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Abstract

This Thesis uses reversible addition-fragmentation chain transfer (RAFT) polymerisation to
develop new aqueous dispersion polymerisation formulations in either salty or acidic aqueous
media. A suitable steric stabiliser is chain-extended with a second block, which becomes insoluble
at a critical degree of polymerisation (DP). Hence the resulting amphiphilic diblock copolymer
chains self-assemble to form spherical nanoparticles via polymerisation-induced self-assembly
(PISA), which ensures a low-viscosity colloidal dispersion. To identify suitable steric stabilisers
and core-forming 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 non-ionic stabilisers proved to be suitable water-soluble precursors for
chain extension with acrylamide-based core-forming blocks. Formulations include poly(2-
(acryloyloxy)ethyl trimethylammonium chloride)—poly(N,N-dimethylacrylamide) (PATAC-
PDMAC), poly(2-(methacryloyloxy)ethyl phosphorylcholine—poly(N,N-dimethylacrylamide)
(PMPC-PDMAC), poly(sodium acrylate)—polyacrylamide (PNaAc—PAM), poly(2-hydroxyethyl
acrylamide)—poly(N-acryloylmorpholine) (PHEAC—PNAM) in the presence of added salt and
poly(2-acrylamido-2-methylpropanesulfonic acid, sodium salt)—poly(2-carboxyethyl acrylate)
(PAMPS—PCEA) at pH 2.0. In this latter case, the PCEA core block is insoluble at this pH owing
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 the core-forming block
is sufficiently long, transparent free-standing gels can be obtained. Such dilution- or 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 with the aim of maximising this thickening effect, including the upper limits solids
content, final monomer conversion, chain extension efficiency and core-forming block DP.
Furthermore, experimental reproducibility was optimised by judicious selection of the initiator
type, reaction temperature and solution pH. For example, PMPC133-PDMACs000 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 literature. This is partly because of the relatively
high DP targeted for the core-forming 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 hydration of the core-forming block at various salt 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 broad molecular weight distributions (Mw/M, ~ 1.5-2.5). 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
Mw values of up to 2.5 MDa for the ‘low salt” PHEAC—-PNAM formulation. Finally, rotational
rheometry was used to determine the solution viscosity of the initial low-viscosity dispersions and
highly viscous solutions obtained after either lowering the salt concentration 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 sensitive to My than M.

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

1.1.1 General Concepts

Over a century ago, Staudinger hypothesised the existence of high molecular weight (MW)
‘macromolecules’ comprising long chains with many covalently-linked repeat units.! This new
concept did not become widely accepted until Carothers provided experimental evidence for
the synthesis and characterisation of various polymers in the 1930s.? Since 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 billion tonnes of such plastics have been
manufactured over the past 70 years.®> Recently, the environmental impact and end-of-life
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 are equivalent 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 small molecules are eliminated during
their synthesis. Nonetheless, mechanistic insight means that polyurethanes are considered to
be step polymers.® Chain-growth 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 chain-ends 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 (DP).” The number-average molecular weight (My) is biased towards lower
molecular weight species and is defined according to Equation 1.1, where M; is a given
molecular weight and n; is the number of chains possessing that weight. The weight-average
molecular weight (Mw) is biased towards higher molecular weight species and is defined
according to Equation 1.2. Gel permeation chromatography (GPC) can be used to assess the
whole molecular weight distribution (MWD) as well as My 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. Alternatively,
colligative properties or end-group analysis via nuclear magnetic resonance (NMR)
spectroscopy or osmometry can be used to determine My, whereas static light scattering (SLS)

or small-angle X-ray scattering (SAXS) can be used to determine My.°

In;M;  n;M;?
[ L (1.1) MW — L L

M, =
n; In;M;

(1.2)

The polydispersity index, now known as the dispersity (D), is obtained by dividing the
weight-average molecular weight by the number-average molecular weight, as shown in
Equation 1.3. This parameter provides an indication of the breadth of the MWD. D is always

greater than unity because Mw > Mn. A dispersity value which is close to unity indicates a

relatively narrow MWD whereas larger D values indicate much broader distributions.®

_ My

P =
Mp

(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 shown in Figure 1.1. The structure of a homopolymer is shown in (a) and
four types of copolymers, which comprise two different monomers, are shown in (b-e).
Random copolymers comprise chains with a random sequence of the A and B repeat units. An
alternating copolymer has a strictly alternating sequence of these two monomers, which are
present in an equimolar ratio. Gradient copolymers exhibit a gradual change 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 alternative sequences of the repeat units along the

chain.210

(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)
A—A—A—A—B—A—B—A—B—B—B—B

(e)

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

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

It is also possible to form non-linear polymers by using either bifunctional or
multifunctional monomers, via chain transfer to polymer, or via reaction with a
di(meth)acrylate impurity.!*® 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 chain-growth 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 structure of (meth)acrylates
and (meth)acrylamides; shown in Figure 1.2. FRP is best performed in the absence of air,
because oxygen forms a resonance-stabilised peroxy radical product that either retards or
inhibits the polymerisation.’®> 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 considered.®

a) b) c) d)

B Y 3 Y
0~ o 0~ o o N-Re o~ N-Re

R4 R4 |l?1 R4
Figure 1.2 Common vinyl monomers where R and Rz represent substituent groups: (a)
acrylate, (b) methacrylate, (c) acrylamide, (d) methacrylamide.

