced from Moad andworkers?

Poorly controlled polymerisation of LAMs is observed when using dithioesters or
trithiocarbonates. This is often accompanied by both inhibition and retardation owing to the
relatively high stability of the intermediate radical relative to the leavingtylofi the
propagating radical’ Polymerisation of MAMs using dithiocarbamates or xanthates is also
ineffective owing to the relatively poor reactivity of such CTAs towards the monomer.
However, more controlled polymerisations can be achieved if the heteroatom is part of an

aromatic ringor if electronwithdrawing groups are presefit’®5'Retardation becomes more

18
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pronounced at higher CTA concentrations when dithiobenzoates are employed, althcugh low
dispersity polymers can still be prepaféd:>?> Two plausible explanations have been
proposed: side reactions with intermediates slow fragmentation of the intermediate radical
specie$? Inhibition has been attributed to slow fragmentation of the initial intermediate to

af ford RA, f eiditihtionoéngw golymeschaa®®® r e

There are four main classes of RAFT agents: trithiocarbonates, dithiobenzoates,
dithiocarbamates and xanthatésThe RAFT agents primarily used in this Thesis are
trithiocarbonates, which are appropriate for the vinyl monomers of interest. To form an AB
diblock copolymer via RAFT polymerisation, the first step is to react the RAFT CTA with the
monomer chosen for tHest block. When this polymerisation has reached a sufficiently high
conversion, the monomer chosen for the second block can be added. ample=x of
precursor homopolymers amenable to this protocol are shokigune 1.12

o

~N S S\
OW \[r C12Hos S\'(©
(0) (0] S 104
S
(o) OH

C|elg‘

AN

PATAC 410-TTC PAA ;0,-DB

Figure 1.12Chemical structures of poly@&cryloyloxyethyhtrimethylammonium chloride)
trithiocarbonateCTA (PATAC100-TTC) and poly(acrylic acidilithiobenzoat€€TA (PAA1o4+
DB).57'58

RAFT polymerisation enables the synthesis of polymers with narrow MWDs and tunable
DPs. It is compatible with a wide range of monomer functionality sueB@®H,-OH, -NR>,
without requiring protection group chemistffyHowever, thiocarbonylthio species can be
susceptible to hydrolysis in alkaline solution, while aminolysis can occur in the presence of

primary or secondary amines to afford thioamines and tffidie main disadvantages of

19



Chapter lintroduction

RAFT formulations are the cost, colour, toxicity and malodour conferred by the organosulfur

based CTA?®59

The quantity of initiator used in RAFT polymerisation is employed at a suitable molar ratio
relative to the CTA (typically at a CTA/initiator molar ratio of five to ten). Therefore, when
targeting high MW polymers the initiator concentration is relatil@ly. When targeting very
high MW polymers, this will ultimately cause the polymerisation to fail (or proceed very
slowly) owing to too few radicals being generated within a given timescale. In this case, it may
be necessary to increase the initiator cotreéion to achieve high conversions. However, this
will be inevitably accompanied by a reduction in RAFT control over the MWD. A brief
inhibition period may occur at the beging of a polymerisation, as reported by Feldermann
and ceworkers when using cumyl dithiobenzo&t@.his phenomenon may be associated with
pre-equilibrium of the RAFT agent or perhaps the presence of low levels of impurities (e.g.

inhibitor) .

Redox initiators for RAFT polymerisations include:t(hutyl hydroperoxide/ascorbic acid
(TBHP/AsAcY?, (i) t-butyl hydroperoxide/disodium-Bydroxy-2-sulfinatoacetate (TBHP/B
FF7P1%2 and (iii) ammonium persulfate/sodium formaldehyde sulfoxylate (APS/SFS); see
Figure 1.13%% Perri er 6s group <compared each of t he
polymerisation ofN-acryloylmorpholine (NAM) at 30°¢* Employing an oxidising agent /
reducing agent molar ratio of unity (or higher) was optimal and the fastest rate of
polymerisation was achieved using the TBHIHB/ redox pair. High monomer conversions
and relatively | ow di s pet59Ct even sn the presencelof 1) v

oxygen®*
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Figure 1.13Chemical structures of the three redox initiator pairs compared by Perrier et al. for
the RAFT polymerisation of NANt 50°C%

The Armes group has recently reported using a redox initiator comprising AsAc and
potassium persulfate (KPS) at 30°CIn this case, the RAFT polymerisation of(12-
(acryloyloxy)ethyl pyrrolidone) (NAEP) produced lesspersity homopolymers and high

conversions were achieved up to a target DP of200.

1.3 Self-Assembly

1.3.1 Surfactant Self-Assembly

I n this -Babesmb|] ydsebf used t o describe
components into patterns or structures without external intervention, as defined by Whitesides
and Grzybowsk?! In principle, sefassembly by nogovalent interactions enables the design
of materials smaller than the limits of conventional manufacturing-aSsémbly is driven by

an unfavourabl e enmikhalngy amirxil rag itveriny. (sqta | |

A surfactant is an amphiphilic molecule that has a hydrophilic -geap and a
hydrophobic tail. In aqueous media, the covalent bond that links these two components
prevents macroscopic phase separation, so demixing is confined to the nanoscale.tirfge resul
microphase separation leads to the formation of spherical micelles, where thgrdwgasd

remain in contact with the water while the tails are shielded from the aqueous solution within
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the hydrophobic cores. The formation of micelles only occurs above the critical micelle
concentration ( CMGQ)er mvhoeurt wee i Igdns®ldcreasidgithe s s i
surfactant concentration above its CMC results in the formation of further micelles, while the
unimer concentration remains constant (Sgere 1.14. For small molecule surfactants, there

is a rapid dynamic equilibrium between the unimers and micéltesrding to Israelachvif?

the CMC is given b¥quation 1.15

506 Qo — (1.15)

Here' is the chemical potential of the free amphipkHile,is the chemical potential of a
micelle composed dfl surfactant molecule€@i s Bo | t z ma n n7issthe absaluget a n t

temperature.

cmC

e

Unimer surfactant concentration

UOI1BI}UIIUOI Jukelde)ins 9)e3a133y

Surfactant concentration

Figure 1.14 Increasing the surfactant concentration leads to the formation of surfactant
micelles in aqueous solution. The vertical dashed line represents the critical micelle
concentration (CMC), above which surfactant molecules undergeassdinbly to form
micelles which undergo rapid dynamic exchange with uninfers.

Studies of surfactants suggest that the primary factor driving the formation of various

morphologies is the inherent molecular curvature, depicteligare 1.15 The resulting
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geometric packing of the surfactant can be described using a dimensionless packing parameter

P, as shown ifEquation 1.165870

o — (1.16)

Here,v is the volume of the hydrocarbon chaaajs the surface area occupied by the head
group, andl¢ is the maximum effective length that the hydrocarbon chain can &éhd.
Formation of selassembled nanostructures in water involves a delicate balance between van
der Waals attractive forces between adjacent hydrophobic chains and a steric/ionic repulsive
force arising from interactions between neighbouring hydrophilic lgeadps as shown in
Figure 1.15 The surface area of the hegibup @o) can be estimated from the minimum in a
plot of the total interaction free energy (calculated from the sum of the attractive and repulsive

potential energy curves) versus the surfaea @er molecule.

Total Energy

TR a) Head group
N /9 repulsion

-

Attractive Energy f-
ay

b) Interfacial

Repulsive Energy N attraction

Interaction free energy

Surface area per molecule
Decreasing Curvature

RiEEa

Figure 1.15Schematic illustration of the relationship between a) hydrophilic repulsion and b)
hydrophobic attraction, which results in a minimum energy for the surface area per molecule
that corresponds to the optimum he&adup areapo. The cartoon underneath depicts the
geometrical constraints and inherent molecular curvature which enables surfactant self
assembly into different narsiructures?®
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1.3.2 Block Copolymer Self-Assembly

The geometrical packing parameter can be used to describe stabilised diblock copolymers
where spherical micelles are favoured when®<1/3, cylindrical micelles when 1/3R<

1/2, and membrane structures (e.g. vesicles and lamellae) when 1/2 FRjsré 1.16."

- e O T

Spherical Cylindrical Polymersomes /

. . . Lamellae
Micelles Micelles Vesicles
1 1 1 1
<P<-= —<P<= —-<P<1
0<P 3 3 2 2

Figure 1.162D crosssection schematic of sedfssembled diblock copolymer morphologies
and their theoretical packing parameter rarfges.

Flory’?and Huggin& developed a lattice model to calculate the Gibbs free energy of mixing
( gz) for a two component liquid mixture. This enables the modelling viaceelistent
meanfield theory of two similarly sized molecules with a random distribution on a theoretical
lattice, as shown ifrigure 1.17a.”* When modelling a polymer chain in solution, the chains
are divided up into segments of comparable size to that of the solvent molecules, and the two
components are randomly distributed on a lattice, with the polymer chains forming sequences

of adjacent dés Figure 1.17b.

a b

)OO0.000. )OOOOOOOO
OO0 e00e00 olel i JEl . )@
0000 e0e®O 00000060
0 0e 00000 0.00:O:O
@eel Jel Jeoe elel i i Jel Je
| Jolee)eee] ) ool Yol X 2 J)e)
00000000 eel 1 oo
 |oelee] Je|e) 0)0)0)0)00e)®)

Figure 1.17 Schematic representation of a 2D lattice model: a) a mixture of molecules of equal
size and b) a mixture of solvent molecules with a polymer chain illustrating the connectivity of
polymer segments. Reproduced from Young and Ld¥ell.
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The dimensionless Floffuggins interaction parametdsag) contains both enthalpic and

entropic terms based on interactions with self and nearest neighbours and is included in the

Flooy-Huggi ns e q wads givembyEfuation 191G
wO Y 0% € 0% €& %o... (1.17)

HereRis the universal gas constaiits the absolute temperaturg,andng are the number

of moles of the two components (denoted A and B)amghd: g are the volume fractions of
these two component8.In the case of diblock copolymers in the bulk, G-parameter

identifies the degree of incompatibility between the polymer blocks (denoted A and B), which

drives their microphase separation as showsgunation 1.18

— - - - - (1.18)

Herezis the number of nearest neighbours per polymer repeatkgng,the Boltzmann

constant, antiks, (ha and(g are the interaction energies per repeat unit f@&, A-A and B
B interactions, respectively. A positi@ag indicates net repulsion between species A and B,

which is required for microphase separation and-asdembly, whereas a negative value

indicates a preference towards mixing with a dependence on température.

Block copolymers exhibit distinctive microphase behaviour and have been well studied over
the past six decadé®’® In block-selective solvents (which solubilise one block but not the
other), a range of copolymer morphologies can be obtained viassglinbly in an analogous
way to surfactant® “Block copolymers may show amphiphilic behaviour in aqueous solution
if one block is hydrophilic and the other is hydrophobic: this drivesassémbly to form
various nanabjects. This is because one block is watduble and acts as a steric stabiliser
while the other block is waténsoluble and forms the cofeTraditionally, block copolymer
selfassembly has required pgsilymerisation processing. Typically, the diblock copolymer
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is first prepared via solution polymerisation in a good solvent for both blocks. Then a second
solvent that is selective for one of the two blocks is added to drivassdinbly. Eisenberg

and ceworkers reported the synthesis of various block copolythatsundergo micellisation
according to this protocd?: 98! For example, poly(styrend)ock-poly(ethylene oxide) (RS
b-PEO) and poly(styrend)lockpoly(acrylic acid) (PS$-PAA) were prepared via anionic
pol ymeri sat i o/ Subsequerthfa 78/25 wiwD8B\@ater mixture was added
to induce selassembly, thus forming nanoparticles. Suchastembly occurs spontaneously
and is a thermodynamicailyriven proces€® In the case of aqueous block copolymer
formulations, seHassembly can sometimes be induced by simply changing the pH or

temperature, rather than by introducing a second sdivent.

1.3.3 Colloidal Stabilisation of Polymer Nanoparticles

For many potential applications of nanoparticles, such as in enhanced oil réqint
formulation$*, pharmaceuticafs and pesticidé$ it is important that they remain colloidally
stable to prevent aggregation or precipitation. In principle, addition of a surfactant or a good
solvent for both blocks, or adjusting the solution temperature or pH may result in loss of the
original copolymermorphology or particle aggregati8h.Generally, particles are either

sterically-stabilised or chargstabilised, as discussed in the following sections.

1.3.4 Steric Stabilisation of Polymer Nanoparticles

Steric stabilisation is conferred by energetically and entropically unfavourable
interpenetration and compression of adsorbed polymer chains located at the particle
surfacé®®®When two such 6éhairyd particles approac
is observed when the interparticle separation distdn)detomes less than twice the adsorbed
|l ayer thickness (U0). The resulting potentia

steric repulsion (k) and van der Waals (&w) attraction curves. A shallopotential energy
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minimum (Ghin) exists at a distance 82 and t he ¢ on d i-sticky)collisiorsr el a:
between particles (i.e. colloidal stability) is thih << ksT, whereksT is the thermal energy

of the particles$® This is shown irFigure 1.18

In a good solvent for the adsorbed polymer chains, their local segment density increases
when the interparticle separation distance isless2ian Thi s causes an i nc
pressure within the overlap region and a reduction in configurational entropy, which causes

strong steric repulsion.

F 3 26
<>
> +
o0
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o
- 26
o =
+ . Distance (h)
© min
a
e
£
v

JEE LS

Interpenetration without Compression without
compression interpenetration

Figure 1.18 Potential energy diagram comprising steric repulsiag)Bnd van der Waals
attraction (kdqw) curves and the combined interaction potential (black line) between two
stericallystabilised colloidal particles. The potential energy minimum is relatively shallow and
the condition for colloidal stability is théihin << keT, whereksT is the mean thermanergy

of the particles. Below is shown ahematicrepresentation of the interaction between two
particles coated with adsorbed polymer layers. Modified from T&8ros.
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Il n a poor solvent , segmentisegment i ntera
interactions, thus the particles cahmisappr oa
significantly deeper so the particles no longer have the required thermal energy to overcome
the van der Waals attractions. Hence such coc
Depending on the thickness of the adsorbed polymer layer,utf@cs coverage and the
solvency, stericalhstabilised particles may undergo eith&rong (irreversible) or weak

(reversible) flocculatiof?

1.3.5 Charge Stabilisation of Polymer Nanoparticles

Charge stabilisation involves repulsive forces generated by the unfavourable overlap of
electrical double layers (EDL8Y*' The EDL model was originally developed by G&tand
Chapman for charged flat plat&ésthe surface potential leads to an ion gradient in the
surrounding aqueous solution. Shange electrostatic ordering of the counterions occurs near
the surface, whereas thermal randomisation is observed over longer length scales. Subsequent
modificatiors were made by Stethand Grahaf®? to address certain unsatisfactory
assumptions, i.e. the solvent was originally treated as a structureless dielectric of constant
permittivity and the electrolyte ions were simply regarded as point charges. These two workers
introduced the concept of spkcally adsorbed ions contributing to a ndiffuse component

to an otherwise diffuse double layer.

This EDL model is applicable to charged colloidal partiéfd3eryaguin & Landa®f and
Verwey & OverbeeXi ndependently devel oped a quantita
the coagulation of lyophobic colloids that occurs on addition of salt. This theory assumes
additivity between the EDL repulsion &) and van der Waals (&w) attraction forces
operating between two colloidal particles. This results in an ehaisignce curve comprising
a secondary minimum at longer interparticle separation distances, a primary minimum at

shorter distances and an energy barfige at intermediate distances. The kineenergy
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barrier to coagulationChay) prevents particles from getting too close to each other and the
condition for colloidal stability is that thehaxis significantly greater than the particle thermal

energy ksT).%° The potential energy graph and corresponding cartoon is shdvigire 1.19

Secondary minimum

Interaction energy
o

Primary minimum

Charged particle

Stern layer

Figure 1.19Potential energy diagram comprising the EDL repulsiardBnd van der Waals
attraction (Ekqw) curves and the combined DLVO interaction potential (black line) between
two colloidal particles. A kinetic energy barrikax ensures colloidal stability provided that
Uhax>> ks T, wherekgT is the thermal energy of the particf$% Also shown is achematic
illustration of charge stabilisation arising from unfavourable EDL overlap between
approaching colloidal particles.

Chargestabilisation of polymer particles in water can be compromised by addition of an
electrolyte®” The EDL shrinks as the salt concentration increases, which dawusesshrink.
This lower kinetic energy barrier leads to loss of colloidal stability and hence coagulation of
polymer nanoparticles. This is summarised by the Schhl&zdy rulel®>1%which is based on

the following two experimental observations: (i) lyophobic sols are coagulated on addition of
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electrolyte and (ii) the minimum critical electrolyte concentration required to induce
coagulation depends strongly on the valency of the coionéf? 1% These empirical findings
were made over a century ago and were subsequently rationalised by the development of

DLVO theory.