The FRP mechanism is shown in Figure 1.3 and 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 slow compared to the subsequent steps where the chain end is now a highly reactive
radical.’. It is well-known 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 in Mn, whereas chain transfer to polymer usually leads to branched polymers and

hence a higher My,.18
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Figure 1.3 Mechanism for free radical polymerisation (FRP) showing decomposition of Ix-Is
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. Rate constants are also included
for each reaction.6°

Termination

The structural arrangement of repeat units in the above mechanism shows substituents
located isoregically, on alternating backbone carbon atoms.®> Propagation could theoretically
occur via either head-to-head (H-H) or head-to-tail (H-T) monomer addition, but the latter is
overwhelmingly predominant for both steric and resonance reasons. More specifically, the a-

carbon atom of a vinyl group is more sterically hindered than the B-carbon atom. Moreover,
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the propagating radical formed on the a-carbon atom after radical addition to the B-carbon atom

is stabilised by the Y substituent group, see Figure 1.4.

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

Y % R/\- less hindered approach

more stable radical

Figure 1.4 Schematic representation of radical addition to either the a-carbon or p-carbon,
which results in head-to-head (H-H) or head-to-tail (H-T) addition, respectively. In practice,
the latter is strongly preferred.

The rate constant for the decomposition of the initiator (kq) is several orders of magnitude
lower than the rate constants for initiation and propagation, so the initial formation of radicals
is the rate-limiting 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 ten-hour half-life temperature (t,,)
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 to t, /,, this is calculated from kg, as shown in Equation

1.4510

t1/2 = kg (1.4)
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Water-soluble thermal initiators include: 2,2 ’-azobis(2-(2-imidazolin-2-yl)propane
dihydro-chloride (VA-044: t, ,, = 44°C), 2,2'-azobisisobutyramidinium chloride (AIBA: ¢, /,

=56°C) and 4,4-azobis(4-cyanovaleric acid) (ACVA! t, ;, = 70°C), as shown in Figure 1.5.

HN/> NH, NC o

N N
N\\»LN//NﬁN HN§)4N4 ﬁNH HOMNé NOH
C 2 0 CN

VA-044 AIBA ACVA

Figure 1.5 Structures of three water-soluble azo-initiators: 2,2’-azobis(2-(2-imidazolin-2-yl)
propane dihydrochloride (VA-044), 2,2'-azobisisobutyramidinium chloride (AIBA) and 4,4-
azobis(4-cyanovaleric 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 monomers, a diacrylate or
dimethacrylate impurity may exist from when the monomer was prepared, which will cause
branching in the polymer structure.?! For example, relatively low levels of ethylene glycol
dimethacrylate (EGDMA) impurity in 2-hydroxyethyl methacrylate (HEMA) monomer can
have a significant impact on the molecular weight and solubility of the resulting poly(2-

hydroxyethyl methacrylate (PHEMA).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 as Ri, Rp and R:. The rate of thermal decomposition of the initiator, Rq, is given in
Equation 1.5, where f is the initiator efficiency and [1] is the initiator concentration. This step
is relatively slow and is hence the rate-limiting step for the overall rate of polymerisation

(Rpoty). Moreover, the rate of decomposition (Rq) is approximately equal to Ri.

Rq =2fky[l] = R; (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 probability of their recombination.
This is known as the ‘cage effect” and results in a reduction in the initiator efficiency, f, which

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
(Rpoly) is equivalent to Rp, because each propagation has the same rate constant and it is the
sum of them. Furthermore, if the steady-state approximation is valid, the rate of initiation (Ri)
is equal to the rate of termination (R:), so the polymer radical concentration can be eliminated
from the rate equation.’ The rate equations for propagation and termination are given by

Equations 1.6 and 1.7 below.

Ry = kyp[M][M ] = Rpory (1.6)
R, = 2k [M ¢]? =~ R; (1.7)

Here [M] is the monomer concentration, [Me] denotes the concentration of all radicals, kp is
the rate constant for propagation and k; is the rate constant for termination. Termination via
disproportionation results in two polymer chains; one chain-end is saturated and the other has
an unsaturated group that is capable of further reaction. In contrast, termination by combination
results in 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 combination.®> It can be challenging to determine the ratio
between the rate constants for disproportionation (ki (1)) and combination (kt (2)) owing to the
influence of chain transfer reactions.® Methods such as mass spectrometry and end-group

analysis are used to evaluate ki 1)/ ki (2.2 The proportion of polymer radicals that undergo
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disproportionation increases when the propagating radical is sterically hindered or has a B-
hydrogen available for transfer. For example, methyl acrylate appears to undergo termination
exclusively by combination at 25°C while polystyrene has been reported to have a ki 1)/ ki 2)
ratio of = 0.15.242% In contrast, a ki 1)/ ki) ratio of approximately unity has been observed for

methyl methacrylate at 90°C.>?3

Combining the rate equations for propagation and termination enables derivation of an

expression for Rpaly, Which eliminates the polymer radical concentration term, see Equation

, R;
Rpoly = kp [M] Z_kt (1.8)

Combining Equation 1.8 with the rate equation for initiation (Equation 1.5) leads to

1.8.

Equation 1.9.

fkalll
Rpoly = kyp [M] kLt (1.9)

Derivation of Equation 1.9 requires two assumptions: (i) the steady-state approximation
(i.e. Ri = Ry) and (ii) that the number of monomer units consumed during initiation is negligible
compared to that consumed during propagation. Inspecting Equation 1.9, faster rates of
polymerisation can be achieved by increasing [M] and [I]. The relatively slow rate of initiation
(owing to the low kg value) plus chain termination leads to a relatively broad MWD (typically
b = 1.5 — 3.0), which is characteristic of polymers prepared by FRP. Moreover, significantly
shorter chains are formed under monomer-starved conditions, which also contributes to a

broader MWD.>?

The kinetic chain length (v) is defined as the average number of monomers polymerised for

each radical that initiates a polymer chain.? This quantity is equal to the ratio of propagating

10
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to initiating (or terminating) rates — that is Ry/R;.> The rate laws can be combined to give v, see

Equation 1.10.

R_p _ kp[M]

Re Ry 2yfkgke[]]

(1.10)

™M]
VX = (1.11)

Equation 1.11 shows v is proportional to the monomer concentration [M] and has an inverse
square root dependence on the initiator concentration [I]. The degree of polymerisation (DP)

is equivalent to 2v for disproportionation and v for combination.

In principle, low-temperature polymerisations can be conducted using either redox initiators
or photoinitiators. The early history of redox polymerisation has been described by Bacon.?’
Baxendale and co-workers described initiation of vinyl polymerisations using a hydrogen
peroxide-ferrous salt system.2® More recently, Lamb and co-workers reported the use of t-butyl
hydroperoxide (TBHP) combined with reducing agents such as sodium formaldehyde

sulfoxylate (SFS), sodium metabisulfite (MBS) or ascorbic acid (AsAc).?®

It is not possible to make well-defined 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 reactivity ratios. Moreover, the
mean lifetime of an individual growing polymer radical is far too short (< 10 s) to allow
sequential monomer addition.’® Instead, the synthesis of diblock copolymers requires a
polymerisation mechanism that confers much greater control. Well-defined block copolymers
can be prepared using (pseudo-)living 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 chain-growth
polymerisation mechanism must be modified to prevent intrinsic termination and substantially
extend the lifetime of each propagating chain. Such a polymerisation is said to be ‘living’
because polymerisation continues indefinitely if further monomer is added to the reaction
mixture. 303! The IUPAC definition for a living polymerisation is ‘a chain-growth
polymerisation from which chain transfer and chain termination are absent’.3? Szwarc was the
first to report the concept of ‘living polymers’ in 1956.3 This seminal study involved the living
anionic polymerisation (LAP) of styrene using sodium naphthalenide initiator in anhydrous
tetrahydrofuran (Figure 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 further monomer to produce polystyrene chains with

carbanion end-groups.®

K naphthalemde @(CHZ K\) K\W

Ph

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

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

narrow MWD polymers compared to those obtained by FRP, as shown in Figure 1.7.

12
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Living
Polymer (LAP)

J\

Molecular Weight

Figure 1.7 Schematic 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 conversion (Figure 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. B =1.10).34%

( Chain-growth polymerisation

Molecular Weight

Step-growth polymerisation

Conversion

Figure 1.8 Molecular weight evolution against monomer conversion for a typical chain-growth
polymerisation, step-growth polymerisation and a non-terminating 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 using Equation 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.
Rp = kp [Pn_][M] (1.12)
__ [M]o—[M]
V= —[1]0 (1.13)

Here, Ry is the rate of polymerisation, kp is the propagation rate constant, [Pn] is the
concentration of propagating anionic chains, [M] is the monomer concentration at any given
time, v is the kinetic chain length, [M]o is the initial monomer concentration and [I]o is the
initiator concentration. LAP enables the facile production of near-monodisperse
homopolymers with pre-determined DPs by simply adjusting the [M]o / [I]o molar ratio, as

summarised in Equation 1.14.

Moles of Monomer
~
~

DP

— (1.14)
Moles of Initiator

LAP suffers from some practical limitations compared to conventional FRP. It is restricted
to a few non-functional vinyl monomers that are compatible with a highly nucleophilic initiator
(e.g. styrene, isoprene, butadiene etc.). It is also necessary to rigorously 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 of a suitable 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 termed living radical polymerisations, but because
termination and chain-transfer reactions are still possible, they were subsequently renamed

14
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controlled radical polymerisations. In 2009, the term reversible-deactivation radical
polymerisation (RDRP) was recommended by ITUPAC which more accurately captures the

modus operandi of the polymerisation mechanisms.1%-3

The basic principle of RDRP is to reversibly trap or otherwise temporarily deactivate chain
radicals in order to suppress termination, thus establishing pseudo-living character. Techniques
generally involve either reversible end-capping of the polymer radicals or rapid reversible
chain transfer between an end-capped polymer radical and a polymer radical. Each chain grows
with approximately equal probability in short bursts of activity, which results in a relatively
narrow Poisson MWD (P = 1.10-1.20).1° Like other radical polymerisation 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
RDRP.323" Alike 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 non-terminating polymerisation, see Figure 1.8. The three main RDRP
techniques are nitroxide-mediated polymerisation (NMP), atom transfer radical polymerisation
(ATRP) and reversible addition-fragmentation 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 high conversions. On the other
hand, RAFT and ATRP are more versatile and easier to conduct at lower temperatures with
faster reaction kinetics.® 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 is relatively broad and includes both (meth)acrylates and (meth)acrylamides.

This polymerisation method is the subject of this Thesis and is discussed in more detail below.*°

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

RAFT polymerisation was first reported by Chiefari et al. in 1998.32%° RAFT
polymerisations are based on the principle of rapid reversible transfer between active and
dormant polymer chains.®? 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 reactivity.** The RAFT mechanism (Figure 1.9) is
similar to that of FRP, but the addition of a highly reactive organosulfur-based chain transfer
agent (CTA) that fragments during chain transfer leads to pseudo-living character.1%42-% 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 successively activated and deactivated while