The critical coagulation concentration (CCC) is the minimum amount of added salt required
to induce coagulation. This parameter depends on the lyotropic nature of the counterion, as
calculated for the Hofmeister seri€é.Poiseuille realised that some ions make water more
viscous, while others reduce the solution viscosity relative to that of pure water at a given
temperature!® Jones and Dot€® showed that the salt concentration, electrostatic interactions

and the solution viscosity could be related by the folloviiggation 1.19

Where d i s t he oisthdsolvent dsnosity,iA s a cosflicieny that dgpends
on the electrostatic interactions as calculated from Déthiyekel theory, B is a coefficient that
depends on the solligolvent interactions and C is the solute concentration. The Hofmeister
seriesdistinguishes between kosmotropic (high charge density) ions from chaotropic (low
charge density) ions. Kosmotropes such as ammonium sulfate cause an increase in solution
viscosity owing to a strengthening of the hyglro bond network, whereas chaotropes such as
ammonium chloride produce less viscous solutions owing to the weakening of the network.
For higher concentrations of both types of salt (usually above 1.0 M), the aqueous solution
viscosity increases significdpt!?’1% Kosmotropic salts are more effective at salting out

watersoluble polymers (or proteins) from solutitid.
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1.3.6 Minimal Charge Stabilisation of Polymer Nanoparticles

Armes and cavorkerg®¥ 12 performed initial work on minimal charge stabilisation using
terminal carboxylic acid or tertiary amine groups. RAFT chain ends are retained on
poly(glycerol monomethacrylatepoly(2-hydroxypropyl methacrylatg)PGMAs1 P HP M A
diblock copolymers synthesised by aqueous dispersion polymerisktgune 1.20. These
chain ends contain carboxylic or morpholino groups that areepponsive, where their degree

of ionisation enables the formation of a range of different morpholdié¥.

o 0
s__S j S__S

SOr 2> SUNFCIL s oL T

N N s

¢ %o B ”°\|) ¢ %o oo

HO —_— HO HO
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OH Water, 70 °C OH

PGMA,-TTC:COOH PGMA,-PHPMA,-TTC:COOH
(()N i s._S j\/ O« i s_S
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H NC * s wo J H NC s
0 >o \H 0N 0%
HO A HO HO
j\) AIBA \ﬁ \H
OH Water, 56 °C OH
PGMA,-TTC:Mo PGMA,-PHPMA,-TTC:Mo

Figure 1.20Reaction scheme for the synthesis of PGNPAPMA, diblock copolymers with
pH-responsive carboxylic acid and morpholino gmndupst®® 112

The TEM images of PGM#&I P H P MsAnanoparticles shown inFigure 1.21
demonstrates that using a carboxylic acid functionalised CTA enables tdepeddent

preparation of either worms or spheres. On the other hand, the methyl ester functionalised CTA,

which has no pH response, only permits the preparation of the worm ofagp/H™®

; HOOCT T
3.5, b) HOOCT TTC spheres at pH 6. 0, c) Me
Me OOCT TTC wor M% at pH 6.0.
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Rieger and cavorkers synthesised a BAB triblock copolymer using a benzoiclssdd
bifunctional RAFT agent to polymeridé,N-dimethylacrylamide (DMAC) and then chain
extend this precursor with diacetoneacrylamide (DAAM) in aqueous solution, as shown in
Figure 1.22'3 T h dlowér-liked P D M A Gstabilisedl gtructure was unable to stabilise
nanoparticles at pH 3.0. In contrast, spheres, colloidally stable worms and vesicles were formed
at pH 4.2, but only spheres were produced at pH 5.0. This is because the central benzoic acid
group cerived from the RAFT agent plays a key role in conferring colloidal stability. A certain
minimum degree of ionisation is required to produce a range of stable nanoparticle

morphologies, whereby further ionisation leads to kinetieadpped sphere$t?

DMF, 70 °C

Y.y
//ﬂ\i Z\n/s (o] (o]

Figure 1.22Reaction scheme for tteynthesis of the bifunctional PDMAC precursor and its
subsequent chain extension with DAAM to produce PDAAMPDMAC:x-b-PDAAMy
triblock copolymers via RAFT aqueous dispersion polymerisation. The degree of ionisation of
the central benzoic acid group dictates whether colloidally stable block copolymeshjaents

are obtained or ndt3

The Armes group showed that for certain formulations, the solution pH can also be critical
for colloidal stability**11°Gibson et al. reported that either too low a solution pH or the
addition of 60 mM KCI caused the reversible flocculation of pdig{(methacryloyloxy)ethyl
pyrrolidone)z-poly(2-hydroxypropyl methacrylatg)(PNMEP:;-PHPMA\) nanoparticles!*

Such colloidal instability is the result of (i) protonation of the anionic carboxylatgengbs
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or (i) charge screening, respectively. Similarly, Beattie anevakers found that poly¢2
hydroxyethyl acrylate¥-poly(4-hydroxybutyl acrylate) (PHEAz3si PHBA) nanoparticles
undergo flocculation below pH 545 Incorporation of a morpholine group on the steric
stabiliser chairends (via esterification of a carboxylic atidsed RAFT agent) produced
nanoparticles exhibiting complementary-pgependent colloidal stability. Polymer structures
are shown irFigure 1.23 Thus, colloidally stable nanoparticles were obtained below pH 5

whereas flocculation was observed above pff 5.

o}
0“0 07 0
0 b)
HO - : s\n,s\/\© OH H)
S

OH
HOOC-PHEA;-PHBA,-TTC

N S
H 76 X
HOOC-PNMEP ,,-PHPMA,-TTC NC s
0~ 0 07 0

OH
Mo-PHEA;¢-PHBA,-TTC

Figure 1.23 Chemical structures of (a) poN{2-(methacryloyloxy)ethyl pyrrolidone}
poly(2-hydroxypropyl methacrylatg)(PNMEP:2>-PHPMAX) bearing a carboxylic acid end
group, (b) poly(2hydroxyethyl acrylate}-poly(4-hydroxybutyl acrylate)(PHEAzsi PHBAX)
bearing a carboxylic acid ergtoup, (c) PHEAe PHBAx bearing a morpholine end
groupEI.14,115

Furthermore, they have demonstrated that if the RAFT agent carboxylic chain end is
deprotonated, this affects the copolymer morphofSg}° For example, Byard et al. showed
that PDMAGssi P(HBA-statDAAM) zesformed worms at pH 3 bapheres at pH #.Similarly,

Deane et al. showed that PNAEPHBAx nancobjects formed four distinct copolymer

morphologies at pH 3, whereas only spheres were obtained at'fH 7.
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1.3.7 Electrosteric Stabilisation of Polymer Nanoparticles

A third type of colloidal stabilisation mechanism is electrosteric stabilis&tidAThis is
when the steric stabiliser chains exhibit polyelectrolyte character. Unlike purely electrostatic
interactions, electrosterically stabilised particles remain stable even at high salt
concentration$!®119f a weak polyelectrolyte is used in this context, the particle surface charge
will vary with solution pH. In this case, electrosteric stability is only conferred within a specific

pH range.

1.3.8 Polymerisation-Induced Self-Assembly (PISA)

Polymerisatiorinduced seHassembly (PISA) involves the synthesis of diblock copolymers
via either dispersion or emulsion polymerisation whereby a soluble precursor block is chain
extended with a second monomer whose corresponding homopolymer is insoldiée
chosen solven£® The polymer chains in the growing second block become insoluble at some
critical DP which drivesn situseltfassembly to form narabjects from the dispersed chains.
Spherical micelles are the first morphology to be formed in a PISA formulation. However, as
the polymerisation progresses, the higher order morphologies can also be obtained if certain
conditions are fulfilled. PISA can be performed at high solids (up to 50% w/w solids) and
typically only relatively short reaction times are required to achiéigh monomer
conversion$?:122This is because once micellar nucleation occurs, the unreacted monomer
diffuses into the growing nanoparticles and this high local monomer concentration leads to a
rate acceleratiof’,*>Under suitable conditions, these monosewllen copolymer micelles
can undergo fusion to form anisotropic worms which can evolve to form branched worms and
then wrap up to produce vesicfééThe final morphology is determined by various parameters
depending on the natu the diblockcopolymert?®12® Since the first report in 2002 by

Ferguson et al2® many successful PISA formulations have been dev&ed’For example,
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Charleux and covorkers have reported many successful RAFT aqueous emulsion

polymerisation formulation¥3128130

In 2007, Hawker and eworkers reported the synthesis of wadifined diblock copolymer

micelles via sec al | ed RAFT Opreci pi tNasopropyladylanpde | y me r
(NIPAM) at 70°C using a PDMAC precurst¥. PNIPAM has a lower critical solution
temperature (LCST) of around 328 At a certain critical DP, the growing PNIPAM blocks
become sufficiently hydrophobic to induce micellar nucleation. In the absence of any cross
linker, the nanoparticles simply undergo molecular dissolution because the PNIPAM chains
are below their LCST ahhence are no longer hydrophobi¢However, if the same aqueous

PISA synthesis is conducted in the presence dfl,ld-methylenebisacrylamide (BIS)
comonomer, the growing PNIPAM chains become crosslinked. Thus, the nanoparticles
become wateswollen microgels on cooling to 20°C as showfigure 1.241%!

L
HoN NH
g vo 8

Rr
o\':;\.-”
= o

S (BIS)

Figure 1.24Schemati c representation of the RAFT 0j
at 70°C to form spherical micelles. Introducing BIS crosslinker into such polymerisations led

to the microgel formation on cooling, rather than molecular dissolution. Reprothoced

Hawker et a3t
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Over the last decade PISA has garnered considerable attention. This can be explained by its
relative ease of use and its applicability towards a wide range of monomers and solvents. The
technique provides a convenient method for efficient nanopartictasstimbly and avoids the
requirement for pogbolymerisation processing. RDRP techniques have been primarily used

to conduct PISA syntheses, with particular attention being given to RAFT polymeriSation.

PISA is generic: it can be performed in polar solvents such as water and ethanol or using
non-polar solvents such asalkanes:??>*This Thesis will focus on RAFTediated PISA in

agueous media which has a range of potential commercial applications.
1.4 RAFT Aqueous Dispersion Polymerisation

1.4.1 Phase Diagrams

The synthesis of poly(glycerol monomethacrylaf@ly(2-hydroxypropyl methacrylatg)
(PGMA« P H P MAanceobjects via RAFT aqueous dispersion polymerisation has been well
studied by the Armes group, s&égure 1.25!10136139 This dithiobenzoatbased RAFT
formulation enables a range of copolymer morphologies to be obtained by simply adjusting the
DP of each block and the target solids contents. For example, Li and Armes reported the
efficient synthesis of either wetlefinedspherical nanoparticles or polydisperse vesicles within

a few hours at 70°@8

0° o ”°j) 0N 0% o
HO »» HO HO
ACVA
Water, 70 °C OH

OH

PGMA, PGMA,-PHPMA,

Figure 1.25 Reaction scheme for the synthesis stérically-stabilised PGMAPHPMA,
nanoparticles via RAFT aqueous dispersion polymerisation of HPMA at 70°C.
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A pseudephase diagram can be constructed to identify the conditions required to form a
specific morphology for a giverdiblock copolymer®'4%14l Figure 1.26 summarises
experimental data obtained for the synthesis of a series of RGMAd P Vnancobjects, as
reported by Blanazst al'®’ The shortest stabiliser block (PGM#Aenables the formation of a
range of copolymer morphologies with no concentration dependEigierd 1.269. In this
case, systematic variation of the cdmeck DP provides convenient control over the final
copolymer morphology. The use of a PGMAtabiliser requires a correspondingly longer
coreforming block to obtain each pure copolymer morphology (i.e. spheres, worms or
vesicles), se&igure 1.26h Moreover, this evolution in morphology is only observed at a
sufficiently high copolymer concentration; only kinetically trapped spheres are obtained at a
copolymer concentration of 10% w/w. This is because the PfgBtAbiliser confers greater
steric stabiliation than PGMAy, which means that sphesphere fusion is less likely to occur
(but can still occur at higher copolymer concentration). The psphdse diagram constructed
for the longest stabiliser block (PGM#A) shows a relative lack of morphological complexity,
with kinetically-trapped spheres being the predominant morpholBgyufe 1.269. Similar

pseudephase diagrams have been constructed for many other diblock copol§fiéts.

a) PGMA-HPMA b) PGMAg-HPMA, ¢) PGMA1-HPMA
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Figure 1.26 Three pseudphase diagrams constructed for PGMRHPMA,, PGMAzs-
PHPMA, and PGMA1>-PHPMA, nancobjects prepared by RAFT aqueous dispersion
polymerisation of HPMA at 70°C [S = spheres, W = worms, BW = branched worms and V =
vesicles]. Reproduced from Blanazs andaakers®’
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Williams et al. constructed a phase diagram for a similar polymer, but which contained some
cationic character in the stabiliser block, by using po(yi2thacryloyloxy)ethyH
trimethylammonium chloride) (PMETAC). Thfl - n]PGMA«-[nN]PMETAC,)-PHPMA,

formulation enables facile synthesis of spheres, worms and vesiiasg(1.27).142

1-n O} 0 Ethanol
—
HO./
] [CTA] / [ACVA] =5
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+ S i
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Figure 1.27 Synthesis of cationic diblock copolymer nanoparticles of general formula ([1
NJPGMAx-[nN]PMETAC,)-PHPMA; by RAFT aqueous dispersion polymerisation of HPMA
using a binary mixture of neionic and cationic watesoluble precursors. Optimisation of n,
X, y, and z enables the formation of cationic spheres, worms or veéfcles.

As the cationic character of the PMETAC stabiliser block was increased relative to that of
the nonionic PGMA, it became more difficult to access higbeder morphologies, with
spheres being formed over a wide range of PHPMA DPs, as shéwguine 1.28 The worm

gel formulation was found to be bacteriocidal and bacteriostatic toBa@lsreus*?

500 g -
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Figure 1.28Pseudephase diagram constructed for a series of diblock copolymer nanopatrticles
of gener al nPGMAa[hRMETACGE) 1T1P H R Mdpared by RAFT aqueous
dispersion polymerisation of HPMA at 20% w/w solids. S = spheres, W = worms, V = vesicles,
S + W = mixed phase of spheres and worms, W + V = mixed phase of worms and vesicles.
Figure reproduced from Williams and-emrkers!*?
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1.4.2 Suitable Monomers

There are relatively few vinyl monomers which meet the solubility requirements for an
aqueous dispersion polymerisation formulati#ft*’ Such monomers should be water
miscible but their corresponding homopolymers must be viadetuble to be suitable cere
forming blocks. The seven vinyl monomers showkigure 1.29meet these two criteria and

have made up the majority of aqueous PISA formulations over the past decad® or so.

Y Y ey A

NIPAM DEAM DAAM HPMA
| OH
(o] o) (o]
MEA DEGMA HBMA

Figure 1.29 Chemical structures of vinyl monomers reported for aqueous dispersion
polymerisation. N-isopropylacrylamide (NIPAM), N,N-diethylacrylamide (DEAM),
diacetoneacrylamide = (DAAM), -Bydroxypropyl = methacrylate = (HPMA), -2
methoxyethylacrylate (MEA), di(ethylene glycol)methyl ether methacrylate (DEGMA)-and 2
hydroxybutyl methacrylate (HBMAY!

Diacetone acrylamide (DAAM) was identified as a suitable-6éonaing block by Zhou et
al*in 2015. Its pendent ketone group is useful because it can be readily derivatised by post

polymerisation modification.

In 2018, Foster et al. reported a computational method to predict suitablforoireg
monomers for aqueous dispersion polymerisation. Mathematical modelling based on the
partition coefficient for the monomer betweeroctanol and water (which provides a
measurement of its hydrophilicity) and the head group surface area, was used to identify

suitable monomers. Five vinyl monomers are showFigare 1.30148
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0 0 0
THFA HBA 2-HBA
|
)kn/o\/\/o"' H‘/Nvo\)\
o) 0
3-HPMA iBUOMAM

Figure 1.30Chemical structures of five vinyl monomers predicted to be suitable for aqueous
dispersion polymerisation: tetrahydrofurfuryl acrylate (THFA}hy#iroxybutyl acrylate
(HBA), 2-hydroxybutyl acrylate (HBA), 3-hydroxypropyl methacrylate {BPMA) and
isobutoymethyl acrylamide (iBUOMAMJ:#8

According to the PISA literature, there are three main causes of kinetiegijyed spheres:
(i) low copolymer concentratid?P1°! (i) a high steric stabiliser DF®and (iii) polyelectrolyte
character in the stabiliséf}*2Each of these factors can prevent the efficient fusion of pairs of

spheres, which is the critical first step in copolymer morphology evolution during$A.

Byard et al statistically polymerised a binary mixture ofhgdroxybutyl acrylate (HBA)
and DAAM using a poly{,N-dimethacrylamide) (PDMAC) homopolymer precursor to form
a thermoresponsive diblock copolymer, as showrFigure 1.31%° When the solution
temperature was raised fromi I70°C, the copolymer morphology reversibly switched from
spheres to worms to vesicles to lamellaigre 1.32. Such rich selhssembly behaviour had
not been previously reported for any amphiphilic diblock copolymer or surfactant.

o\\/l/\o Oj\NH
\

56 56 264
0~ o o © 0”70 070 07 "NH
©) H HBA DAAM e
cl Oy cl Oy
/l\ 30 °C, pH 3.0 /l\ (o)
20% w/w agq. OH
PDMAC

PDMAC 55-P(HBA-stat-DAAM) .,

Figure 1.31Synthesis of PDMAGs-P(HBA-stat DAAM) 2ssdiblock copolymer nanobjects
by RAFT agqueous dispersion polymerisation of a binary mixture of HBA and DAAM using a
PDMACss precursoe®
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Figure 1.32 Schematic representation of the thermally reversible morphological transitions
that occur for a 20% w/w aqueous dispersion of PDNWR(HBA-stat DAAM) 2640n varying

the temperature from 1 to 70°C. Cartoon, digital and TEM images show the change in the
agueous dispersion at different temperatures: a) spheres at 1°C, b) worms at 25°C, c) vesicles
at 50°C and d) lamellae at 70°C. Reproduced from Byard.®t al

It is usually desirable to have cei@ming blocks with a relatively low glass transition
temperatureT) to ensure high chain mobility. Weakly hydrophobic efanening blocks such
as PHPMA or PHBA arglasticised by water, which leads to thermoresponsive behaviour.
During PISA, the cordorming block is solvated by unreacted monomer and this swelling

enhances chain mobilify21°3

1.4.3 Covalent Stabilisation (Intraparticle Crosslinking)

An issue that may arise with diblock copolymer nanopatrticles is their colloidal stability
when exposed to changes in environment. Addition of surfactants (or good solvents for both
blocks) or changes to temperature or pH may result in nanoparticle dissoda form
molecularlydissolved chains. In principle, covalent stabilisation can stabilise the
nanoparticles, which requires the addition of a suitable -tirds=r to confine the crosslinking

to intraparticle rather than interparticle crosslinkift>*
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For example, block copolymer nanoparticles can be stabilised by adding a suitable third
comonomer, such as ethylene glycol dimethacrylate (EGDWAT For example, Armes and
co-workers used a small amount of EGDMA as a third block in PEGNHPMA syntheses and
demonstrated that the resulting morphologies were stable under high shear conditions when
conducting emulsification with an oil to form Pickering@sions!®® The same group showed
that EGDMA-crosslinked vesicles contained nanodomains within their membtnas.
similar vesicle morphology was obtained when conducting-palyimerisation crosslinking
using epoxyi atineaeh cash, ¢hminitat linear. PGMPHPMA chains are
covalently Ilinked together b y-l itkhe6 EdGHEPEVAI ycnoen

Figure 1.33shows a selection of different crdgskers used with aqueous PISA formulations.