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

I—1, 4 21,
Initiation
ki k
h T WM e Py
(w)
kP
SS- S__S s__S
Pn + R Kadd P~ . R kg Pn/ + R
T K.add " \Z( kﬁ f
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.k R-M’
Propagation R LI o kp Pr}\
()
kpM
S S. s s s S
P, + P, __ Kadar P N7 p, K.addp P . P
U T k.adaar \Z( Kadap \f n
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Figure 1.9 Mechanism for reversible addition-fragmentation chain transfer (RAFT)
polymerisation as proposed by Rizzardo and co-workers.*>43
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Most vinyl monomers can be classed as either “more-activated” monomers (MAMs) or
“less-activated” monomers (LAMs). MAMs have conjugation between the vinyl double bond
and a carbonyl group (e.g. acrylamide), whereas LAMSs have no such conjugation (e.g. vinyl
acetate). In general, a well-controlled polymerisation of a MAM can be achieved using either
dithioesters or trithiocarbonates, whereas poorly controlled polymerisations are usually
observed when using either dithiocarbamates or xanthates. For LAMs, the opposite 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 transfer side-reactions. However,
inhibition prior to polymerisation and retardation during polymerisation are often observed. 546
In some cases, this has been attributed to inappropriate selection of the organosulfur RAFT

agent, see Figure 1.10.4749

Reactive C=S double bond

S

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

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

The RAFT CTA enables rapid reversible capping of the active propagating polymer radical
(Pne) to form a dormant radical species. The C=S bond should be highly reactive to enable rapid
reaction of the CTA with any Pne; thus it gives rise to a high rate constant of addition (kadd).
The Z group on the RAFT CTA must be capable of stabilising this intermediate radical species
to reduce the instantaneous concentration of Ppe and hence gain control over the
polymerisation. The R group on the RAFT CTA must be a good radical leaving group and the
resulting radical (R¢) must be capable of re-initiating polymerisation to form new propagating

species (Pme).

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 1.11.%24546 polymerisation of acrylates works best when using RAFT agents that
contain no cyano groups, whereas polymerisation of methacrylates is well-controlled when
using RAFT agents bearing cyano groups.*> A more active RAFT agent is required for
polymerisation of MAMSs, 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 radical and favour fragmentation.*®

o}

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

<«——— MMA HPMAM ——---> <«——— VAc, NVP,NVC —------ >
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Figure 1.11 Guidelines 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 and co-workers.*®

Poorly controlled polymerisation of LAMSs 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 leaving ability of 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 ring or if electron-withdrawing groups are present.*>#65! Retardation becomes more
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pronounced at higher CTA concentrations when dithiobenzoates are employed, although low-
dispersity polymers can still be prepared.*>®>2 Two plausible explanations have been
proposed: side reactions with intermediates® or slow fragmentation of the intermediate radical
species.®* Inhibition has been attributed to slow fragmentation of the initial intermediate to

afford Re, followed by slow re-initiation of new polymer chains.>>°®

There are four main classes of RAFT agents: trithiocarbonates, dithiobenzoates,
dithiocarbamates and xanthates.®® The 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 the first block. When this polymerisation has reached a sufficiently high
conversion, the monomer chosen for the second block can be added. Two examples of
precursor homopolymers amenable to this protocol are shown in Figure 1.12.
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Figure 1.12 Chemical structures of poly(2-(acryloyloxyethyltrimethylammonium chloride)-
trithiocarbonate CTA (PATAC100-TTC) and poly(acrylic acid)-dithiobenzoate CTA (PAA10s-
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 such as -COOH, -OH, -NRz,
without requiring protection group chemistry.*® However, 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 thiols.*® The main disadvantages of
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RAFT formulations are the cost, colour, toxicity and malodour conferred by the organosulfur-

based CTA.4°

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 relatively low. 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 concentration 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 beginning of a polymerisation, as reported by Feldermann
and co-workers when using cumyl dithiobenzoate.®® This 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: (i) t-butyl hydroperoxide/ascorbic acid
(TBHP/AsAC)®, (ii) t-butyl hydroperoxide/disodium 2-hydroxy-2-sulfinatoacetate (TBHP/B-
FF7)51%2 and (iii) ammonium persulfate/sodium formaldehyde sulfoxylate (APS/SFS); see
Figure 1.13.% Perrier’s group compared each of these systems for the aqueous RAFT
polymerisation of N-acryloylmorpholine (NAM) at 30°C.% Employing an oxidising agent /
reducing agent molar ratio of unity (or higher) was optimal and the fastest rate of
polymerisation was achieved using the TBHP/B-FF7 redox pair. High monomer conversions
and relatively low dispersities (D > 1.1) were observed at 50°C, even in the presence of

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

The Armes group has recently reported using a redox initiator comprising AsAc and
potassium persulfate (KPS) at 30°C.%° In this case, the RAFT polymerisation of 2-(N-
(acryloyloxy)ethyl pyrrolidone) (NAEP) produced low-dispersity homopolymers and high

conversions were achieved up to a target DP of 400.%

1.3 Self-Assembly

1.3.1 Surfactant Self-Assembly

In this thesis, ‘self-assembly’ is used to describe the autonomous organisation of
components into patterns or structures without external intervention, as defined by Whitesides
and Grzybowski.®” In principle, self-assembly by non-covalent interactions enables the design
of materials smaller than the limits of conventional manufacturing. Self-assembly is driven by

an unfavourable enthalpy mixing term (AHmix) and a relatively small entropy term (ASmix).

A surfactant is an amphiphilic molecule that has a hydrophilic head-group 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. The resulting
microphase separation leads to the formation of spherical micelles, where the head-groups

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 (CMC), when a large AHmix term outweighs the loss in ASmix.% Increasing the
surfactant concentration above its CMC results in the formation of further micelles, while the
unimer concentration remains constant (see Figure 1.14). For small molecule surfactants, there
is a rapid dynamic equilibrium between the unimers and micelles. According to Israelachvili,®®

the CMC is given by Equation 1.15:

0_,0
CMC = exp |-t (1.15)
B

Here u? is the chemical potential of the free amphiphile, uy is the chemical potential of a
micelle composed of N surfactant molecules, ks is Boltzmann’s constant and 7'is the absolute

temperature.
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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 undergo self-assembly to form
micelles, which undergo rapid dynamic exchange with unimers.®

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

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

P, as shown in Equation 1.16.:7

v
P = (1.16)
lcxao

Here, v is the volume of the hydrocarbon chain, ag is the surface area occupied by the head
group, and |¢ is the maximum effective length that the hydrocarbon chain can extend.®® "
Formation of self-assembled 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 head groups as shown in
Figure 1.15. The surface area of the head-group (ao) 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 surface area per molecule.

Total Energy
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N /9 repulsion

-
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Surface area per molecule
Decreasing Curvature
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Figure 1.15 Schematic 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 head-group area, ao. The cartoon underneath depicts the
geometrical constraints and inherent molecular curvature which enables surfactant self-
assembly into different nano-structures.®
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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 0 < P < 1/3, cylindrical micelles when 1/3 < P <

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

- e O T

Spherical Cylindrical Polymersomes / Lamellae
Micelles Micelles Vesicles

1 1 1 1
0<P<y 3<P<3 > <P<1

Figure 1.16 2D cross-section schematic of self-assembled diblock copolymer morphologies
and their theoretical packing parameter ranges.’

Flory”? and Huggins"® developed a lattice model to calculate the Gibbs free energy of mixing
(AGmix) for a two component liquid mixture. This enables the modelling via self-consistent
mean-field theory of two similarly sized molecules with a random distribution on a theoretical
lattice, as shown in Figure 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 cells Figure 1.17b.
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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 Lovell.*
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The dimensionless Flory-Huggins interaction parameter (yas) contains both enthalpic and

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

Flory-Huggins equation for AGmix, as given by Equation 1.17.
AGmix = RT[nylng, + nglndp + nydpxas] (1.17)

Here R is the universal gas constant, T is the absolute temperature, na and ng are the number

of moles of the two components (denoted A and B), and ¢a and ¢g are the volume fractions of
these two components.’® In the case of diblock copolymers in the bulk, the yas-parameter

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

drives their microphase separation as shown in Equation 1.18.

zZ

XaB = (g) (€4 — % (€44 — €BB)] (1.18)

Here z is the number of nearest neighbours per polymer repeat unit, ks is the Boltzmann

constant, and eag, eaa and egg are the interaction energies per repeat unit for A-B, A-A and B-
B interactions, respectively. A positive yas indicates net repulsion between species A and B,

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

indicates a preference towards mixing with a dependence on temperature.”

Block copolymers exhibit distinctive microphase behaviour and have been well studied over
the past six decades.”®"® In block-selective solvents (which solubilise one block but not the
other), a range of copolymer morphologies can be obtained via self-assembly in an analogous
way to surfactants.®®’* Block copolymers may show amphiphilic behaviour in aqueous solution
if one block is hydrophilic and the other is hydrophobic: this drives self-assembly to form
various nano-objects. This is because one block is water-soluble and acts as a steric stabiliser,
while the other block is water-insoluble and forms the core.” Traditionally, block copolymer
self-assembly has required post-polymerisation 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 drive self-assembly. Eisenberg
and co-workers reported the synthesis of various block copolymers that undergo micellisation
according to this protocol.” 8! For example, poly(styrene)-block-poly(ethylene oxide) (PS-
b-PEQ) and poly(styrene)-block-poly(acrylic acid) (PS-b-PAA) were prepared via anionic
polymerisation in THF at —78°C.%? Subsequently, a 75/25 w/w DMF/water mixture was added
to induce self-assembly, thus forming nanoparticles. Such self-assembly occurs spontaneously
and is a thermodynamically-driven process.”® In the case of aqueous block copolymer
formulations, self-assembly can sometimes be induced by simply changing the pH or

temperature, rather than by introducing a second solvent.®

1.3.3 Colloidal Stabilisation of Polymer Nanoparticles

For many potential applications of nanoparticles, such as in enhanced oil recovery®, paint
formulations®*, pharmaceuticals® and pesticides®® 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 copolymer morphology or particle aggregation.®” Generally, particles are either

sterically-stabilised or charge-stabilised, 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
surface.®88 When two such ‘hairy’ particles approach each other, a sharp increase in repulsion
is observed when the interparticle separation distance (h) becomes less than twice the adsorbed
layer thickness (6). The resulting potential energy diagram assumes additivity between the

steric repulsion (Ester) and van der Waals (Evaw) attraction curves. A shallow potential energy
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minimum (emin) exists at a distance ~26 and the condition for elastic (non-sticky) collisions
between particles (i.e. colloidal stability) is that emin << ksT, where kgT is the thermal energy

of the particles.®® This is shown in Figure 1.18.