(0]
HzNﬁ/\oﬁNHz Yko/\/o\n/g
) 0

Jeffamine
x=2.5 D-230 EGDMA
x=6 D-400
x=33 D-2000
(o) o H
H,N H,oN N.
2 \/\NHZ \)J\N/\/ 2 N)J\/\/\H/ NHZ
H H o
EDA ALAM ADH

Figure 1.33 Chemical structures of variougosslinkers that have been used to stabilise
nanoparticles prepared by RAFT aqueous dispersion polymerisation: poly(propylene glycol)
bis(2aminopropyl ether) (Jeffaminé)? ethylene glycol dimethacrylate (EGDMAY
ethylenediamine (EDAY allyl acrylamide (ALAM) %! adipic acid dihydrazide (ADHY’

An example of a pogtolymerisation crosslinking of diblock copolymers was reported by
Byard et al!4’ After synthesising PDMAG-PDAAM.30 vesicles as 20% w/w aqueous
dispersions, adipic acid dihydrazide (ADH) was added (DAAM/ADH molar ratio = 10). The
reagent 6s hydrazide groups can react with t1}
via nucleophilic substitution to form hydrazone ligka. By monitoring the attenuation of the

PDAAM ketone IR band at around 1716 ¢nthe extent of crosslinking could be estimated.
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The ADHmodified vesicles became resistant to methanol dissolution once a sufficient degree

of crosslinking had been achievéd.
1.4.4 RAFT End-Group Removal

For commercial applications, it is usually desirable to remove RAFT -@mala due to their
inherent colour, malodour and toxicity. This can be achieved by thermal treatment or by
addition of excess radicals or by using nucleophfie¥3Jesson et alised HO to remove
RAFT endgroups from PGMAPHPMA, spheres, worms and vesicles within 8 h at 70°C, see
Figure 1.34'%4 The rate of endjroup removal depended on theQd concentration and the
nature of the RAFT chaiand, with dithiobenzoates being removed more readily than

trithiocarbonates.

NC ] b 7.5 % w/w worm gel | oh UV GPC
S AR TR =
- %me ) =309 nm
0 0 AN
o] o] e ol
OH §~OH
OH  H,0, pH 6 70°C s hiea G0 H|”  weentiontime/min |

Figure 1.34 Addition of H,O> enables engroup removal from diblock copolymer nano
objects in agueous media. There is minimal change in copolymer morphology as the
absorbance from the dithiobenzoate-gnolups is reduced over timg'

Spectrophotometry was used to monitor the reducti@m a@bsorption banat 309 nm over
time. Both dithiobenzoate and trithiocarbonate RAFT-gralips exhibit this UV band, which
has been a$s%i gnad%dsimucan . weaker Vi smnbd443 absor
nm for trit hnixd52nmboodittaobemzates)rcorresponding to a forbidden n
“* transition can a l%%Thibapproach eath bef more converiieat p u r
because it prevents the problem of signal saturation at higher copolymer concenlft&fibes.
resulting diblock copolymer worm gel exhibited the same gel modulus and critical gelation

temperature after chaend removal.
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1.5 Hydrophilic Block Copolymer Nanoparticles
1.5.1 Colloidal Stability in Highly Salty Aqueous Media

Recently, there has been considerable interest in identifying polymer nanoparticles that
remain stable in the presence of high salt concentratidfsi’® Polyelectrolytes confer
electrosteric stabilisation to nanopatrticles rather than merely steric stabilisation which means
they are usually more sdttlerant than their neionic counterparts, as explainedSection
1.3.7 Bagaria et alshowed that anionic polyelectrolytic chains consisting of pely(2
acrylamide2-methylpropanesulfonic acid, sodium saliatacrylic acid) (PAMPSstatPAA),
could be used to stabilise iron oxide nanoparticles when adsorbed to their surface in
concentrated brin¥! The nanoparticles remained colloidally stable in 10% w/w brine at 90°C

for up to 1 month with no significant change to the particle hydrodynamic diahheter.

Poly(2(acryloyloxy)ethyltrimethylammonium chloride) (PATAC) was chaxktended via
RAFT aqueous dispersion polymerisation of diacetone acrylamide (DAAM) by Byard et al
who reported excellent salt tolerance for the resulting PAPEAAM nanopatrticles in the
presence of 3.8 M ammonium sulfate. Furthermore, such nanoparticles remained resistant to
flocculation when stored in 3.0 M (NHSQ; for 115 days. The same team also used a binary
mixture of PATAC and PDMAC stabiliser blocks to compare how varyingrtbke fraction
of cationic PATAC affected the colloidal stability. On reducing the effective charge density of
the steric stabiliser chains, they were able to overcome the restriction of kindtigpped
spheres and access a range of higher order mogpas. Reasonably good ammonium sulfate
salt tolerance was conferred by these binary stabiliser nanoparticles (e.g. up to 2.0 M
ammonium sulfate for worms), but they proved to be less tolerant than those prepared with

pure PATAC stabiliser blocks, as shoin Figure 1.35%7
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Figure 1.35 PATAC«-PDAAM, and (0.1PATAG + 0.9PDMAG)-PDAAM; diblock
copolymers assembled into kineticathapped spheres in the former case and a series of
tunable morphologies in the latter case. The colloidal stability of theseohgexis were
examined by the addition of salt pgeilymerisation. Reproducecbin Byard et ap’

1.5.2 Synthesis in Highly Salty Aqueous Media

A selection of cationic polyacrylamides were prepared by Huang. efiaalstatistical
copolymerisation of METAC with acrylamide (AM) in aqueous media in the presence of a
suitable chain transfer agent, as showrfigure 1.36% This approach enabled a specific
degree of cationic character of the stabiliser block to be targeted by controlling the comonomer
ratio. Subsequently, these P(METATatAM)ze0 precursors were used for RAFT aqueous
dispersion polymerisation of acrylamide in 2.8 M ammonium sulfate to produce a series of
P(METAC-statAM) z60-b-PAMsoo Nanoparticles. This specific salt concentration was selected
because AM remains wateriscible under such conditions, but the growing PAM chains
become insoluble at some critical DP. If the salt concentration is too low, only RAFT solution
polymerisationoccurs. On the other hand, if it is too high the colloidal stability of the final
nanoparticles may be compromisé@iDiblock copolymer particles were prepared at 13%
solids with an overall copol ymer DP of up
conversions varying between 57 and 97%. Molecular weights were in surprisingly good
agreement with both theoretical values dhdse obtained via aqueous GPC using PEO

calibration standard$4./My values ranged between 1.10 and 1.30; this is unusually low but

45



Chapter lintroduction

perhaps understandable given the relatively low molecular weights targeted and the incomplete
monomer conversions achieved. When compared to the analogous polymer chains synthesised

via RAFT solution polymerisation, a thirfpld reduction in solution visisity was achievetf®

ﬂ( PP ““i =

NH,
CTAIVA-044 = 2
(/")N\ pH 5.0, 50 °C, 2 h C+)N
| 13% wiw 1
2.8 M (NH,),SO,
P(METAC-stat-AM)sgo P(METAC-stat-AM)3g0-PAM g0,

Figure 1.36 P(METAC-statAM)3s0-PAMeoo diblock copolymers prepared in highly salty
media as reported by Huang et®l.

Similarly, Bai et alprepared a series of PAMP&ecursors using a symmetric dicarboxylic
acid-based trithiocarbonate chain transfer agéht’® Subsequenthain extension shown in
Figure 1.37via RAFT aqueous dispersion polymerisation using a statistical mixture of AM
and AMPS in 2.3 M ammonium sulfate enabled preparation of copolymersiwithlues of
~ 1 MDa. Higher intrinsic viscosities were measured when such copolymerisations were
conducted at lower temperatures and when increasing the target solids concentration up to
22.5%. The proposed particle formation mechanism suggested that poigimeegions,
rather than nuclei, are formed duriphase separation that break up into smaller particles

during mechanical stirring®

NH,
o @o iy 0”7 °NH 07 "NH, NH

0
>
CTAIVA-50 = 0.7 ND NSD
@ _Ss pH 6.5, 40 °C, 24 h O...Ss O._Ss
1] ~
ogo 13.5% wiw °°go °g°
PAMPS 4, 2.3 M (NH,),SO,4 PAMPS 499-P(AM-stat-AMPS),

Figure 1.37 PAMPS00-P(AM-statAMPS), diblock copolymers synthesised in highly salty
media as reported by Bai et. 5
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1.5.3 Polymer and Colloid Stability in Acidic Aqueous Media

If RAFT polymerisations are conducted in aqueous media above pH 7, it is well known that
this increases their susceptibility to RAFT egrdup hydrolysis/41>Conversely, endgroup
hydrolysis is not observed at pH%L’®The rate of hydrolysis of dithiobenzoate RAFT agents
is faster at higher temperatures, and such species are more susceptible to hydrolytic degradation
than trithiocarbonate'$*17® Polymer particles bearing either cationic or anionic charge are
colloidally stable due to charge or electrosteric stabilisation. For strong acid or quaternary
ammonium groups, this means that colloidal stability is maintained regardless of the solution
pH. In contrast, if carboxylic acid or amine groups are involved, particle flocculation usually
occurs when such anionic or cationic charge is lost after adjusting the solution pH.

North et al reported the pHesponsive behaviour of PMA&PHPMAx37 nanoparticles
prepared via RAFT aqueous dispersion polymerisation of HPMA, as shdvigire 1.38177
Large polydisperse spheres were obtained at pH 5.5, but a change to pH 10 led to relatively
small spheres being formed. This is because the PMAA stabiliser block became more anionic
under such conditions strengthening its electrosteric stabilisatione Eplgres increased in
size at higher temperature and formed weakly anisotropic worms at 50°C. On the other hand,
the dispersion became much more turbid below pH 6.3, with the nanoparticles becoming
colloidally unstable. This was attributed to the losamibnic surface charge via protonation

of the PMAA stabiliser block, which led to nanoparticle flocculatign.

b
50 \) 50 237
o OH OH (o) OH O (0]

>

ACVA, 70 °C
pH 5.5 OH
PMAAs, PMAAs(-PHPMA,;

Figure 1.38 Synthesis of PMAA-PHPMAx37 diblock copolymer nanobjects via RAFT
aqueous dispersion polymerisation of HPMA as reported by Nortt €t al
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1.5.4 Synthesis in Acidic Aqueous Media

The Armes group reported that doubly -p¢sponsive poly(diethylamino)ethyl
methacrylatepoly(benzyl methacrylatetatmethacrylic acid) (PDE#&-P(BzMA-stat
MAA) x) diblock copolymers exhibitso al | e d &6 s ¢ h-asgemipiyhbehaviourcSaichs e | f
diblock copolymers can be prepared directly in the form of steristdlyilised nanoparticles
via aqueous PISA at low pH by chamtending the protonated cationic presaur(PDEA) with
a statistical mixture of benzyl methacrylate (BzMA) and methacrylic aciif)M @ Under
such conditions, the protonated PDEA block acts as a cationic steric stabiliser and the neutral
P(BzMA-statMAA) x block forms the hydrophobic micelle core. On raising the solution pH,
the MAA repeat units become ionised and hence the P(BgdAMAA) x chains now act as
an anionic stabiliser block, while the deprotonated PDEA chains form the hydrophobic micelle

cores, as shown fRigure 1.39178

(o) O
ACVA, 70 °C HCl (aq)
Cl @ pH 2.5 Cl
8 1 r”w
PDEAag PDEAgg-P(BZMA-Stat-MAA)x

Figure 1.39Schematic cartoon depicting the schizophrenic behaviour exhibited by 8DEA
P(BzMA-statMAA) x diblock copolymers. Cationic PCEéore nanoparticles are formed at
low pH and anionic PDEA core nanoparticles are formed at highpH.

A subsequent study by North and Armes focused on doublyeppbnsive polyR

(diethylamino)ethyl methacrylatgpoly(2-carboxyethyl acrylate) (PDEACEA) diblock
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copolymers prepared by RAFT aqueous dispersion polymerisation of CEA at’pkh Zhis

case, the weak polyelectrolyte nature of each block led to the formation of an isoelectric point
(IEP) at which there is no net particle surface charge. At this critical pH, the particles become
flocculated, with redispersion being observed orustitjg the solution pH either above or

below the IEP, as shown Figure 1.4Q"°

0 o 0 NaOH (aq) 0 o NaOH (aq) o 0
r TCl (aa) r Rl (aq) r
@ @
Cl rNH] o N o O@

OO rj Na®

+ -

Figure 1.40Schematic cartoon depicting the schizophrenic behaviour exhibited by asFRDEA
PCEAwodiblock copolymer. Cationic PCEAore nanoparticles are formed at low pH, whereas
anionic PDEA cores are formed at high pH. At intermediate solution pH, macroscopic
precipitation occurs at the IEP

Other research groups have also incorporated ionisable repeat units into the hydrophobic
core block when conducting RAFT PISA. For example, Hong .&Calynthesised diblock
copolymer vesicles containing the jsdnsitive comonomer -@liisopropylamino)ethyl
methacrylate (DIPEMA) in a 80/20 w/w ethanol/water mixture. Such vesicles were loaded with
Rhodamine B dye and then transferred to agueous solutiandisigsis. Vesicle dissociation
occurred upon adjusting the solution to pH 4.0, owing to protonation of the DIPEMA units

within the membrane, causing dye release.
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Conversely, Rieger et H' synthesised poly{,N-dimethylacrylamide}-poly(N-
cyanomethyl acrylamidstatacrylic acidy [PDMACsze-b-P(CMAM-statAA)y] via RAFT
PISA at pH 1.5, as shown FFigure 141 The <core bl ock contained
sensitive AAcomonomer. CMAM was selected as a comonomer because its corresponding
homopolymer exhibits an upper critical solution temperature (UCSUigh thermoresponsive
behaviour had been hitherto difficult to introduce into PISA formulati®tiEhese copolymers
can exist either as sedfssembled nanostructures at low pH or as molecuisiolved
unimers at high pH owing to ionisation of the AA repeat units. Moreover, such copolymers can

be designed to be both pidsponsive and thermoresponsite

\j\ 1:0.25
0~ °NH l j\ 36 \ X
36 J 10
Ne oo 07 "NH, 0 °NH 07 “OH
> 2 /|

07 “NH,

VA-044, 45 °C NG
pH 1.5

PDMAC 3¢ PDMAC 3¢-P(CMAM-stat-AA),

Figure 1.41PDMAC3s-P(CMAM-statAA)x diblock copolymer nanoparticles synthesised in
their neutral form as reported by Rieger €fal

1.6 Ultra High Molecular Weight (UHMW) Polymers
1.6.1 Synthetic Strategies

An interesting synthetic route to ultrahigh molecular weight (UHMW) polyacrylamide
(PAM) was reported by Destarac and-workers via RAFT solution polymerisation of
acrylamide using a lovemperature redox initiator, as showrFigure 1.42'3 The relatively
low reaction temperature, unusually higdk: ratio, high monomer concentration, absence of
chain transfer to solvent and an optimised initiation profile with a low flux of radicals were
considered to be key parameters for such formulations. A relatively short-ssaible

precursor comprising eith® AM7 or PDMAC; was prepared to ensure aqueous solubility of
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the xanthatdbased RAFT agent. Subsequent chain extension with the corresponding monomer
(AM or DMAC) via RAFT solution (gel) polymerisation dramatically increased the solution
viscosity. PAM homopolymers up to DP 42,000 and PDMAC homopolymers up to D030,
were synthesised at full monomer conversion within two hours. The theoMtigalues for

these polymers is 3 MDa, but the reported values measured via aqueous and DMF GPC
respectively are considerably lower. It is expected that this may be dut o the resolution

of the GPC columns, but more significantly chain transfer reacteading tonew chain

growth during the polymerisation. Refractive index and SLS GPC detector usedi2gAM

(M= 1.27 MDa; 0 =s3008(M3=2)1.a0ndd MCDEMA1 = 1. 06) .

X
(o) (o)
(0] NH
7 > 42,000
S S
(o) APS/NaFS =1

10°C,2h
PAM; 25% wiw PAM 42,000

OW \ﬂ/ | v et ° 3°’°°°\ﬂ/ ~
L -~ 8

APS/NaFS =1 (o) N
| 20°C, 2 h |
PDMAC;, 17% wiw PDMAC 3,000

Figure 1.42 PAMa42000and PDMAGCo 000polymers prepared at low temperature by aqueous
solution gel polymerisation, as reported by Destarac’€t al

UHMW PDMAC homopolymers have been synthesised by Sumerlin amébdeers via
RAFT photoiniferter polymerisation at 35°C, as showrFigure 1.43'8 Iniferters induce
radical polymerisation to produce polymers bearing an iniferter fragment at eackectain
with minimal bimolecular termination and other transfer reacti&i$°A trithiocarbonate and
a xanthate RAFT agent were used in tunn as i
incidentwavel ength which coinci des vhaslbdenreportedh t he
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to result in daster rate of homolytic cleavad®®’%T he ni7T "~ * absorforance wa
xanthateis & 3 6 Gandmtnthiocarbonatéssd 443 nm. Hence the phot
xanthates at this wavelength is much more efficient and the experinhdntidta do not
significantly exceed theoretical values. This suggests that degenerative chain transfer plays an
important role in the consumption of the smratblecule iniferter during the early stages of the

reactiont®*

o) j\
S S 07 N7 /(’jao
HO \[r \C3H502 l ) o N/

S Water, 35 °C |
2-(2-Carboxyethylsulfanylthio- 365 nm 2
carbonylsulfanyl)-2-methyl- 7.0 mWcm PDMAC:5;5 000

propionic acid

2 J
s __0O 07 N7 /tjf,ooo
o I CHs L g PN

S Water, 35 °C I
Ethyl-2-((ethoxycarbonothioyl) 09 am
y y y 7.0 mW cm2 PDMAC 43 000

thio)propanoate

Figure 1.43 PDMACx homopolymer synthesised by Uixitiated RAFT solution
polymerisation at 35°C using a RAFT iniferter as reported by Sumerlicd®t al

More recentl vy, Sumerl inds group hanil)devel o
polymerisation strategy using a surfactant and a RAFT photoiniferter for the synthesis of
UHMW polymers in the form of lowiscosity aqueous droplet®’ A continuous flow system
for the synthesis of UHMW PDMAC or polMacryloylmorpholine) (PNAM) provided a
much faster rate of polymerisation compared to a batch inverse miniemulsion §stem.
Moreover, good agreement between the theoretical and GPC (light scattering d&ector)
values was observed up to 1 MDa. However, up to afikdifference was noted for higher

M values, with > 99% monomer conversion achieved for all synth&sEs,

While the abovementioned strategies are undoubtedly very successful for the well

controlled synthesis of UHMW polymers, the resulting highly viscous polymer gels are
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impractical for industrial applications. Furthermore, while the inverse miniemulsion strategy is
certainly a lowviscosity synthesis, an oil continuous phase is required. This is both
economically and environmentally undesirable and-pobtmerisation stgs are required to

remove both excess surfactant and the oil.