In a good solvent for the adsorbed polymer chains, their local segment density increases
when the interparticle separation distance is less than 26. This causes an increase in osmotic
pressure within the overlap region and a reduction in configurational entropy, which causes

strong steric repulsion.
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Figure 1.18 Potential energy diagram comprising steric repulsion (Eser) and van der Waals
attraction (Evaw) curves and the combined interaction potential (black line) between two
sterically-stabilised colloidal particles. The potential energy minimum is relatively shallow and
the condition for colloidal stability is that emin << ksT, where kgT is the mean thermal energy
of the particles. Below is shown a schematic representation of the interaction between two
particles coated with adsorbed polymer layers. Modified from Tadros.*°
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In a poor solvent, segment—segment interactions are preferred over segment—solvent
interactions, thus the particles can approach to within a distance 6. In this case, emin IS
significantly deeper so the particles no longer have the required thermal energy to overcome
the van der Waals attractions. Hence such collisions are ‘sticky’, which leads to flocculation.
Depending on the thickness of the adsorbed polymer layer, the surface coverage and the
solvency, sterically-stabilised particles may undergo either strong (irreversible) or weak

(reversible) flocculation.*

1.3.5 Charge Stabilisation of Polymer Nanoparticles

Charge stabilisation involves repulsive forces generated by the unfavourable overlap of
electrical double layers (EDLs).%*°! The EDL model was originally developed by Gouy®? and
Chapman for charged flat plates:® the surface potential leads to an ion gradient in the
surrounding aqueous solution. Short-range electrostatic ordering of the counterions occurs near
the surface, whereas thermal randomisation is observed over longer length scales. Subsequent
modifications were made by Stern® and Graham® 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 specifically adsorbed ions contributing to a non-diffuse component

to an otherwise diffuse double layer.

This EDL model is applicable to charged colloidal particles.*® Deryaguin & Landau®® and
Verwey & Overbeek® independently developed a quantitative ‘DLVO’ theory to account for
the coagulation of lyophobic colloids that occurs on addition of salt. This theory assumes
additivity between the EDL repulsion (Eeec) and van der Waals (Evaw) attraction forces
operating between two colloidal particles. This results in an energy—distance curve comprising
a secondary minimum at longer interparticle separation distances, a primary minimum at

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

energy (ksT).%® The potential energy graph and corresponding cartoon is shown in Figure 1.19.

Secondary minimum

Interaction energy
o

Primary minimum

Charged particle

Stern layer

Figure 1.19 Potential energy diagram comprising the EDL repulsion (Eeiec) and van der Waals
attraction (Evaw) curves and the combined DLVO interaction potential (black line) between
two colloidal particles. A kinetic energy barrier emax ensures colloidal stability provided that
emax >> kT, where ks T is the thermal energy of the particles.®®1% Also shown is a schematic
illustration of charge stabilisation arising from unfavourable EDL overlap between
approaching colloidal particles.

Charge stabilisation of polymer particles in water can be compromised by addition of an
electrolyte.®” The EDL shrinks as the salt concentration increases, which causes emax to shrink.
This lower kinetic energy barrier leads to loss of colloidal stability and hence coagulation of
polymer nanoparticles. This is summarised by the Schultze-Hardy rule,*°*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 counter-ion.'°*-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 series.’® 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 .1% Jones and Dole'® showed that the salt concentration, electrostatic interactions

and the solution viscosity could be related by the following Equation 1.19:

T =1+A4VC +BC 19

Mo

Where 1 is the solution viscosity, 1o is the solvent viscosity, A is a coefficient that depends
on the electrostatic interactions as calculated from Debye—Hiickel theory, B is a coefficient that
depends on the solute—solvent interactions and C is the solute concentration. The Hofmeister
series distinguishes 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 hydrogen 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 significantly.1%"1%® Kosmotropic salts are more effective at salting out

water-soluble polymers (or proteins) from solution.%
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1.3.6 Minimal Charge Stabilisation of Polymer Nanoparticles

Armes and co-workers'9-112 performed initial work on minimal charge stabilisation using
terminal carboxylic acid or tertiary amine groups. RAFT chain ends are retained on
poly(glycerol monomethacrylate)x-poly(2-hydroxypropyl methacrylate)y (PGMAx—PHPMAy)
diblock copolymers synthesised by aqueous dispersion polymerisation (Figure 1.20). These
chain ends contain carboxylic or morpholino groups that are pH-responsive, where their degree

of ionisation enables the formation of a range of different morphologies.199-112
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Figure 1.20 Reaction scheme for the synthesis of PGMAx-PHPMA, diblock copolymers with
pH-responsive carboxylic acid and morpholino end-groups.10%-112

The TEM images of PGMAss—PHPMA1ss nanoparticles shown in Figure 1.21,
demonstrates that using a carboxylic acid functionalised CTA enables the pH-dependent
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 morphology.*%®

Figure 1.21 TEM images of PGMAss—PHPMA 155 nanoparticles: a) HOOC—TTC worms at pH
3.5, b) HOOC-TTC spheres at pH 6.0, ¢) MeOOC-TTC worms at pH 3.5 and d)
MeOOC-TTC worms at pH 6.0.1%°
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Rieger and co-workers synthesised a BAB triblock copolymer using a benzoic acid-based
bifunctional RAFT agent to polymerise N,N-dimethylacrylamide (DMAC) and then chain -
extend this precursor with diacetoneacrylamide (DAAM) in aqueous solution, as shown in
Figure 1.22.18 The ‘flower-like’ PDMAC loop-stabilised structure 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 derived 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 kinetically-trapped spheres.*®

DMF, 70 °C
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Figure 1.22 Reaction scheme for the synthesis of the bifunctional PDMAC precursor and its
subsequent chain extension with DAAM to produce PDAAMy-b-PDMAC2x-b-PDAAMy
triblock copolymers via RAFT aqueous dispersion polymerisation. The degree of ionisation of
the central benzoic acid group dictates whether colloidally stable block copolymer nano-objects
are obtained or not.!*

The Armes group showed that for certain formulations, the solution pH can also be critical
for colloidal stability.!*4'> Gibson et al. reported that either too low a solution pH or the
addition of 60 mM KCI caused the reversible flocculation of poly(N-2-(methacryloyloxy)ethyl
pyrrolidone)sz-poly(2-hydroxypropyl methacrylate)x (PNMEP-PHPMA,) nanoparticles.!'