1.6.2 Viscosity Modification

Both naturallyderived and synthetic watepluble polymers are used as viscosity modifiers
for a range of commercial applicatioli$.These include poly(vinyl alcohol) in ophthalmic
products, xanthan gum in toothpa8tecarrageenan in food products such as ice cfam
hydrolysed polyacrylamide (a statistical copolymer of acrylamide and acrylic acid) in enhanced
oil recovery® and cellulose derivatives in latex paift3BASF sells polymeric thickeners in
several of their business divisions, including Nutrition & Care, Oilfield and Materials (e.g.

paper manufacturéys 1%

The thickening effect of a polymer in solution depends on its molecular weight. The solution
viscosity (d) is governed by the number of ¢
polymer concentration and MW. For low MW species, the-selbe ar v p)sdirecsly ty ( d
proportional to the mass. However,apolvea w r el at i ogasdiviWgs obsertede e n (
for higher MW polymers with a numerical exponent of 3.4, as shown in the-Mautvink

relationship Equation 1.20.1%° My is usually comparable within 10% kb,.2%
— 0 Oop?8 (1.20)

When pl o b)agaimsgogMw Bleghe theory predicts that the characteristic change
in gradient indicates the critical MW, which corresponds to the average MW spacing between
entanglement poinf8! This is shown inFigure 1.44 for polydimethylsiloxane (PDMS),
polyisobutylene (PIB), polyethylene (PE), polybutadiene (PB), poly(methyl methacrylate)

(PMMA), poly(ethylene glycol) (PEG), poly(vinyl acetate) (PVAC), and polystyrene (PS).

53



Chapter lintroduction

log n + constant

log MW + constant

Figure 1.44Bueche theory predicts that the critical MW of each stated polymer corresponds
to the change in gradient forpal ot @) fagaihsblog(MyV. Above this critical MW, the
solution viscosity is much more strongly dependent on the polymer MW owing to a higher
number of chain entanglemers:2°?

Many commercial UHMW watesoluble polymers are prepared by FRP, which affords
either homopolymers or statistical copolymers with broad M\ABlsubrizol manufactures a
range ofCarbopol products which comprise crosslinked PAA microgels. Such polymers
provide effective rheology modification (solution thickening) for a range of applications,
including laundry detergents, surface cleaners and batt€adsopolproducts generally exist
as powders, though emulsion formulations are also avai¥thdcomerpowders made by
BASF are marketed as dewatering additives for the oilfield sector. They can clarify dilute
drilling fluids by promoting aggregation of colloidal particles in such suspensions. These
powders contain both low molecular weight cationic coagsl and high molecular weight

nonionic, anionic, and cationic flocculart®. FRP syntheses can also be conducted via
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suspension or inverse emulsion (wdteoil) polymerisation, which remain lowiscosity
fluids even at high solids. However, as discusseflaation 1.6.1the resulting copolymers

require pospolymerisation processing189:191

1.6.3 pH, Temperature and Dilution-Triggered Thickening

Unlike FRP, living polymerisation methods enable the synthesis of low dispersity block
copolymers which offer distinct commercial advantages for viscosity modification
applications. In particular, RAFT aqueous dispersion polymerisation enables the pyaparat
of diblock copolymer nanopatrticles via a lewgcosity route at high solids. To solubilise such
low-viscosity dispersions, the solution temperature, pH or salt concentration can be
adjustecf®2%” For example, copolymers that dissolve on switching the solution pH, as
discussed irsection 1.5.4can be prepared by these methods. If their MW and solids content

are sufficiently high, then a corresponding increase in solution viscosity can be expected.

Cunningham et aéxploited the LCST behaviour of PNMEP to prepare aqueous dispersions
of particles at 25% w/w solids using either a PGVI&r a PMAAgs precursor, as shown in
Figure 1.45%°° PNMEP exhibits an LCST of around 55°C in aqueous solution for DPs above
400. Thus, when targeting a sufficiently high eyaming block DP, these diblock copolymer
chains form PNMERore particles at their synthesis temperature of 70°C but undergo
molecuar dissolution on cooling to 20°C. A series of PGRNMER: (x = 100i 6,000) and
PMAAgs-PNMER: (x = 3007 4,000) particles were prepared by RAFT aqueous dispersion
polymerisation of NMEP at 70°C. The weakly hydrophobic nature of the PNMEP chains
resutel i n a high degree of core hydration, pr
Variable temperaturtH NMR studies confirmed that the PNMEP chains became substantially
dehydrated at 70°C and fully hydrated on cooling to 20°C. Particle dissociation occurs when

cooled, which results in the formation of a highly viscous aqueous soffftion.
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Figure 1.45Synthesis of lowiscosity PGMAs-PNMER:and PMAAss-PNMER: particles via
RAFT aqueous dispersion polymerisation of NVAEP .

Byard et al sought to exploit the sattependent aqueous solubility of PDMAC to prepare
colloidal dispersions of diblock copolymer particless high solids’®” DMAC monomer
remains watemiscible in the presence of 4.0 M ammonium sulfate, whereas PDMAC is only
soluble up to 1.0 M ammonium sulfate. Thus, PAT&PDMAC, nanoparticles were
prepared at 40% w/w solids via RAFT aqueous dispersion polymerisation of DMAC in the
presence of 2.0 M ammonium sulfate, as showRigure 1.46 To avoid the formation of
monomer droplets, it was necessary to slowly-tgrl the DMAC to ensure a true dispersion
polymerisation. A relatively high DMAC conversion (>90%) was ackikup to a target DP
of 10,000, but unfortunately this aqueous PISA formulation proved to be poorly reproducible
and agueous GPC analysis indicated a bimodal MWD. Nevertheles$lbdilution of such
turbid freeflowing aqueous dispersions with deicdswater led tin situparticle dissociation
and the formation of a transparent highly viscous solution. Rheology was used to assess the

thickening behaviour exhibited by such doubiarophilic diblock copolymers by comparing
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the solution viscosity of the final watsoluble polymer solutions with that of the original

particle dispersions prior to diluticf’

/(’j/:)/ l 6 h linear 100 10000
monomer feed
Ve
o (o) O O N

20M (NH4)ZSO4

S)
c° 9| CTA/VA-044 = 5 ci- &y
A > 18 h, 44 °C dh
40% wiw
PATAC 190 PATAC 105-PDMAC 10000

Figure 1.46 Synthesis of PATAGrPDMAC10000 particles via RAFT aqueous dispersion
polymerisation, as reported by Byafd.

Perhaps surprisingly, the studies by Huang &t®aind Bai et at®® discussed irBection
1.5.2do not consider the solubilisation of sslabilised polymer nanoparticles by a dilution
triggered thickening effect for UHMW polymers, despite the latter group preparing polymers

with M, ~ 1 MDa.

1.7 Thesis Aims and Outline

The primary aim of this Thesis is to investigate the use of RAFT aqueous dispersion
polymerisation formulations to conduct PISA syntheses &0BO w/w solids while targeting
the highest possible ceferming block DPs. The steric stabiliser block sho@dhain water
soluble while the coréorming block should be tunably soluble or insoluble depending on
either the salt concentration or the solution pH.

In Chapter 2, preliminary monomer miscibility and homopolymer solubility studies are
conducted to identify appropriate steric stabiliser and -faomaing blocks for various
concentrations of ammonium sulfate. Subsequently, UHMW PAPBBIAC particles are
synthesised 2.0 M ammonium sulfate and the behaviour of suchreaftonsive diblock
copolymers is evaluated. This work extends that originally undertaken by Dr. S. J. Byard during

her BASFsponsored PhD projett’ In Chapter 3, a zwitterionic PMPC steric stabiliser block
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that is known to remain watspluble even at very high salt concentration is cleatended

with DMAC to generate a series of diblock copolymer particles, which are characterised using
H NMR spectroscopy, aqueous gel permeation chromatography (GPC), dynamic light
scattering (DLS), small angle-bay scattering (SAXS), optical microscopy (OM), rheology
and aqueous electrophoresis (Zeta potentiallhapter 4, an anionic PNaAc stabiliser block

is used as a precursor for the chain extension of some comngmaadermiscible monomers
(acrylamide, N,N-dimethylacrylamide and acrylonitrile)This formulation requires 3.0 M
ammonium sulfate to produce a colloidal dispersion of steristdlilised particles. In
Chapter 5, a new wholly norionic diblock copolymer system is devised based on a PHEAC
steric stabiliser and a PNAM ceferming block. This agqueous PISA formulation requires a
relatively low salt concentration to produce particles. Moreover, the resulting PRI

diblock copolymer chains can be analysed using DMF GPC, which aids analySagdter

6, an anionic PAMPS precursordbain extended with a ptéensitive carboxylic acibased
monomer (CEA) at pH 2.5. Under such conditions, the resulting PCEA chains are below their
pKa so they are grown in their neutral hydrophobic form. Raising the solution pH leads to

ionisation and hence molecular dissolution of an anionic polyelectrolyte.
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Chapter 2: Synthesis and Evaluation of Polymers for use in Highly Salty Aqueous Dispersion
Polymerisation

2.1 Introduction

In this Chapter, various polymers are evaluated for their suitabilitgvaloping new RAFT
agueous dispersion polymerisation formulations in highly salty media. In principle, such
syntheses should enable the preparation of high molecular weightswhtble diblock
copolymers in the form of lowiscosity aqueous dispersiootstericallystabilised particles.
Suitable formulations were identified by evaluating the aqueous solubility of monomers and
their corresponding homopolymers across a range of ammonium sulfate concentrations to
determine the critical salt concentratioequired for either immiscibility (monomers) or

insolubility (homopolymers).

A relevant patent application was filed by Destarac on behalf of Rhodia (now Solvay) in
201311t covers the producihwanemwod dtiompgrncons
but which are nevertheless fluid and stable to aid transportation, manipulation and storage. The
patent covers RAFT polymerisation to prepare polyelectrolytes of up @@ mol* at up
to 50% w/w solids in salty media. However, this claim is an extrapolation from the example
formulations given which have reportet,v a | ue s y mdBf@ PAMPR-P(AAoax
statAMo.7x) copolymers where x < 1,000 and solids cotde 20% w/w. (n.b. solids contents
calculated and used throughout this Thesis compare mass of reagents against combined mass
of water and salt). Subsequent dilution of polymer particles with water leads to molecular
dissolution, which produces an increas solution viscosity. Two main drawbacks are noted
for the traditional synthesis of such polymers via traditional free radical agueous dispersion
polymerisation: high viscosity and poor colloidal stability. In practice, the maximum solids
content and DRre limited and the final copolymer chains exhibit a broad MWD. Moreover,
colloidal instability can cause sedimentation or caking, particularly during the storage and

transport of such dispersiohs.
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In this Thesis, cationic, zwitterionic and anionic polyelectrolytes are evaluated as putative
salttolerant steric stabilisers. In addition, a suitable-iwonc steric stabiliser is identified for
the first time. In all cases, the saltolerant block igprepared in its noionic form. The cost
and commercial availability of each vinyl monomer is considered along with less energy
intensive reaction conditions (e.g. low temperature) and minimisation of the salt concentration
and RAFT CTA. Ideally, the l&gr organosulfur reagent should be present in ppm quantities to
minimise its cost, malodour and intrinsic colour. An important aspect of this project is to
establish the practical upper limit for the solids content and copolymer DP while achieving

very hich monomer conversion and efficient chain extension of the steric stabiliser precursor.
2.2 Experimental

2.2.1 Materials

Acrylic acid (AA; O 99%; purified with aci
acrylamide2-methylpropanesulfonic acid, sodium salt (AMPS; 50% w/w aqueous solution),
NNNdi met hyl acryl ami dehydDPMA@et DyI99 & r yl2ami de
hydroxymethyl methacrylamide (HMMAC; 55% w/w aqueous solution), methacrylic acid
( MAA; o 9NBMe)r,ph o2l i noet hyl met hacrylate?* (
acryloyl morphol i neazobigdAMnoPed 7 &hoi &, d4ti d) (
formic acid dqOumméephosmobaoeo( O 99%), sodium t
sodium nitrate, TRIZMA (O SD®%and@He) (> 98BR)-Z MAAHC
phenyl et hanet-méttyl2-b r(dOmoPpd %)p,andic acid (O 98U
(anhydrous; 9848nd deltesiumioxice tD; O 9 9. 9% D) were s
Sigma Aldrich ( Merck; UK) . Acryl amide (AM),
triethylamine (O 99%) and ethanoic acid (100

acid (HCI; 37% wiwinwa e r ) magnesium sul fate (anhydrou
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and et hyl acetate (O 99%) wer dAcrglayloxy)etteld f r o m
trimethylammonium chloride (ATAC; 80% w/w aqueous solutiorfm2thacryloyloxy)ethyl
trimethylammonium  chloride (METAC; 75% w/w aqueous solution),- 2
(acryloxyethyl)bazyldimethylammonium chloride (BzDA; 80% w/w aqueous solution;

purified using an activated charcoal column) an{m2thacryloxyethyl)benzyldimethyl
ammonium chloride (BzDMA; 80% w/w aqueous solution) were provided by BASF
(Ludwigshafen, Germany).-@-(Acryloyloxy)ethyl pyrrolidone) (NAEP; 95%) was kindly

provided by Ashland Specialty Ingredients (Cherry Hill, NJ, USA).-Rzbis(2(2-
imidazolin-2-yl)propane)dihydrochloride (V& 4 4 : O 98 %) was souwrced f
dichloromethane (CECly; O 99.8% D) was sourced from Car
(Cambridge, UK) . Sodium hydroxide (O 98%) al
from Thermo Fisher Scientific (UK). PEO standards were sourced from Agilent/PSS (UK). 2
(Methacryloyloxy)ethylphosphorylboline (MPC) was kindly donated by Biocompatibles

(UK). Glycerol monomethacrylate (GMA; 99.8%; < 0.06 mol % dimethacrylate impurity) was

kindly donated by GEO Specialty Chemicals (UK):Hgdroxyethyl methacrylamide*

( HEMAC; O 96 %) wa s <ientific ¢UK)dwhife N-G2+hydréxgpoopyl) o S
met hacryl amide* (HPMAC; O 95%) was sourced
marked with an asterisk (*) were purified using a basic alumina column prior t/nisss

otherwise stated, all solvents were pusdthfrom Fisher Scientific (UK) and were used as

received. Deionised water was used for all experiments
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2.2.2 Characterisation Techniques

Nuclear Magnetic Resonance (NMR) Spectroscopy

All 'H NMR spectra were recorded at 25°C using a 400 Mifuker Avance400
spectrometer with 64 scans being averaged per spectrum. Approximately 30 mg of (co)polymer
was dissolved in 1 mL of eitherD or CxCl2. Spectra were analysed using TopSpin software.
Monomer conversions were determined fréfNMR spectra by comparing the integrated
intensities of monomer vinyl signals (5.57.0 ppm) to that of the corresponding polymer

backbone methine signal (2.2.7 ppm).
Mass Spectrometry

Mass spectra were recorded for RAFT CTAs using an Agilent 1860ity liquid
chromatography setp and an Agilent 6530 JoF mass spectrometer (H@S) in positive
electrospray ionisation (ESI+) mode with an aqueous eluent containing 0.1% w/w formic acid
and 0.05% NaOH. lonisation results in adduct ions forming watty little fragmentation.
Qualitative analysis enabled identification of the molecular parent ion and its corresponding

sodium adduct (MHand MN&).

Aqueous Gel Permeation Chromatography (GPC) with Multi Angle Laser Light

Scattering (MALLYS)

The Agilent 1260 Infinity GPC setp comprises a pump, a degasser, a guard column, three
PL-Aquagel MixedH, OH-30 and OH40 columns connected in seriafawn Helios I mult
angle laser light scattering (MALLS) detector (Wyatt Technology Corp., USA), an Optilab T
rEX differential refractometer (Wyatt Technology Corp., USA) and a refractive index (RI)
detector. GPC curves were recorded with a column amttdettemperature of 30°C using a
flow rate of 0.8 mL mih?! The eluent was selected according ® iature of the copolymer

samplesEluent 1comprised 0.50 M C(COOH and 0.30 M Na#PQs at pH 3.0 and was used
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to analyse PATAGPDMAC copolymers Eluent 2comprised 0.2 M NaN®and 0.05 M

TRI ZMA/ TRI ZMAAHCI buffer at pH -“PDMAC and w
copolymersEluent 3comprised 0.1 M NaN¢) 0.02 M TEA and 0.05 M NaHC{at pH 8.0

and was used to analyse PNaRA@M-statDMAC) and PAMPSPCEA copolymersEluent

4 comprised 70% v/v 0.2 M NaNand 0.01 M NakPQs at pH 7.0 plus 30% v/v methanol

and was used to analyse PAMPHSaAc copolymers.

Calibration of the RI detector was achieved using nine-mearodisperse poly(ethylene
oxide) standards (211969 kDa) and data were analysed using Agilent Technologies GPC/SEC
software. The MALLS instrument was equipped with a 130 mW linearly polarisdidng
arsenide laser source operating at 658 mm and 18 detectors placed at angles ranging from 22.5°
to 147°. The absolute weighterage molecular weightl(,) was determined for each diblock
copolymer via analysis on Astra 7 software according to MALLS Amm formalisms. The
differential refractometer was used as a concentration detector in online mode. In offline mode,
it was used to determine the dn/dc value for copolymers dissolved in the GPC eluent at pH 8.
Copolymer solutions of varying concentmati were injected consecutively (lowest
concentration first) into the instrument at the same flow rate used for the online mode
experiments using a syringe pump. A linear calibration plot of refractive index versus
copolymer concentration enables a dn/duedo be calculated directly from the gradient.

Hence the copolymer concentrations used for the online mode measurements can be calculated.
UV Absorption Spectroscopy

Spectra were recorded between 200 and 400 nm at 20°C using@dled U\+1800
spectrophotometeait 20°C and d cm path length quartz cell. A Beleambert curve was
constructed using a series of four or five CTA concentrations in either methanol or water. The
absorption maximum at 306310 nm assigned tothe” * t r a n s itrithiocanbondteo r t h e

group was used for the calibration péotd the concentration range was selected such that the
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absorbance remained less than THe molar extinction coefficient was calculated for each

CTA to enable quantitative determination of homopolymer DPs.
Dynamic Light Scattering (DLS)

Analysis was performed using a Malvern Zetasizer Nano ZS instrument equipped with a 4
mW Hé Ne 633 nm laser and an avalanche photodiode detethar.instrument was
configured to automatically determine the optimum experimental duration and optical
attenuationBackscattered light was detected at 173° and measurements were conducted at a
copolymer concentration of 0.05% w/w at 2D usinga 10 mm path length quartz cuvette.
Malvern Zetasizer software v7.11 was used to calculatediverage hydrodynamigaineters
(D) via the Stoke£instein equation, which assumes perfectly monodisperseanteracting
spherical particles. Data were averaged over at least three consecutive runs with a minimum of
ten measurements being recorded for eachTha.viscosity of 2.0 M ammonium sulfate is
1.510 Pa s and the refractive index is 1.370 and the viscosity of 3.0 M ammonium sulfate is

2.030 Pa s and the refractive index is 1.384.
Optical Microscopy (OM)

A 0.1% w/w dispersion was prepared and a single drop from a pipette was applied to a glass
microscope slide which was subsequently covered with a glass slide cover. Images were
recorded at x400 magnification using a GBErmer bifocal compound microscopguipped
with a MoticamBTW digital camera. The focus, brightness, and contrast were adjusted and

the acquired images were processed usirageJsoftware.
Rotational Rheology

An MCR 502 rheometer (Anton Paar, Graz, Austria) equipped with a concentric cylinder
measuring set geometry (CC27) was used for rotational rheology experiments. Measurements

were performed at 20°C and shear sweeps were conducted from*ad®%@0 s with 51
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measurements across the logarithmic shear rate ramp, with each measurement requiring 1 to
45 s (longer measurement times for lower shear rates to ensure steady state reached).
Approximately 10 mL of each copolymer dispersion (or solution) was used for each
measurement. An overall measurement time of approximately ten minutes was required for

each sample.