Such colloidal instability is the result of (i) protonation of the anionic carboxylate end-groups
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or (ii) charge screening, respectively. Similarly, Beattie and co-workers found that poly(2-
hydroxyethyl acrylate);s-poly(4-hydroxybutyl acrylate)x (PHEA73-PHBAL) nanoparticles
undergo flocculation below pH 5.1.1*% Incorporation of a morpholine group on the steric
stabiliser chain-ends (via esterification of a carboxylic acid-based RAFT agent) produced
nanoparticles exhibiting complementary pH-dependent colloidal stability. Polymer structures
are shown in Figure 1.23. Thus, colloidally stable nanoparticles were obtained below pH 5

whereas flocculation was observed above pH 5.1
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Figure 1.23 Chemical structures of (a) poly(N-2-(methacryloyloxy)ethyl pyrrolidone)a.-
poly(2-hydroxypropyl methacrylate)x (PNMEP4.-PHPMAL) bearing a carboxylic acid end-
group, (b) poly(2-hydroxyethyl acrylate)7z-poly(4-hydroxybutyl acrylate)x (PHEA7:—-PHBAY)
bearing a carboxylic acid end-group, (c) PHEA7—PHBAx bearing a morpholine end-
group.114'115

Furthermore, they have demonstrated that if the RAFT agent carboxylic chain end is
deprotonated, this affects the copolymer morphology.5>!® For example, Byard et al. showed
that PDMACss—P(HBA-stat-DAAM )64 formed worms at pH 3 but spheres at pH 7. Similarly,
Deane et al. showed that PNAEPgs-PHBAx nano-objects formed four distinct copolymer

morphologies at pH 3, whereas only spheres were obtained at pH 7.%6
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1.3.7 Electrosteric Stabilisation of Polymer Nanoparticles

A third type of colloidal stabilisation mechanism is electrosteric stabilisation.®1” This is
when the steric stabiliser chains exhibit polyelectrolyte character. Unlike purely electrostatic
interactions, electrosterically stabilised particles remain stable even at high salt
concentrations.1811° |f 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)

Polymerisation-induced self-assembly (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 insoluble in the
chosen solvent.'?® The polymer chains in the growing second block become insoluble at some
critical DP which drives in situ self-assembly to form nano-objects 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 achieve high monomer
conversions.'?1122 This is because once micellar nucleation occurs, the unreacted monomer
diffuses into the growing nanoparticles and this high local monomer concentration leads to a
rate acceleration.’®!2 Under suitable conditions, these monomer-swollen copolymer micelles
can undergo fusion to form anisotropic worms which can evolve to form branched worms and
then wrap up to produce vesicles.'?* The final morphology is determined by various parameters
depending on the nature of the diblock copolymer.2%125 Since the first report in 2002 by

Ferguson et al.,*?® many successful PISA formulations have been devised.*?>1?" For example,
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Charleux and co-workers have reported many successful RAFT aqueous emulsion

polymerisation formulations,!23128-1%0

In 2007, Hawker and co-workers reported the synthesis of well-defined diblock copolymer
micelles via so-called RAFT ‘precipitation’ polymerisation of N-isopropylacrylamide
(NIPAM) at 70°C using a PDMAC precursor.'® PNIPAM has a lower critical solution
temperature (LCST) of around 32°C.%3? 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 and hence are no longer hydrophobic.'® However, if the same aqueous
PISA synthesis is conducted in the presence of a N,N-methylenebisacrylamide (BIS)
comonomer, the growing PNIPAM chains become crosslinked. Thus, the nanoparticles
become water-swollen microgels on cooling to 20°C as shown in Figure 1.24.%3!
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Figure 1.24 Schematic representation of the RAFT ‘precipitation’ polymerisation of NIPAM
at 70°C to form spherical micelles. Introducing BIS crosslinker into such polymerisations led
to the microgel formation on cooling, rather than molecular dissolution. Reproduced from
Hawker et al.?3!
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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 nanoparticle self-assembly and avoids the
requirement for post-polymerisation processing. RDRP techniques have been primarily used

to conduct PISA syntheses, with particular attention being given to RAFT polymerisation.'3

PISA is generic: it can be performed in polar solvents such as water and ethanol or using
non-polar solvents such as n-alkanes.*?>**® This Thesis will focus on RAFT-mediated PISA in

aqueous 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 monomethacrylate)x-poly(2-hydroxypropyl methacrylate)y
(PGMAx—PHPMAy) nano-objects via RAFT aqueous dispersion polymerisation has been well-
studied by the Armes group, see Figure 1.25.1101%6-139 Thjs dithiobenzoate-based 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 well-defined spherical nanoparticles or polydisperse vesicles within

a few hours at 70°C.*%
0" o ”°j) 0N 0%
Hof Hof HOW)
ACVA
Water, 70 °C OH

OH

PGMA, PGMA,-PHPMA,

Figure 1.25 Reaction scheme for the synthesis of sterically-stabilised PGMAx-PHPMAy
nanoparticles via RAFT aqueous dispersion polymerisation of HPMA at 70°C.
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A pseudo-phase diagram can be constructed to identify the conditions required to form a
specific morphology for a given diblock copolymer.”®4914! Figure 1.26 summarises
experimental data obtained for the synthesis of a series of PGMAx—PHPMAy nano-objects, as
reported by Blanazs et al.**” The shortest stabiliser block (PGMA47) enables the formation of a
range of copolymer morphologies with no concentration dependence (Figure 1.26a). In this
case, systematic variation of the core block DP provides convenient control over the final
copolymer morphology. The use of a PGMA7g stabiliser requires a correspondingly longer
core-forming block to obtain each pure copolymer morphology (i.e. spheres, worms or
vesicles), see Figure 1.26b. 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 PGMAg stabiliser confers greater
steric stabilisation than PGMA47, which means that sphere-sphere fusion is less likely to occur
(but can still occur at higher copolymer concentration). The pseudo-phase diagram constructed
for the longest stabiliser block (PGMAu112) shows a relative lack of morphological complexity,
with kinetically-trapped spheres being the predominant morphology (Figure 1.26c). Similar