2.2.3 Synthesis of 4-Cyano-4-(2-phenylethanesulfanylthiocarbonyl)sulfanyl-pentanoic

acid (PETTC)

The synthetic protocol used to prepare PETTC is based on a prior study by Armes and co
workers*® 2-Phenylethanethiol (37.21 g, 269 mmol) was added dropwise to a stirred
suspension of sodium hydride (60% in oil, 11.4 g, 286 mmol) in diethyl ether (350 mL) ina 1
L roundbottom flask at 5°C. Evolution of hydrogen was observed and the initial grey
suspasion formed a white slurry of sodium phenylethanethiolate over an hour. Carbon
disulfide (13.8 g, 277 mmol) was added dropwise and a yellow precipitate of sodium 2
phenylethanetrithiocarbonate formed, which was collected via filtration. To a suspension of
sodium 2phenylethanetrithiocarbonate (44.7 g, 189 mmol) in diethyl ether (700 mL), solid
iodine (34.5 g, 137 mmol) was added. The reaction mixture was stirred for 60 min at 20°C, and
the resulting precipitate of sodium iodide was removed via filtrafibe. brown filtrate was
washed with a saturated solution of sodium thiosulfate (4 x 250 mL), dried using magnesium
sulfate, and solvent was removed under reduced pressure (rotary evaporator) to afford bis
phenylethanesulfanylthiocarbonyl)disulfide asaange solid D100% yield). A solution of
bis2phenyl et hanesul fanylthiocar bonyi{aohis(4sul f i d
cyanovaleric acid) (20 g, 71.3 mmol) in ethyl acetate (450 mL) was purged with nitrogen for
30 min before being refluxed under a dry nitrogenasphere for 15 h. The resulting solution
was washed with water (5 x 300 mL), dried over magnesium sulfate and solvent was removed

under reduced pressure. The remaining sticky orange residue was purified using silica column
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chromatography (5% methanol in ethyl acetate mobile phase), which yieldeghd4-(2-
phenylethanesulfanylthiocarbonyl)sulfanylpentanoic acid (PETTC) as a yellow solid (63.2 g,
84%), m/z = 340 (M) ,n(40D MHz; CDClo; MesSi) 1.9 (3 H, s, Me), 2.5 (2 H, m, GH2.7

(2 H,t, CH), 3.0 (2 H, t, CH), 3.7 (2 H, t, CH), 7.3 (5 H, GHb).

2.2.4 Synthesis of S-butyl-S 4(j U ;dnejhyl-U Njbktic acid)trithiocarbonate (BDMAT)

The synthetic protocol for the preparation of BDMAT is based on prior studies by Lai et al.
and Bray et al.” 1-Butanethiol (24 mL), acetone (12 mL) and 5 M NaOH (44 mL) were added
to a 500 mL rourdbottom flask and stirred at 20°C for 25 min to produce a light pink solution.
Addition of carbon disulfide (15 mL) produced an orange solution, which was stirred for
further 30 min before being immersed in an ice bathlethyl-2-bromopropanoic acid (38.4
g) was heated to 50°C to produce a molten liquid, which was slowly dripped into the flask. The
reaction solution turned yellow, the flask was removed from theattednd its contents were
poured into an aqueous solution of 5 M NaOH (44 mL); the resulting solution was stirred
overnight at 20°C. After 20 h, the reaction mixture was diluted with water (200 mL) and
washed four times with hexane (4 x 200 mL). The orawgeeous phase was cooled with the
aid of an ice bath and 1.0 M HCI (230 mL) was slowly added to adjust the solution to pH 3.
The resulting yellow precipitate was isolated, washed with water and dissolved in chloroform
(200 mL). After drying with MgS®@andremoving the solvent under vacuum, the product was
a viscous orange liquid that crystallised to form a yellow solid when poured into a glass vial
(20.7 g, 37%), m/z 253 (M ,H(40QD MHz; CDClz; MesSi) 1.0 (3 H, t, Me), 1.7 (10 H, s,q,q,

CHs, CHz, CHy), 3.4 (2 H, t, CH).

2.2.5 Synthesis of PATAC Precursor via RAFT Solution Polymerisation of ATAC at 56°C

2-(Acryloyloxyethyl)trimethylammonium chloride (ATAC; 41.35 g; 80% w/w aqueous

solution, 171 mmol), €yanc4-(2-phenylethanesulfanylthiocarbonyl)sulfanylpentanoic acid
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(PETTC; 290 bg-éaroi8sbbéityrammadme djhydrochloride (AIBA, 46.3 mg, 171

emol ) and met hanol (41. 9 g-pottameflask equipped gvithead | nt
magnetic flea and the resulting reaction solution was degassed using a stream of nitrogen gas
for 45 min at20°C. The sealed flask was immersed in an oil bath set at 56°C and the ensuing
polymerisation was allowed to proceed for 2 h, achieving 97% ATAC conveTfsierpolymer

solution was purified by dialysis against water for ¢hdayys to remove unreacted monomer

and then freezdried overnight. The mean degree of polymerisation was determined to be 242

+ 1, as judged by engroup analysis using UV spectroscopy at the absorption maximum of

306 nm. Aqueous GPC analysis indicatedvarof 32.7 kg mof and anMw/M, of 1.58.

2.2.6 Summary of Polymer Precursor Syntheses via RAFT Solution Polymerisation

The reaction conditions for the polymer syntheses of all homopolymers which underwent

solubility testing are shown ihable 2.1

Monomer Initiator Solvent RAFT Agent Tem/pci(r:ature Time/ h Po-ll;/?‘;?s(:tDP Con/v;or ston Poﬁlcrx;:lDP
AA VA-044 Water BDMAT 44 15 200 95 258
AMPS T-21S Water/PBS BDMAT 90 2.5 250 99 250
AM VA-044 Water BM1433 46 18 500 92 495
ATAC AIBA Methanol PETTC 56 2 200 97 242
BzDA VA-044 Water BDMAT 48 6 100 99 115
BzDMA ACVA Methanol PETTC 70 6 100 98 126
DMAC VA-044 Water/PBS BDMAT 48 4 500 95 515
GMA ACVA Water PETTC 70 5 200 83 162
HEAC VA-044 Water BM1433 46 3 300 89 216
HEMAC VA-044 Water BM1433 46 3 200 75 187
HMMAC VA-044 Water BM1433 46 3 350 64 222
HPMAC VA-044 Water BM1433 46 3 200 81 257
MAA ACVA Water PETTC 70 5 200 79 150
METAC VA-044 Water BDMAT 46 4 250 91 235
MEMA VA-044 Water BDMAT 48 2 120 54 67
MPC ACVA Methanol PETTC 75 35 120 75 139
NAM VA-044 Water BM1433 46 18 500 78 520
NAEP KPS/AsAc Water DDMAT 30 0.5 100 50 75

Table 2.1Summary of reaction conditions for the synthesis of a range of homopolymers used
in subsequent solubility testing. (The PA&and PNaAgss polymers are only different by the
pH at which they were tested).

Each polymer has been prepared using a trithiocarbonate RAFT agent, and has been purified

by dialysis in water for at least 48 hours.
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2.2.7 Core-Forming Monomer Solubility Testing

The protocol for evaluating the aqueous solubility of various vinyl monomers and their
corresponding homopolymers wasfaows. 2% w/w aqueous solutions containing zero to
4.0 M ammonium sulfate were prepared in sealed glass vials at pH 5.5. Each vial was shaken
and allowed to stand for 2 h at either 20°C or 30°C followed by visual inspection to determine
whether completedissolution had occurred. Exceptionally, AA/PAA/MAA/PMAA and

NaAc/PNaAc were examined at pH 8.0 and pH 2.0, respectively.

2.2.8 Synthesis of PATAC-PDMAC Diblock Copolymer Spheres via RAFT Dispersion /

Emulsion Polymerisation

A typical protocol for the synthesis of PATALZ-PDMACso00 Spheres at 20% w/w solids
was conducted as follows. PATAG( 0. 09 g, 1.91 emol ), DMAC (O
an aqueous solution of 2.0 M (MASOs (3.93 g) were added together in a small glass vial
equipped with a magnetic flea and stirred while degassing using a streargas fér 30 min
at 20°C. Separately, VA4 4 i nitiator (0.64 e€maeiSQuwis. 206 ¢
degassed and added just prior to immersion of the glass vial i batlviset at 46°C. The
polymerisation was allowed to proceed for 18 h, then quenched by exposure to air with
concomitant cooling to 20°C. The DMAC monomer conversion was determined to be 99% by

H NMR spectroscopy.

2.2.9 Synthesis of Diblock Copolymer Spheres via RAFT Dispersion Polymerisation

using Monomer-Starved Conditions

A typical protocol for the synthesis of PATALZ-PDMACso00 Spheres at 30% w/w solids
using a monomestarved feed was conducted as follows. PA?AC 0. 252 g, 5.3 e¢em
an aqueous solution of 2.0 M (MIESOQs (6.14 g) were added in turn to a 25 mL rodoattom

flask. The resulting aqueous solution was stirred and degassed using a streagyasofax 30
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min at 20°C. Separately, excess DMAC monomer and a 0.1% w/w solution-08X Aitiator

in 2.0 M (NHy)2SOQs were degassed for 20 min. The rotbattom flask was immersed into an

oil bath set at 46AC and the i ni/VA-Gl4rootar sol ut
ratio = 3) was added. At the same time, DMAC (2.73 mL, 26.5 mmol) was loaded into a 3.0

mL syringe and attached to a syringe pump with the needle bent to pass through the airtight
seal and just above the reaction solution within the flabk. fump was switched on and the
monomer was slowly added to the reaction solution over a three hour period at a rate of 0.87
mL ht. The polymerisation was allowed to proceed for 18 h and then quenched by exposure to

air with concomitant cooling to 20°C. The DMAC monomer conversion was determined to be

99% by'H NMR spectroscopy.
2.3 Results and Discussion

2.3.1 Synthesis and Selection of CTAs

4-Cyana4-(2-phenylethanesulfanylthiocarbonyl)sulfanylpentanoic acid (PETTC) RAFT
agent was synthesised in 84% yield. A previously reported protocol wa$isedutlined in
Scheme 2.1Purification was achieved using silica column chromatography (mobile phase:

10:1 v/v ethyl acetate/methanol) to remove impurities.

SH NaH (60% in oil) @/\/ @/\/
©/\/ diethyl ether 0 °C

5°C
2 S S /\)4
©/\/ \ﬂ/ \S S reflux HOOC SJJ\S
S 18 h

Scheme 2.1Fourstep synthesis of the PETTC RAFT agent. Initial deprotonation-of 2
phenylethanethiol, carbon disulfide insertion to form a sodium carbotrithioate salt, oxidation
with iodine to generate bis(thioacyl)disulfide and finally decomposition with ACVA iim fo
crude PETTC. Adapted from prior studies by Jones and Rymaruk'ét al.
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The PETTC!H NMR spectrum Figure 2.1) and the mass spectrurRigure 2.2) were

consistent with the desired product. In addition to the primary peak at 9.5 minutes, there is a

smaller elution peak at 5.5 minutes present in the preparative HPLC, and is likely to be some

of the remaining starting material used for the PETTC ®gmh The positive electrospray

ionisation (ESI+) method results in the production of the sodium adduct product hence the

additional peaks between m/z 362 and 364.

CDHCl,

T
| ke

5 2 2 22 3

T T T T T T T T T

8.0 7.0 6.0 5.0 4.0 3.0 2.0 1.0
&/ ppm

Figure 2.1 AnnotatedH NMR spectrum of PETTC in CITl.
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Figure 2.2HPLC and ESI+ mass spectrum of PETTC.

S-Butyl-Sj U -dinédpy+U Mijddjtic acid)trithiocarbonate (BDMAT) RAFT agent was

synthesised in 37% yield. A previously reported protocol was Ysas,outlined irScheme

2.2 The product was purified by repeated washes with water and hexane.

S
5 M NaOH cs
HS” " Nas” "N — 72 5 NaS)LS/\/\

Acetone

HO“)L @ S S
i. Br 0°C Na O i. H,O/ Hexane
o > O%SJLS/\/\ > "0 SJ\S/\/\

i  5MNaOH 5

ii. 1M HCI, 0°C o}
20 h,25°C

Scheme 2.2Fourstep synthesis of BDMAT RAFT agent. Initial deprotonation ef 1
butanethiol, carbon disulfide insertion to form a sodium carbotrithioate salt, nucleophilic
substitution using-2nethyl2-bromopropanoic acid and carboxylate protonation to form crude

BDMAT. Based on the reports by Lai etahd Bray et af.’
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The BDMAT H NMR spectrum Figure 2.3 and the mass spectrurigure 2.4 were

consistent with the desired product.

CDHcl,
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Figure 2.3Annotated'H NMR spectrum of BDMAT in CECl..
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Figure 2.4ESI+ mass spectrum of BDMAT.
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BDMAT has been reported by Bray et,af who drew attention to its higher aqueous
solubility relative to the dodecyl variant used by Byard &t&More specifically, DDMAT is
only soluble in water at 90°C, whereas BDMAT is soluble in water at 20°C (but slow
dissolution is observed below 40°C). The latter reagent is more suitable for use in wholly
agueous formulations. Diacid trithiocarbonate RAFErdg such as-#((2-carboxyethyh
thio)carbonothioyl)thio}-cyanopentanoic acid (BM1433) are also known to have relatively

high aqueous solubility.

2.3.2 Homopolymer Synthesis

Homopolymers were mostly prepared using watduble azeanitiators such as VA44
(07 =44°C) at 44 48°C, AIBA (01 =56°C) at 56°C or ACVA{y = 70°C) at 70 75°C.
Preparation of PAMPSo used the peroxinitiator T-21S at 90°C and PNAEPused a low
temperature redox initiator pair. There is a wide range of homopolymer DPs targeted and
obtained which is not expected to have a significant effect on the solubility measurements,

provided they are sufficiently large so they are representatilomger polymer chains.

The temperature probe connected to the heating element was positioned close to the edge of
the oil bath. A thermometer was used to corroborate the oil bath temperature, although the
reaction mixture has an estimated uncertainty of + 2°C. After purificatibreach
homopolymer precursor by dialysis, its mean DP was determined by comparing one of the
polymer signals, for example the carbon backbone dt 3.0 ppmyelative to the distinctive
BDMAT methyl signal at 1.0 ppm or the aromatic proton signal at 7.2 ppm for PETTC.
However, the experimental error associated with such DP values is relatively high. Hence UV
spectroscopy was employed to determine the polymembDfe precisely by constructing a

linear calibration curve based on the Beambert relation, as shown gure 2.5
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Figure 2.5(a) UV absorption spectra recorded for a sereis of methanolic solutiorcsyahd
4-(2-phenylethanesulfanylthiocarbonyl)sulfanylpentanoic acid (PETTC) ranging from 0 uM to

100 uM. (b) BeeiLambert calibration plot constructed for PETTC in methanol tautste its

mol ar extinction coefficient (U) at the abso

Organosulfur RAFT agents usually have two UV absorption bands, with the strong and
all owed transition that produces lemgseldcedr pti o

to construct the linear calibration plot for the polymer DP determination.

2.3.3 Solubility Testing

Eighteen monomers Scheme 2.3 and their corresponding homopolymers were
investigated using the aqueous solubility protocols outlinedSeéction 2.2.6 Most
homopolymers became wai@soluble as the ammonium sulfate concentration was increased
but the minimum critical concentration required for insolubility varied significantly depending
on the chemical structure. Such information enabled identificatfarelatively sakltolerant
polymers that should act as suitable steric stabilisers. Similarly, parlycshltintolerant
polymers were judged to be suitable eteming blocks for the intended RAFT aqueous
dispersion polymerisation syntheses. A few vinyl monomers proved to beimatéscible at
the pH values and temperatures investigated. These wegeduunsuitable for aqueous
dispersion polymerisation formulations, but it is possible that they might be amenable to
agueous emulsion polymerisation formulations. However, this avenue was not pursued in this

Thesis.
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The eighteen vinyl monomers were acrylic acidAAj, 2-acrylamide2-
methylpropanesulfonic acid, sodium safMPS), acrylamide AM), 2-(acryloyloxy)ethyl
trimethylammonium chlorideATAC), 2-(acryloxyethyl)benzyldimethylammonium chloride
(BzDA), 2-(methacryloxyethyl)benzydlimethylammonium chlorideBzDMA), N,N-dimethyl
acrylamide DMAC), glycerol monomethacrylate GMA), 2-hydroxyethyl acrylamide
(HEAC), 2-hydroxyethyl methacrylamide HEMAC ), hydroxymethyl methacrylamide
(HMMAC ), N-(2-hydroxypropyl) methactgmide HPMAC), methacrylic acidNIAA), 2-
(methacryloyloxy)ethyl trimethylammonium chlorideMETAC ), 2-N-morpholinoethyl
methacrylateNIEMA ), 2-(methacryloyloxy)ethyl phosphorylcholin®PC), sodium acrylate
(NaAc), N-(acryloyl)morpholine NAM) and 2(N-(acryloyloxy)ethyl pyrrolidone) NAEP).

This series includes hydrophilic acrylates, methacrylates, acrylamides and methacrylamides.
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Scheme 2.3Chemical structures of hydrophilic monomers evaluated for their use in RAFT
agueous dispersion polymerisation syntheses conducted in highly salty media.

Aqueous solubility data are reported over a wide range of ammonium solfaentrations,
seeTable 2.2for the monomer data arichble 2.3for the corresponding homopolymer data.
These visual inspection studies were conducted at 20°C, although most RAFT aqueous
dispersion polymerisation syntheses reported in this Thesis were conducted between 30°C and
46°C. Nevertheless, the tabulated deda be used to infer suitable polymer formulations.
Ideally, there should be a large difference between the critizaihmm salt concentration

required to salt out the ceferming block and that required to salt out the steric stabiliser.
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With the notable exceptions of acrylic acid and methacrylic acid, most of the vinyl
monomers are either n@onic or permanently ionic species. Theapklues for acrylic acid
and methacrylic acid are 42%nd 4.65 respectively. However, the reported gkor
poly(acrylic acid) has been reported to be between 6.22 and 6.60 by some!atithocs
between 4.28 and 4.55 by othéré. The latter values are expected to be better representative
of the actual value as Rimmer et have taken into account the theory reported by Kern,
Katchalsky, Gillis and Spitnik that the course of the neutralisation of a polymeric acid may be

represented by an equation of the fdft *’

e s L. R0
n o nu mae%

wherek is a constant anflis the degree of ionisation. This formula shows that in contrast
to low molecular weight acids, which have a wagfined acid dissociation constant, polyacids
exhibit a mean value that depends on the degree of ionisation. The apparaitipks usually
taken to be based on the solution pH at 50% neutralisdtio0.6)1* Therefore, solubility
tests were conducted at both acidic and basic pH, which correspond to the fully protonated and
deprotonated forms, respectively. NaAc/PNaAc was examined at pH 8.0 to ensure complete
ionisation of the carboxylic acid groups, whereashbAA/PAA and MAA/PMAA were

evaluated at pH 2.0 to ensure complete protonation of the carboxylic acid groups.
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. 3 Critical Solubility Concentration /
Aqueous (NH,),50, solution / mol dm 3
mol dm
0.0 0.5 1.0 15 2.0 2.5 3.0 3.5 4.0

AA (pH 2) s s s s s s s s s

AMPS s s s s s s s s s

AM s s s s s s s s s

ATAC s s s s s s s s s -
BzDA S S S S S S S S I 3.8
BzDMA S S S S S S S S I 3.6
DMAC s s s s s s s 5 I 3.8
GMA s s s s s s I I I 2.6
HEAC S S S S S S S S I 3.8
HEMAC s s s s s s s s I 3.7
HMMAC s s s s s s s s s

HPMAC s s s s s s s s s

MAA (pH 2) s s s s s s s s s

METAC s s s s s s s s s -
MEMA s s s s \ I I I I 1.6
MPC s s s s s s s s s

NaAc (pH 8) s s s s s s s s s -
NAM s s s s s s I I I 2.8
NAEP s s s s s \ I I I 2.3

Table 2.2 Aqueous solubility data obtained for a range of hydrophilic vinyl monomers at 2%
w/w, 20°C and pH 5.5, unless otherwise sta&denotes solubility anddenotes insolubility;
an estimated critical ammonium sulfate concentration for (in)solubility is also provided.

Each vinyl monomer proved to be wataiscible up to 1.5 M ammonium sulfate. The
highest ammonium sulfate concentration investigated was 4.0 M, which corresponds to a
42.7% wiw solution. Compared to pure deionised water, this solution has a density @f 1.24

cm® and a viscosity of 2.77 mP&s.
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Table 2.3Aqueous solubility data obtained for a range of hydrophilic homopolymers at 2%
w/w, 20°C and pH 5.5, unless otherwise sta&denotes solubility anddenotes insolubility;
an estimated critical ammonium sulfate concentration for (in)solubility is also provided.

Zwitterionic PMPC is known to be highly tolerant of added salt: it remains soluble in the
presence of 5 M NaCP The other highly saftolerant homopolymers listed iFable 2.3are
anionic (PAMPS and PNaAc) and cationic (PATAC, PMETAC) polyelectrolytes. In principle,
such homopolymers can confer colloidal stability even in highly saline media via an
electrosteric mechanist??’ On the other hand, the most saliolerant homopolymers are
PMEMA, PNAM and PNAEP which each become watesoluble in the presence of less than

1.0 M ammonium sulfate.

2.3.4 Homopolymer Chain Extensions

Once suitable steric stabiliser and coaning blocks have been selected, the data provided
in Table 2.3can be used to infer an ammonium sulfagacentration that should causesitu
self-assembly once a critical ceferming block DP has been attained. A few fully cationic

diblock copolymers were prepared using either PATAC or PMETAC as the steric stabiliser to
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target a PBzDA or PBzDMA cotforming block in 2.0 M and 3.0 M ammonium sulfate
respectively. In principle, such formulations should be amenable to aqueous GPC analysis.
Unfortunately, the hydrophobic nature of the pendent benzyl group in the PBzDA orA°BzM
block leads to adsorption on the GPC column when using an aqueous eluent. Therefore, these

experiments lack convincing polymer characterisation data and are not reported in this Thesis.

2.3.5 PATAC-PDMAC Diblock Copolymer Synthesis

Visual inspection confirmed that the PATAgprecursor remains watspluble up to 4.0
M ammonium sulfate at 20°C. In contrast, PDM®&Chomopolymer proved to be water
soluble in the presence of 1.0 M ammonium sulfate but becomes insoluble at 2.0 M ammonium
sulfate. Furthermore, DMAC monomer remains watescible in the presence of 2.0 M
ammonium sulfate and only becomes wstemiscibleat 3.0 M ammonium sulfate. In view
of these observations (summarisedable 2.4, an ammonium sulfate concentratidr2d M

was selected for trial RAFT aqueous dispersion polymerisation syntheses.

Additive Aqueous (NH,),SO, solution / mol dm™3

- 0 1.0 2.0 3.0 4.0
ATAC monomer Soluble Soluble Soluble Soluble Soluble

PATAC,,, Soluble Soluble Soluble Soluble Soluble
DMAC monomer Soluble Soluble Soluble Soluble Insoluble

PDMAC;,, Soluble Soluble Insoluble Insoluble Insoluble

Table 2.4Aqueous solubility of ATAC monomer, PATAG homopolymer, DMAC monomer
and PDMAGoohomopolymer at 2.0% w/w solids in the presence of zero to 4.0 M ammonium
sulfate as judged by visual inspection at pH 5.5 and 20°C.

Accordingly, the RAFT aqueous dispersion polymerisation of DMAC using -dosatant
poly(2-(acryloyloxy)ethyl trimethylammonium chloride) (PATAC) precursor in the presence
of 2.0 M ammonium sulfate was conducted under the conditions summartSeldeime 2.4a
The final turbid latex dispersion was transformed into a transparent viscous polymer solution

after a fousfold dilution using deionised water, s8eheme 2.4b
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(o]

HO S S OH O W
(a) Wz\g/ \/\Ic])/ DMAC o o

CTAIVA-044 = 3, o
2.0 M (NH,),SO,
pH 5.5, 46 °C

PATAC,,,-PDMAC,
PATAC242-PDMAC6200

* %C

2.0 M (NH,),SO, 0.5 M (NH,),S0,

[
—

Scheme 2.4a) Reaction scheme for the synthesis of PATA®DMAC, diblock copolymer

particles via RAFT aqueous dispersion polymerisation of DMAC at 46°C in the presence of
2.0 M ammonium sulfate. Conditions: a PATA&ZVA-044 molar ratio of 3.0 was used to

target 20% w/w solids. (b) Schematic cartoon and corresponding digital images to illustrate the
sterically-stabilised diblock copolymer particles formed in the presence of 2.0 M ammonium
sulfate after RAFT aqueous gersion polymerisation of DMAC. A to-fold dilution of this

agueous dispersion with deionised water reduces the salt concentration and hence causes
molecular dissolution of the particles, producing a viscous transparent aqueous solution
comprising fullysolvated diblock copolymer chains.

When targeting 10% w/w copolymer solids, consisting ofi 10% w/w DMAC with

correspondingly 0 3% PATAGs«(t ar get PDMAC DP O 1,100), th

of the solutions indicates they are fully miscible in 2.0 M ammonium sulfate up @ 44°
However, when targeting 11% w/w copolymer solids or higher, a turbid partial emulsion may

be formed in 2.0 M ammonium sul fate, partict

w/w. The critical insolubility temperature (above which insolubility is obesa) for different

proportions of PATAG42and PDMAC in an 11% w/w solution are recorded able 2.5

PATAC 242 DMAC Critical insolubility
[ % wiw | % wiw temperature / °C
0 11 16
1 10 40
2 9 53
3 8 67

Table 2.5 Critical insolubility temperature recorded for PATAgand DMAC monomer
mixtures in 2.0 M ammonium sulfate.
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Therefore, the DMAC solids content should not exceed 10% w/w, at least for target DPs
greater than 1,100, for a true aqueous dispersion polymerisation using PApA€Eursor.
However, more concentrated formulations should deliver an enhanced thickening effect, so 20
T 40% w/w DMAC was also explored. This means that the initial reaction mixture contains
some fraction of watemmiscible DMAC monomer. Thus such formatibns arguably
correspond to a RAFT aqueous emulsion polymerisation, rather than a tRie &@eous
dispersion polymerisation. However, if approximately 50% of the DMAC monomer remains
watersoluble, then it is likely that the latter nomenclature is a more accurate description, at

least in terms of the kinetics of polymerisation.

H NMR spectra for ATAC and DMAC monomers and their corresponding purified
PATAC242 and PDMAGoo homopolymers are shown kigure 2.6. In addition, a PATAG:>

PDMACi000d i bl ock copol ymer has been included:

di met hyl (ho) proton signal s ar e readi ly [
azamet hyl ene (do6) and trimethyl (ed) proton
intensties.
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Figure 2.6'H NMR spectra recorded in-D for ATAC, PATAGx2, DMAC, PDMACsq and
a PATAG42PDMAC1000homopolymer.

When ammonium sulfate is dissolved in water, a buffer equilibrium is established between
the ammonium cation and ammonia. This equilibrium is pH dependent, so addition of acid
shifts it in favour of the ammonium cation, and addition of base shifts waufaf ammonia:

NHs"(aq) + H20 (aq) 2 NHz(aq) + H:O" (1).

The *H NMR spectra recorded for pure ammonium sulfate solutions and moleeularly
dissolved PATAGPDMAC diblock copolymers containing just 0.2 M ammonium sulfate,
these are shown iRigure 2.7. For the pH 4.8 salt solution (brown spectra), the fast proton
exchange results in a broad Nhbeak between 6 8 ppm and also broadening of the solvent
peak between @5 ppm. However, when the pH of this solution is modified to be pH 8.2 via
addition of NaOH (aq), the Nfipeak disappears completely (green spedinahis work,*H
NMR spectra of many diblock copolymer samples containing residual salt quantities from

dilution with DO have been obtained. Notably, the salt signals present on these spectra can
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appear in different forms which is attributed to the solution pH and extent of NMR resonance
with the ammonium group. The purple spectrum shows a broad signal oy Wkéreas the

blue spectrum shows a 1:1:1 triplet at 7.0 ppm (52)pupling). This ammonium signal has

been identified by other research groups who have developed techniques to selectively monitor
it.>122Moreover, some samples slow down the H/D exchange rate on the NMR timescale, so
the solvent signal ati45 ppm is split into two signals for HDO and®

/ HDO
|

3.0 M (NH,),S0, @ pH 4.8
3.0 M (NH,),S0, @ pH 8.2 \
PATAC,,,-PDMAC,,,, in 0.2 M (NH,),SO, \
PATAC,,,-PDMAC, ,,, in 0.2 M (NH,),SO,

80 75 70 65 60 55 50 45 4.0
& / ppm

Figure 2.7 Partial'H NMR spectra recorded in2D for ammonium sulfate (pH 4.8 and pH
8.2) and for two PATAg>-PDMAC, formulations in 0.2 M ammonium sulfate. A broad peak
for the NH" signal is present at around 7.0 ppm for each spectrum except one of the RATAC
PDMACizo000spectra which instead has a 1:1:1 triplet witodpling = 52 Hz.

When targeting 20% w/w solids for the PATA&PDMAC, formulations, final DMAC
conversions typically ranged from 96% to more than 99% for the first six aqueous PISA
syntheses shown ifable 2.6 However, a significantly lower conversion (58%) was achieved
when targeting a DP of 15,000. Thus a target DP of 12,400 probably represents the realistic

upper limit for this particular aqueous PISA formulation. For a target PDMAC DP of 1,250, a
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low-turbidity dispersion of relatively high viscosity was obtained due to incomplete micellar

nucleation. In contrast, lower viscosity dispersions were obtained when targeting higher

PDMAC DPs.
I a b c d

PDDm:)C s /ng g / k’:;ol'l /izcmn:f 1| MM, /E:-.zm PDI¢
1,250 >99 171 294 62 2.61 116 0.06
3,000 >99 344 535 101 2.59 225 0.13
5,000 99 538 1,118 153 2.73 320 0.07
6,200 99 655 1,399 156 2.92 350 0.19
9,300 99 959 1,973 210 2.86 505 0.20
12,400 96 1,227 2,091 253 2.70 1020 | 0.60
15,000 58 low conversion

Table 2.6 Summary of a) monomer conversions and polymer masses obtaingd MR
spectroscopy, bylw determinecbbtained byaqueous GPC MALLS detector (usiBfuent 1
dn/dc = 0.151), cMn and Mw/M, data obtained byqueous GPC refractive index detector

(usingEluent % vs. PEO calibration standards) and d) DLS particle size data.

The hydrodynamic -average particle diameteD4) determined by DLS increases

monotonically with PDMAC DP. However, higher DLS polydispersities are obtained at higher

DPs,

indicating progressively broader particle size distributions.

In particular, the

polydispersity of 0.60 observed for the DP 12,4@€neindicates an extremely broad size

distribution. DLS (and other particle sizing techniques which use the Skikstgin equation)

can quantify the particle size, but the dynamic viscosity of the dilnest be known. Example

data for this is shown iffable 2.7 and each DLS measurement was performed using the

relevant values.

98



Chapter 2: Synthesis and Evaluation of Polymers for use in Highly Salty Aqueous Dispersion

Polymerisation

(NH4)2SOs

concentration / M

Dynamic

viscosity / Pa s

Refractive index

0.5 1.095 1.344
1.0 1.225 1.353
2.0 1.510 1.370
3.0 2.030 1.384

Table 2.7 Summary of dynamic viscosities and refractive indices for various aqueous
ammonium sulfate solutions at 20°Chese data were used for DLS analysis.

Various aqueous GPC protocols were evaluated for this series of PAJROMACK
diblock copolymers. This included varying both the eluent composition and GPC column type.
Ultimately, Eluent 1 (see Experimental) was selected as optimal. In a prior study, Byard
reported bimodal GPC traces for lower molecular weight PDM€ed diblock
copolymers'® Similar observations were made for copolymers with PDMAC DPs below 3000.
The GPC curves are shownhigure 2.8 M, values increase monotonically and reasonable
blocking efficiency (or chain extension efficiency) is observed. However, relatively high
dispersities are obtainedM¢/M, = 2.592.92), which suggests poorly controlled RAFT
polymerisations. This is understandable given the relatively low RAFT agent/initiator molar
ratio of 3.0 used in these aqueous PISA syntheses, which is essential to agidyMAIC

conversions.

Furthermore, the GP®I, values are significantly lower than the corresponding calculated
Mn values (after taking into account the final DMAC conversion). This systematic error is
attributed to the choice of calibration standards: PEO exhibits a significantly different
hydrodynamic volume compared to that of a PATROMAC diblock copolymer of

equvalent molecular weight.
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PATAC,,,-PDMAC,s,
;v M, =62.0 kg mol!
o M,/M, =261

\  PATAC,,,-TTC

\\ M, =32.7 kg mol?

\ M, /M, =1.58

PATAC,4,-PDMAC,,0,
M, = 155.9 kg mol?
M, /M, = 2.92
PATAC,,,-PDMACq;,
M, = 210.3 kg mol*
M, /M. = 2.86
PATAC,4,-PDMAC 5400
M, = 252.6 kg mol*
M /M, =2.70

14 18 22 26 30 34

Retention time / min
Figure 2.8 Aqueous GPC curves recorded for the PABACprecursor and a series of
PATAC.4>-PDMACK diblock copolymers prepared by chain extension via RAFT aqueous
dispersion polymerisation of DMAC at 46°C in the presence of 2.0 M ammonium shifate.

values are calculated relative to a series of -neamodisperse PEO calibration standards.
Eluent Iwas used which consisted@60 M CHCOOH and 0.30 M Na#PQy at pH 3.0.

Inspection of the SL8erivedMw column inTable 2.6indicates a monotonic increase in
the weightaverage molecular weightl(,) for thePATAC24>PDMAC125012400S€ries. The SLS
plots associated with each sample obtained are showhigme 2.9 Each datapoint
corresponds to the light scattering signal at differenispteangles which have been intensity
normalised. The datapoint at zeangle (the intercept of the trendline), is equal to the
reciprocal of theMy.?® Only a single concentration has been used to obtain these graphs for
each sample, a more accurate determinatidm,afan be obtained via a Zimm plot at multiple

concentrations. This analysis has been completed for the formulations desc@ibegbier 5.
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Figure 2.9 SLS plotsusing the Zimm formalism for light scattering data obtained for
PATAC24>PDMAC125012400 diblock copolymers (in the presence of approximately 0.01 M
ammonium sulfate).The weightaverage molecular weightVi(y) of these micelles was
determinedusing a MALLSGPC detector.
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Optical microscopy analysis of the PATAZPDMAC:2400 formulation confirms the
presence of polydisperse spherical particles, Rgare 2.1Q This is consistent with the
relatively high DLS polydispersity obtained for this sample. Given the highly salty nature of
the particulate formulation, transmission electron microscopy (TEM) and scanning electron

microscopy (SEM) are problematic owingtte excess (newolatile) salt.

Ll
e i % &

Figure 2.10 Optical microscopy images recorded for PATALPDMACi2400 particles
prepared by RAFT aqueous dispersion polymerisation of DMAC in the presence of 2.0 M
ammonium sulfate targeting 20% wi/w solids.

Rheology data are shown kigure 2.11 The viscosity of the asynthesised 20% w/w
agueous diblock copolymer dispersions is relatively low at all shear rates. However, an increase
in solution viscosity of one to three orders of magnitude is observed for the corresponding
molecularlydissolveddiblock copolymers obtained after a fefotd dilution using deionised

water. This demonstrates the principle of diluttdggered thickening.
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1000 ;

15% w/w PATAC,,,-PDMACyq,in 0.5 M (NH,),SO,

100 5 o
Je—e—=
15% w/w PATAC,4,-PDMAC;44, in 0.5 M (NH,),S0,

Viscosity / mPa s
=)

13
20% w/w PATAC,,,-PDMAC,,q, in 2.0 M (NH,),SO,
0.1 T T — T T T T — T
1 10 100

Shear rate / s
Figure 2.11Viscosity vs. shear rate data obtained by rotational rheology studies of 20% w/w
aqueoudispersionsof either PATAG42>PDMACsz000 or PATAC42-PDMACs200particles in
2.0 M ammonium sulfate (open circles) compared to that for 5% w/w agselti®nsof the

same two copolymers in the presence of 0.5 M ammonium s{dfased circles) formed after
a fourfold dilution using deionised water.

After establishing a set of data at 20% w/w solids, further development of the RATAC
PDMAC, formulation was undertaken. A mononstarved protocol, whereby the core block
monomer is gradually added to the reaction mixture, enables the concentration of unreacted
monomer to be kept low while still targeting high solids and DPs. Accordingly, PARAC
PDMACio000 particles were targeted at 40% w/w solids. However, this protocol only resulted
in very large polydisperse patrticles, Jedle 2.8 Moreover, partil macroscopic precipitation
was observed as well as the fHfemving colloidal dispersion. Interestingly, conducting the
same formulation with no stirring resulted in complete macroscopic precipitation. Although
dispersion polymerisations should not nollgneequire agitation, stirring is essential for this
particular system to ensure a homogeneous reaction mixture, otherwise unreacted monomer

formed an insoluble surface layer within an hour. Increasing the target PDMAC DP up to
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11,000 resulted in macroscopic precipitation, which most likely represents the upper limit DP
for this formulation. DMAC monomer was added over 6 h for the DP 10,000 synthesis, with

shorter times being used when targeting lower DPs.

PDMAC Solids Conversion® My? D, PDIE
DP (x) / % w/w /% / kg mol * / nm
5,000 30 >99 523 300 0.29
8,000 30 99 832 550 0.15
5,000 40 97 527 500 0.65
10,000° 40 99 1031 1850 0.60
10,000° 40 No stirring: macroscopic precipitation
11,000° 40 macroscopic precipitation

Table 2.8 Summary of high solids and DP formulations using monesteaved protocol.
Reported with (afH NMR spectroscopyo determine monomer conversion andakcelated

Mn based on the conversiaffy) DLS determined values for particleazerage hydrodynamic
diameter D2) and PDI. (c) An inhomogeneous product formed with at least some precipitate.

A homogeneous portion of the PATAZPDMAC1o000 formulation was diluted foufold
with deionised water and a highly viscous fst@nding gel was obtained, degure 2.12 In
principle, such formulations offer potential scope for viscosity modification applications.
Moreover, the initial dispersion remained colloidally stable for four years, although the 0.50 M
copolymer solution became mouldy within six months. The lpttdslem should be alleviated

by addition of a suitable antimicrobial agent (e.g. sodium azide).

&0

2.0 M (NH,),SO, 0.5M (NH4)ZSO4

Figure 2.12 Schematiccartoon and corresponding digital images to illustrate the sterically
stabilised PATAG4>PDMAC10000 diblock copolymer particles formed via RAFT aqueous
dispersion polymerisation of DMAC at 40% w/w in the presence of 2.0 M ammonium sulfate.
A four-fold dilution of this aqueous dispersion with deionised water lowers the salt
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concentration and results in molecular dissolution of the particles to form copolymer chains,
with the concomitant formation of a frséanding viscous transparent agueous solution.

2.4 Conclusions

RAFT solution polymerisation using trithiocarbonates has been used to synthesise a range
of hydrophilic homopolymers from the respective vinyl monomers. Aqueous solubility
experiments conducted on eighteen watduble vinyl monomers and their correspanyi
homopolymers using a series of ammonium sulfate concentrations enabled identification of
suitable reaction conditions for RAFT aqueous dispersion polymerisation using a suitably salt
tolerant homopolymer as an electrosteric stabiliser to grow-mgalktrant cor€forming block.
Suitable salintolerant polymers include PNAM, PMEMA and PNAEP, which each become
waterimmiscible in the presence of 0.50 to 1.0 M ammonium sulfate. In contragtleedint
polymers such as PATAC, PMETAC, PMPC, PNaAc and/IP& remain watesoluble up to
4.0 M ammonium sulfate. In principle, PHEAC, PAM and PDMAC could be employed either
as nonionic steric stabilisers or coferming blocks depending on the precise salt

concentration.

PATAC24>-PDMACK diblock copolymer particles have been prepared at 20% w/w solids,
with high DMAC conversions being achieved when targeting a PDMAC DP of 12,400. Under
monomersstarved conditions, a PDMAC DP of 10,000 can be achieved at 40% w/w solids
(albeit with partialmacroscopic precipitation). Good RAFT control cannot be expected given
the relatively low CTA/initiator molar ratio required to ensure a high DMAC conversion. The
MALLS data for the PATAGa>PDMACi2s012400S€ries shows an increaseMi from 2941
2,091 kg mot. Thus, this strategy for the synthesis of high molecular weight polymers has led
to the formation of frestanding highly viscous polymer solutions via a+4agcosity synthetic

method.
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DLS studies indicate a monotonic increase in the hydrodynaiaverage diameter with
increasing PDMAC DP. However, the concomitant increase in DLS polydispersity suggests a
gradual loss of control over the particle size distribution. The largest dibtmuidyener

particles synthesised at 20% w/w could be imaged using optical microscopy.

When using a monomestarved protocol, efficient stirring is required to ensure uniform
mixing of the monomer with the reaction mixture and hence avoid macroscopic precipitation.
A four-fold dilution of the final aqueous diblock copolymer dispersion wigter lowers the
ammonium sulfate concentration from 2.0 M to 0.50 M, which converts thédreieg turbid
dispersion into a highly viscous, fretanding transparent gel. Such dilutiniggered

thickening may offer potential applications in the fiefdrigcosity modification.
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Chapter 3: Synthesis of High Molecular Weight Wegetuble Polymers as LoWiscosity
Latex Particles by RAFT Aqueous Dispersiolymerisation

3.1 Introduction

We report the synthesis of stericafliiabilised diblock copolymer particles at 20% w/w
solids via reversible additieftagmentation chain transfer (RAFT) aqueous dispersion
polymerisation ofN,N-dimethylacrylamide (DMAC) in highly salty media (2.0 M ammonium
sulfate). This is achieved by selecting a wkelbwn zwitterionic watesoluble polymer,
poly(2-(methacryloyloxy)ethyl phosphorylcholine) (PMPC), to act as thetaligitant soluble
precursomblock. A relatively high degree of polymerisation (DP) cantdrgeted for the salt
insoluble PDMAC block, which leads to formation of a turbid {fileeving dispersion by a
steric stabilisation mechanisrtid NMR spectroscopy studies indicate that relatively high
DMAC conversions (>99%) can be achieved within a few hours at 30°C. Aqueous GPC
analysis indicates high blocking efficiencies and unimodal molecular weight distributions,
although dispersities increa monotonically as higher degrees of polymerisation (DPs) are
targeted for the PDMAC block. Particle charaist&tion techniques include dynamic light
scattering (DLS) and electrophoretic light scattering (ELS) using adftdlbe-art instrument
that enables accurate zeta potential measurements in concentrated salt SbiuNdMR
spectroscopy studies confirm that subsequent dilution using deionised water lowers the
background salt concentration and hence cairsesitu molecular dissolution of the salt
intolerant PDMAC chains, which leads to a substantial thickening effect and the formation of
transparent gelsThus this new polymerisatieinduced seHassembly (PISA) formulation
enables high molecular weight wassluble polymers to be prepared in a highly convenient,
low-viscosity latexlike form. In principle, such agueous PISA formulations are highly
attradive: there are various commercial applications for high molecular weight-saitéyle
polymers while the welknown negative aspects of using a RAFT agent (i.e. its cost, colour

and malodour) are minimised when targeting such high DPs.
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It is well-known that reversible additieinagmentation chain transfer (RAFT)
polymerisation enables the synthesis of a wide randenctionalvinyl polymers with good
control over the molecular weight distributiA There are many literature examples of RAFT
solution homopolymerisation and in some cases mean degrees of polymerisation (DP) up to
(and even beyond) 10,000 have been targéte@ihis latter aspect is interesting for two
reasons. Firstly, in the case of wasetuble polymers (e.g. polyacrylamide), such high
molecular weights are useful for commercial applications such as flocculants, binders or
thickeners'1° Secondly, the main disadvantage of RAFT chemistry is that the chain transfer
agent is an organosulfur compound, which is relatively expensive and confers both malodour
and colourt! Since the mean DP is inversely proportional to the concentration of this RAFT
agentt? targeting very high DPs minimises the problems associated with its use, which is likely

to make a decisive difference to the feasibility of industrial sepfé

However, the synthesis of high molecular weight watduble polymers via RAFT aqueous
solution polymerisation leads to extremely viscous reaction mixtures. For example, gel
formation was reported by Destarac anewaokers when preparing polyacrylamidethwa
mean DP of around 10,06Guch gels can be difficult to remove from the reaction vessel after
the polymerisation and heat dissipation during polymerisation can become inefficient. In
principle, this problem could be addressed by conducting such polymerisations in highly salty
media Under such conditions, the watero | ubl e pol ymewoutbai wéei ahel
to the formation of lowviscosity, freeflowing particulate dispersions, rather than highly
viscous or gelike aqueous solution$.Indeed, this approach is used to prepare high molecular
weight polyacrylamide in the form of particles via conventional free radical polymerisation

conducted in aqueous solution in the presence of 2.0 M ammonium $tiffate.

PolymerisatioAanduced seHassembly (PISA) involves the growth of an insoluble block

from a soluble precursor block in a suitable solvent. In the case of an aqueous PISA

110



Chapter 3: Synthesis of High Molecular Weight Wegetuble Polymers as LoWiscosity
Latex Particles by RAFT Aqueous Dispersiolymerisation

formulation, the growing second block becomes watsoluble while the first block remains
watersoluble: the resulting amphiphilic diblock copolymer chains undergo micellar nucleation
and ultimately stericalhgtabilised diblock copolymer nanoparticles aroduced. Depending

on the aqueous solubility of the monomer used to generate the hydrophobic block, aqueous
PISA formulations involve either RAFT aqueous emulsion polymeris&tf@ror RAFT
aqueous dispersion polymerisatfdt® In both cases, the hydrophobic block normally remains
insoluble at the end of the polymerisation. However, there are several literature examples in
which a temperature switch leads ito situ hanoparticle dissolution to yield molecularly
dissolved diblock copolymer chaif$?® In principle, a similar approach could involve the
synthesis of a salhtolerant watessoluble polymer in highly salty media to produce {ow
viscosity particles. Subsequent dilution using pure water would then lower the salt
concentration in the aqueousntinuous phase, which should lead to molecular dissolution of
the high molecular weight copolymer chains within the particle cores and hence a strong

thickening effect (se8cheme 3.1

2.0 M (NH,),SO, 0.5M (NH4)ZSO4

Scheme 3.1Schematic cartoon and corresponding digital images to illustrate the sterically
stabilised diblock copolymer particles in the presence of 2.0 M ammonium sulfate obtained
after RAFT aqueous dispersion polymerisation of a suitable sgateble monomer toofm

the O6salted out-old dilation with deiomsed watér lodeosuthe salt
concentration of the initial aqueous dispersion and results in molecular dissolution of these
particles, with the concomitant formation of a highly viscwaasparent aqueous solution.

According to weHlestablished principles in colloid science, steric stabilisation is much more
likely to be effective than charge stabilisation for such aqueous PISA synthés€searly,
such formulations would require a steric stabiliser that remains soluble in the presence of

substantial amounts of salt in order to confer effective colloidal stabilisation. According to the
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literature, suitable satblerant watessoluble polymeric stabilisers are likely to be either certain

types of polyelectrolyté&!”333%r polybetaines> 3’

Herein we report the RAFT aqueous dispersion polymerisatibhNvtlimethylacrylamide
(DMAC) in highly salty media using poly{@methacryloyloxy)ethyl phosphorylcholine)
(PMPC) as a salblerant steric stabiliseAccording to the literature, PMPC remains soluble
even in the presence of 5.0 M Na€The previous chapter has shown that DMAC is a suitable
monomer for aqueous dispersion polymerisations and the PATAC stabiliser is being

substituted for another highly salt tolerant precursor polymer.

3.2 Experimental

3.2.1 Materials

NNNDi met hyl acryl ami deastcbDMACE @&cDbe %fopis(dhc; 99
cyanopentanoic aci d) ( ACVA,; o 98 %) , basi
di hydrochloride (AIBA; O 97%), gl acial acet:i
99%), sodiumni t r at e -acylanfdeVmethylpr@panesulfonic acid, sodium salt
(AMPS; 50% w/w in water), phosphate buffered saline (PBS) tablets and deuterium oxide
(D20 o) 99. 9% D) wer e purchased frdm Si g
(Methacryloyloxy)ethyl phospirylcholine (MPC) was kindly donated by Biocompatibles
(UK). 2-Ethylhexanoyl terbutyl peroxide (f2 1S; O 97 %) was obtained
(Netherlands)Pot assi um per sul f atAeobis(2knRI&olinyldr&pé&he) and
dihydrochloride (VAO 4 4 O 98 %) was obtained from FI v
hydroxide (O 98%) and ammonium sulfate (>
Scientific (UK). PEO standds were sourced from Agilent/PSS (Church Stretton, UK). 2
(Acryloyloxy)ethyl trimethylammonium chlade (ATAC; 80% w/w in water) was donated by

BASF (Germany). 4Cyano4-(2-phenylethanesulfanylthiocarbomdylfanylpentanoic acid
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(PETTC) was prepared and purified as reported elsewheas was Z((butylthio)-
carbonothioyBthio)-2-methylpropanoic acid (BDMATJ®#° Unless otherwise stated, all
solvents and concentrated acids were purchased from Fisher Scientific (UK) and were used as

received. Deionised water was used for all experiments

3.2.2 Characterisation Techniques

Experimental protocols fotH NMR spectroscopy, UV absorption spectroscopy.S,

optical microscopy and rotational rheology are describ&hapter 2.
Aqueous Gel Permeation Chromatography (GPC)

The Agilent 1260 Infinity GPC setp comprises a pump, a degasser, a guard column, three
PL-Aquagel MixedH, OH-30 and OH40 columns connected in seresd a refractive index
(RI) detector. GPC curves were recorded with a column and detector temperature of 30°C. All
eluents used in this Thesis are reported in the experimenGhagter 2. PMPG and its
derivative polymers were analysati 1.0 mL min' using Eluent 2 which comprised®.2 M
NaNOzand 0. 05 M TRI ZMA/ TR ZKibrdtibh®f thelRudetécor  a 't
was achieved usingine nearmonodisperse poly(ethylene oxide) standards (269 kDa)

and data were analysed using Agilent Technologies GPC/SEC software.
Potentiometric Titration

An acidified aqueoudispersion (25.0 mL) was placed in a 250 mL glass beaker and stirred
with a magnetic follower. Titrant solution was passed through a 0.2 pum polyethersulfone
syringe filter into a volumetric 50 mL burette, and a standard glass pH electrode was immersed
within the aqueous dispersion. A total titrant of 7.0 mL was added in aliquots of no more than
0.5 mL, with smaller aliquots being used where necessary to accurately determine the
equivalence point. The apparent pH of the aqueous dispersion was recordaddifigreach

aliquot, with pH equilibration being achieved within 30 seconds of each addition. All
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measurements were performed at 22 £ 1°C. Approximately 0.25 mL of the aqueous dispersion
was removed at suitable intervals for subsequent electrophoretic light scattering (ELS) and

dynamic light scattering (DLS) analyses. No attempt was made to removkr@is€Q or to

prevent its dissolution into the samples. It was assumed that the samples were near to or at the

saturation level of dissolved GO
Electrophoretic Light Scattering (ELS)

Electrophoretic mobilities were determined using Next Generation Electrophoretic Light
Scattering (NGELS) using an instrument provided by Enlighten Scientific LLC (Hillsborough,
NC, USA). The functional design and operation of this instrument are basedhgporiginal
phase analysis light scattering (PALS) appafattisat employed a crossdam optical
configuration in contrast to the more common reference beam configuration used in other ELS
instruments. The electrode assembly used for theEN& equipment was a variation of that
described by Uzgiri$> Disposable polystyrene semmicro cuvettes (4 mm path length;
required volume = 0.25 mL) were used as the sample holders. Two identical parallel plate
platinised platinurf? electrodes, placed 4 mm apart, were used to provide the driving voltage.
The sample temperature was determined using a miniaturetfypeCthermistor placed in
direct contact with an a 0.1% w/w agueous
postioned at the mighoint between the electrodes and approximately 1 mm above the
intersection point of the two laser beams. Temperature control was achieved by placing the
sample cuvette in an aluminum block that ensured efficient heat transfer withdles)(a@ter
circulating through channels within the block. The required water temperature depended on the
amount of Joule heating of the sample and hence on both the sample conductivity and the
voltage applied across the electrodes. Complex impedanceiarafiyhe electrode waveform
was used to quantify electrode polarisation and Joule heating. Mobility measurements were

made using sinusoidal electrode signal waveforms with a nominal amplitude of 4.5 V at
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frequencies of 64 and 128 Hz. Small adjustments (up to £ 0.3 V) to the amplitude were made
prior to data collection to ensure that the sample temperature remained at 25 + 1°C during each
measurement. The scattered light was analysed using both the PAltisedader Doppler
electrophoresis (LDE) methods simultaneously. Data were collected for 1 min and the same
data set was used to calculate the electrophoretic mobility using each method. For each sample,
five independent measurements were made at eadlodiesignal frequency, yielding a total

of ten measurements per sample from which a mean value was calculated.
Small Angle X-Ray Scattering (SAXS)

SAXS patterns were recorded for 1.0% w/w aqueous copolymer dispersions at Diamond

Light Source (station 122, Didcot, UK) using a monochromatc 4y beam (& = 0.

1

2D Pilatus 2M pixel detector (Dectiorteese Swi t z

experiments. q = (4° sin d)/ & corresponds
of the scattering angle. SAXS data were reduced (integrated, normalised, and baekground
subtracted) using Dawn software supplied by Diamond Lightc@ouhe Xray scattering
intensity for water was used for absolute scale calibration of the scattering patterns with data

manipulation on SAXS Utilities. Irena SAS macros for Igor Pro were utilised for mod&lling.

3.2.3 Synthesis of the PMPCi3 Precursor via RAFT Solution Polymerisation of 2-
(Methacryloyloxy)ethyl phosphorylcholine (MPC) in Methanol at 64°C

PETTC (250 mg, 0.74 mmol), MPC (26.10 g, 88.4 mmol), ACVA (41 mg, 150 pmol), and
methanol (49.0 g, corresponding to a 35% w/w solution) were weighed into a 250 mL round
bottom flask charged with a magnetic stirrer and this reaction solution was degasged us
nitrogen gas for 45 min at 20°C. The sealed flask was immersed into an oil bath set at 64°C for
210 min and the polymerisation was subsequently quenched by exposing the reaction mixture

to air while cooling to 20°C. The final MPC conversion was 75%udged by'H NMR
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spectroscopy (calculated by comparing the integrated vinyl signals assigned to MPC monomer

at 5.67 6.2 ppm to the integrated polymethacrylic backbone signals at 2.4 ppm). The

reaction solution was precipitated into a-feld excess of acetone. Theide PMPC precursor

was redissolved in methanol and the precipitation was repeated. After dissolution using
deionised water, the resulting aqueous polymer solution was{teierkovernight. The degree

of polymerisation was 135 + 10, as judgedBHyNMR spectroscopy (calculated by comparing

the integrated aromatic signals assigned to the RAFFgemup at 7.17 7.4 ppm to the
integrated polymethacrylic backbone signals at @& ppm). RAFT endjroup analysis using

UV spectroscopy indicated a mean degreof pol ymeri sation of 139
plot for PETTC is provided previously Figure 2.1). Aqueous GPC analysis indicatedMn

of 17 kg mol and anMi./Mn of 1.18 (seé&ection 3.2.%or eluent and calibration details).

3.2.4 Preparation of 2.0 M Ammonium Sulfate Solution and Redox Initiator Solutions

Ammonium sulfate (26.43 g) was added to a 100 mL volumetric flask, which was
subsequently filled with water to obtain a 2.0 M solutidhe required molarity, refractive
index and dynamic viscosity for an aqueous solution of 2.@nihonium sulfate were
calculated by interpolation of tabulated solution properties reported at 20°C as recorded in
Table 3.1 The interpolated dynamic viscosity was estimated to 25°C using the ratio of the
dynamic viscosity for water at 20°C and 25°C. The following numerical values 200 M
aqueous solutiomf ammonium sulfate were used in this study: molality = 2.32 mdt kg
refractive index = 1.370 and dynamic viscosity = 1.367 ¥ k§ m' s'. The relative
permittivity of a 2.0 M aqueous solution of ammonium sulfate was assumed to be that for pure
water. According to the literature, the addition of salt leads to a losl&tive permittivity
compared to that of watétHowever, this systematic error is not considered to be important
relative to the likely error incurred when calculating the zeta potential for electrosterically
stabilised nanoparticl&s(see results and discussion for further details).
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(NH4)2S04 Dynamic L
concentration / M | viscosity / Pa s Refractive index

0.5 1.095 1.344

1.0 1.225 1.353

2.0 1.510 1.370

3.0 2.030 1.384

Table 3.1 Summary of dynamic viscosities and refractive indices for various aqueous
ammonium sulfate solutions at 20°CThese data were used for DLS analysis.

KPS (30.0 mg) was dissolved in an aqueous solution of 2.0 M ammonium sulfate (30 g) to
make up a 0.1% w/w KPS stock solution. Similarly, AsAc (30.0 mg) was dissolved in an
agueous solution of 2.0 M ammonium sulfate (30 g) to make up a 0.1% w/w AsAc stock

solution. Each stock solution was prepared just prior to use.

3.2.5 Synthesis of PMPCi3,-PDMAC, Diblock Copolymer Particles via RAFT Aqueous
Dispersion Polymerisation of N,N-Dimethylacrylamide (DMAC) in 2.0 M Ammonium

Sulfate at 30°C

A typical protocol for the synthesis of PMB&PDMACsocospheres at 20% w/w solids was
conducted as follows. The PMIPg precursor (140 mg, 4.Amol), DMAC (1.972 g, 19.9
mmol), KPS (1.qumol; 270 mg of a 0.1% w/w aqueous stock solution) and an aqueous solution
of 2.0 M ammonium sulfate (8.00 g) were weighed into a 25 mL rbatidm flask charged
with a magnetic stirrer and this reaction solution was degassed using nitrogen gas for 30 min
at 20°C. The sealed flask was immersed into an oil bath set abBad°8sAc (1.qumol; 170
mg of a 0.1% w/w aqueous stock solution) was added to initiate the DMAC polymerisation.
After 18 h, the polymerisation was subsequently quenched by exposing the reaction mixture to
air while cooling to 20°C. The final DMAC conversion was more 9%, as judged biH
NMR spectroscopy (as calculated by comparing the integrated vinyl signals assigned to DMAC

monomer at 5.6 6.7 ppm to the integrated polyacrylamide backbone signals &a17lppm).
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Aqueous GPC analysis indicated Mp of 262 kg mdl *fand anMw/M, of 1.97 (se€Section

3.2.2for eluent and calibration details).

3.2.6 Synthesis of PATAC195-PDMAC1000 Diblock Copolymer Particles via RAFT Solution

and Dispersion Polymerisations

See experimental i@hapter 2.

3.2.7 Synthesis of PAMPS250-PDMAC1000 Diblock Copolymer Particles via RAFT Solution

and Dispersion Polymerisations

BDMAT (150 mg, 0.59 mmol), AMPS (55% wi/w) (61.92 g, 149 mmolRTS (25.7 mg,
119 pumol), and 1.0 M PBS (23.5 g, corresponding to a 40% w/w solution) were weighed into
a 250 mL rounébottom flask charged with a magnetic stirrer and this reaction solusn w
degassed using nitrogen gas for 45 min at 20°C. The sealed flask was immersed into an oil bath
set at 90°C for 150 min and the polymerisation was subsequently quenched by exposing the
reaction mixture to air while cooling to 20°C. The final AMPS conwearsvas 99%, as judged
by 'H NMR spectroscopy (calculated by comparing the integrated vinyl signals assigned to
AMPS monomer at 5.6 6.2 ppm to the integrated polyacrylic backbone signals at 2.3
ppm). The reaction solution was purified by dialysis over three days with regatar
changes. The resulting aqueous polymer solution was forezok overnight. The degree of
polymerisation was 250, as judged ¥y NMR spectroscopy (calculated by comparing the
integrated methyl signals assigned to the RA&R#group at 0.8 0.9 ppm to the integrated
polyacrylic backbone signals at 1.2.3 ppm). Aqueous GPC analysis indicatedvirof 28

kg mol *and anMiw/Mn of 1.35 (seéection 3.2.%or eluent and calibration details).

Subsequently, the PAMBS precursor (220 mg, 3j8mol), DMAC (379 mg, 3.82 mmol),
VA-044 (1.3umol, 344 mg 0.1% of an aqueous stock solution) and an aqueous solution of 2.0

M ammonium sulfate (2.05 g) were weighed into a 10 mL rduwttbm flask charged with a
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magnetic stirrer and this reaction solution was degassed using nitrogen gas for 30 min at 20°C.
The sealed flask was immersed into an oil bath set at 46°C to initiate the DMAC
polymerisation. After 18 h, the polymerisation was subsequently quenched tsingxpoe
reaction mixture to air while cooling to 20°C. The final DMAC conversion was more than 99%,
as judged byH NMR spectroscopy (as calculated by comparing the integrated vinyl signals
assigned to DMAC monomer at 5(66.7 ppm to the integrated pobyglamide backbone
signals at 1.1 2.7 ppm). Aqueous GPC analysis indicated/aof 74 kg mol *and arMw/My,

of 1.54 (se&ection 3.2.Zor eluent and calibration details).

3.2.8 Preparation of Dilute Agueous Dispersions for DLS and Zeta Potential Studies and

Titrants

Aqueous dispersions of PMP4PDMACi006, PATAC195-PDMAC1000 and PAMP Sso-
PDMACi1000 particles in 2.0 Mammonium sulfate were diluted to 0.1% w/w using 2.0 M

ammonium sulfate which had been adjusted to an apparent pH of 3.

A stock titrant solution was prepared gravimetrically comprising an aqueous solution of 1.0
M KOH (22.97 g), deionised water (99.98 g) and ammonium sulfate (30.40 g). Deionised water

was filtered through a 0.2 um polyethersulfone syringe filter prioréo us

3.3 Results and Discussion

The RAFT solution polymerisation of MPC was conducted in methanol at 64°C using a
trithiocarbonatébased RAFT agent (PETTC). The mean degree of polymerisation (DP) of the
PMPC homopolymer was determined via-gmdup analysis using UV spectroscopy to b@ 13
+ 1 based on the Beer Lambert calibration curve shoviaigare 2.5. This is larger than the
target DP of 120. Aqueous GPC analysis indicated a relatively narrow molecular weight
distribution (Mw/Mn = 1.18) for the precursor. However, the PEG calibragtandards used for

GPC analysis meant that only relativ values could be obtained. The RAFT aqueous
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dispersion polymerisation of DMAC was conducted in the presence of 2.0 M ammonium

sulfateat 30°C using the PMPgs precursor as a saiblerant steric stabiliser block, as outlined

in Scheme 3.2
S__S
HOOC\/X% \n/ \/\@ j\ 139 X
NC S -
o“ o o T/ 0“0 O T
H DMAC
>  \ o, 0
—\N®—\_°\\p<° 20M (NHy),80, Mo\ P
/ O/ o® 0 @
pH 3,30 °C
PMPC 3 PMPC,3,-PDMAC,

Scheme 3.2Reaction scheme for the synthesis of PM@EDMAC, (x = 500 to 7,000)
diblock copolymer particles via RAFT aqueous dispersion polymerisation of DMAC at 30°C
in the presence of 2.0 M ammonium sulfate. Conditions: targeting 20% w/w solids using a
PMPGCi3dKPS molar ratio of 4.0 and a [KPS]/[AsAc] molar ratio of 1.0.

PMPC was chosen as the steric stabiliser block because its zwitterionic structure is known
to confer aqueous solubility even at 5.0 M N&OPDMAC was chosen as the cdmgming
block because it is a naanic watersoluble polymer that becomes waitesoluble in the
presence of sufficient sdft Moreover, the resulting PMREDMAC diblock copolymer chains
were anticipated to be amenable to aqueous GPC arfdlysspecting the data presented in
Table 3.2 using 2.0 M ammonium sulfate should be sufficient to produce an aqueous
dispersion polymerisation formulation, since the PMPC precursor and the DMAC monomer
are soluble in the aqueous continuous phase and the growing PDMAC chains should become
insoluble. Accordingly, the series of aqueous PISA syntheses showralike 3.3 were
conducted at 30°C using a w&lhown lowtemperature persulfate/ascorbic acid (KPS/AsAc)

redox initiator while targeting 20% w/w solidsgi 3.
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Additive Agqueous (NH,),SO, solution / mol dm3

- 0 1.0 2.0 3.0 4.0
MPC monomer Soluble Soluble Soluble Soluble Soluble

PMPC,;, Soluble Soluble Soluble Soluble Soluble
DMAC monomer Soluble Soluble Soluble Soluble Insoluble

PDMAC;,, Soluble Soluble Insoluble Insoluble Insoluble

Table 3.2 Aqueous solubility of MPC monomer, PMEghomopolymer, DMAC monomer
and PDMAGoohomopolymer at 2.0% w/w solids in the presence of zero to 4.0 M ammonium
sulfate as judged by visual inspection at pH 5.5 and 20°C.

The PMPGagprecursor afforded colloidally stable dispersions of increasing turbidity when
targeting PDMAC DPs ranging from 500 to 6,000. However, precipitation was observed when
targeting PDMAC DPs above 6,000 or when the target copolymer concentration was increased
to 25% w/w solids. The PDMAC core block DPs were determined relative to that of the
stabiliser block by endroup analysis usingH NMR spectroscopy. Reasonably good
agreement (within experimental error) with the target PDMAC DPs was obtaimediparing
the integrated methine proton signal on the PDMAC backbone &at 2.2 ppm and the
PMPGCzg azamethylene signal at 3.6 ppm. Comparing these MgtiRedM, values to those
determined by GPC analysis suggests a significant systematic error for the latter technique.
This is understandable because PEO calibration standards are unlikely to be accurate for the
analysis of PDMAG@rich diblock copolymers. Macroscopic precipitation was observed for the
attempted synthesis conducted at 30% w/w solids niaflg full DMAC conversion (> 98%)
was obtained for each of these syntheses as judg&tiMyIR spectroscopy studies. Targeting
PDMAC DPs O 1,000 produced translucent gel s,
free-flowing dispersions. These gels are most likely caused by these relatively short PDMAC

chains not being fully desolvatedtime presence of 2.0 M ammonium sulfate.

There is a systematic increase in particle diameter when targeting higher PDMAC DPs.
Similar observations have been reported for various other PISA formulations that produce

kinetically-trapped sphere$:>>5*Moreover, there is also good evidence that targeting larger
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particles (i.e. higher PDMAC DPs) leads to progressive broadening of the particle size

distribution.
Solids | PDMAC | Conversion® | Calculated forPDMACblock: | - gpc py b M./M.b D, PDIc Physical
/w/w% | DP(x) /% DP* | M,?/ kg mol* | /kgmol™ v am Appearance

500 >99 520 52 31 1.96 70 0.09 Translucent gel
1,000 >99 1000 99 62 1.76 98 0.12 Translucent gel
2,000 >99 1,980 196 131 1.65 240 | 0.10 | Free-flowing & turbid
3,000 >99 3,060 303 150 1.82 253 | 0.17 | Free-flowing & turbid

20 4,000 >99 4,020 398 168 1.97 350 | 0.27 | Free-flowing & turbid
5,000 >99 4,910 487 262 1.97 560 | 0.31 | Free-flowing & turbid
6,000 99 6,090 604 338 2.10 680 | 0.40 | Free-flowing & turbid
7,000 98 6,630 657 Unstable dispersion

25 5,000 99 5,110 506 Unstable dispersion

30 5,000 Macroscopic precipitation

Table 3.3 Summary of conversion, GPC and DLS data obtained for the RAFT aqueous
dispersion polymerisation of DMAC using a PMRB{precursor at 230% w/w solids.?
Determined by!H NMR spectroscopy (comparison between the integrated vinyl signals
assigned to DMAC monomer at 5.6.7 ppm, the integrated PDMAC methine proton signal

at 2.2i 2.7 ppm and the PMR& azamethylene signal at 3.6 ppfpetermined by aqueous

GPC using a series of neaonodisperse poly(ethylene oxide) calibration standérds.
denotes average hydrodynamic diameter and PDI denotes polydispersity index as determined
by DLS according to method 1 (see experimental).

Aqueous GPC data obtained for the series of PIFRDMAC, diblock copolymers shown
in Table 3.3 are summarised ifigure 3.1 Unimodal molecular weight distributions are
obtained in each case, with a systematic shift to hiyheobserved when targeting higher
PDMAC DPs which can also be seen in the normalised GPC traces. However, dispersities are
above 1.50, which suggests that imperfect RAFT control is achieved. However, we have
reported similar dispersities when targeting re&y high DPs for the ceFforming block in
other PISA formulation8? 5> BecauseMn values are calculated relative to a series of-near
monodisperse poly(ethylene oxide) calibration standards, a significant systematic error is
expected in this case. Indeed, the theoretitafor PMPG3s-PDMACso00 is 636 kg mot,

whereas the experimental GPC value is 338 kg'mol
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PMPC, 5,-PDMAC, 4 PMPCyy,
M, = 62 kg mol™! AN /X\\ ,l \/Mn =17 kg mol!
M./M, = 1.76 / M !V MM, =118
\
I
/ \
! \
)
PMPC,55-PDMAC5500 / / I \
M, = 150 kg mol* ! \
M,,/M, = 1.82
PMPC,35-PDMAC 000 ‘-
M, = 168 kg mol!

M, /M, =1.97
PMPC,;,-PDMAC;,,,
M, = 262 kg mol?

M, /M, =1.97
PMPC,39-PDMACq,
M, = 338 kg mol?
M,/M, = 2.10

14 16 18 20 22 24
Retention time / min
Figure 3.1Aqueous GPCurves recorded for the PMR4gprecursor and a seriesPMPC 3o
PDMACy diblock copolymers prepared by chain extension via RAFT aqueous dispersion
polymerisation of DMAC at 30°C in the presence of 2.0 M ammonium sulatealues are

calculated relative to a series of neawnodisperse PEO calibration standailsent 2was
used which consisted 62 MNaNQand 0. 05 M TRI ZMA/ TRI ZMAAHC

Smallangle Xray scattering (SAXS) was used to characterise selected BMPOMAC,
particles (where x = 1,000 or 3,000), deigure 3.2 A well-established spherical micelle
modeP9°8 was used to provide a satisfactory data fit to @ V6. g plot. This approach
indicated a volumaverage diameteb() of 67 £ 8 nm for the PMPGs-PDMAC1000and 213
+ 38 nm for PMP&@ePDMACz000 As expected, these diameters are somewhat lower than the

corresponding-average diameters reported by DLS (Sable 3.3.°°
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1.E+02

1.E+01

1.E+00 PMPC,35-PDMAC, 40,

PMPC,35-PDMAC;,,
D, =213 +38 nm

0.002 0.02 0.2
q/A?

Figure 3.2SAXS patterns recorded for 1.0% w/w aqueous dispersions of ¥¥PBMAC
particles (where x = 1,000 or 3,000) at 25°C. The black solid lines denote the data fit obtained
using a welknown spherical micelle modef.>® D, denotes the volumaverage diameter. The

red pattern has been scaled by a factor of ten relative to the blue pattern for the sake of clarity.

'H NMR spectroscopy was used to study the kinetics of the DMAC polymerisation at 30°C
when targeting PMP{o-PDMACso00 particles at 20% w/w solids (s€ggure 3.3g. Periodic
sampling of the reaction mixture confirmed that a DMAC conversion of 98% was achieved
within 2 h under such conditions, while the corresponding linear -lgarithmic plot
indicated firstorder kinetics with respect to monomer. Each aliquiriafrom the reaction
mixture was also subjected to analysis by aqueous GPEigee 3.3h). Each GPC curve
was unimodal and there was a clear shift in the entire molecular weight distribution towards
higher molecular weight, indicating a reasonably high blocking efficiency for the P§PC
precursor and hence walefined diblock copolymer chains. However, dispersities increase

monotonically with monomer conversion and always remained above 1.50.
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Figure 3.3(a) Conversion vs. time curve and corresponding-$egairithmic plot determined

by 'H NMR spectroscopy for the RAFT aqueous dispersion polymerisation of DMAC at 30°C
in 2.0 M ammonium sulfate when targeting a PDMAC DP of 5,000 at 20% wi/w solids. (b)
Agqueous GPC curves obtained by periodic sampling of the reaction mixture to monitor the
ewolution in the molecular weight distribution.
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