pseudo-phase diagrams have been constructed for many other diblock copolymers. 142146

a) PGMA;7-HPMA, b) PGMA73-HPMA, c) PGMA112-HPMA,
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Figure 1.26 Three pseudo-phase diagrams constructed for PGMA47-PHPMAy, PGMA7s-
PHPMAy and PGMA11.-PHPMAy nano-objects prepared by RAFT aqueous dispersion
polymerisation of HPMA at 70°C [S = spheres, W = worms, BW = branched worms and V =
vesicles]. Reproduced from Blanazs and co-workers.’
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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 poly(2-(methacryloyloxy)ethyl]-
trimethylammonium chloride) (PMETAC). The ([1 - n]PGMAx-[nN]PMETAC,)-PHPMA,

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

? s
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Figure 1.27 Synthesis of cationic diblock copolymer nanoparticles of general formula ([1 -
n]PGMAx-[nN]PMETACy)-PHPMA; by RAFT aqueous dispersion polymerisation of HPMA

using a binary mixture of non-ionic and cationic water-soluble precursors. Optimisation of n,
X, y, and z enables the formation of cationic spheres, worms or vesicles.#?

As the cationic character of the PMETAC stabiliser block was increased relative to that of
the non-ionic PGMA, it became more difficult to access higher-order morphologies, with
spheres being formed over a wide range of PHPMA DPs, as shown in Figure 1.28. The worm-

gel formulation was found to be bacteriocidal and bacteriostatic towards S. aureus.'#?
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Figure 1.28 Pseudo-phase diagram constructed for a series of diblock copolymer nanoparticles
of general formula ([1 — NJPGMAe2 + [N]PMETACgs)-PHPMA,, prepared 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 co-workers.142
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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 formulation.!?%147 Such monomers should be water-
miscible but their corresponding homopolymers must be water-insoluble to be suitable core-
forming blocks. The seven vinyl monomers shown in Figure 1.29 meet these two criteria and

have made up the majority of agqueous PISA formulations over the past decade or so.1*®

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),  2-hydroxypropyl = methacrylate  (HPMA),  2-
methoxyethylacrylate (MEA), di(ethylene glycol)methyl ether methacrylate (DEGMA) and 2-
hydroxybutyl methacrylate (HBMA).14

Diacetone acrylamide (DAAM) was identified as a suitable core-forming 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 suitable core-forming
monomers for aqueous dispersion polymerisation. Mathematical modelling based on the
partition coefficient for the monomer between n-octanol 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 shown in Figure 1.30.14
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Figure 1.30 Chemical structures of five vinyl monomers predicted to be suitable for aqueous
dispersion polymerisation: tetrahydrofurfuryl acrylate (THFA), 4-hydroxybutyl acrylate
(HBA), 2-hydroxybutyl acrylate (2-HBA), 3-hydroxypropyl methacrylate (3-HPMA) and
isobutoxymethyl acrylamide (iBUOMAM).48

According to the PISA literature, there are three main causes of kinetically-trapped spheres:
(i) low copolymer concentration®*®%, (ii) a high steric stabiliser DP,**° and (iii) polyelectrolyte
character in the stabiliser.>"142 Each of these factors can prevent the efficient fusion of pairs of

spheres, which is the critical first step in copolymer morphology evolution during PISA 14210

Byard et al. statistically polymerised a binary mixture of 4-hydroxybutyl acrylate (HBA)
and DAAM using a poly(N,N-dimethacrylamide) (PDMAC) homopolymer precursor to form
a thermoresponsive diblock copolymer, as shown in Figure 1.31.°° When the solution
temperature was raised from 1 — 70°C, the copolymer morphology reversibly switched from
spheres to worms to vesicles to lamellae (Figure 1.32). Such rich self-assembly behaviour had
not been previously reported for any amphiphilic diblock copolymer or surfactant.

X X
o\/l/\o Oj\NH \
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PDMACs¢ PDMAC 55-P(HBA-stat-DAAM),4,

Figure 1.31 Synthesis of PDMACss-P(HBA-stat-DAAM)264 diblock copolymer nano-objects
by RAFT aqueous dispersion polymerisation of a binary mixture of HBA and DAAM using a
PDMACss precursor.%

40



Chapter 1: Introduction

Figure 1.32 Schematic representation of the thermally reversible morphological transitions
that occur for a 20% w/w aqueous dispersion of PDMACse—P(HBA-stat-DAAM)264 0N varying
the temperature from 1 to 70°C. Cartoon, digital and TEM images show the change in the
aqueous 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 et al..®®

It is usually desirable to have core-forming blocks with a relatively low glass transition
temperature (Tg) to ensure high chain mobility. Weakly hydrophobic core-forming blocks such
as PHPMA or PHBA are plasticised by water, which leads to thermoresponsive behaviour.
During PISA, the core-forming block is solvated by unreacted monomer and this swelling

enhances chain mobility.*>21%3

1.4.3 Covalent Stabilisation (Intraparticle Crosslinking)

An issue that may arise with diblock copolymer nanoparticles 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 dissociation to form
molecularly-dissolved chains. In principle, covalent stabilisation can stabilise the
nanoparticles, which requires the addition of a suitable cross-linker to confine the crosslinking

to intraparticle rather than interparticle crosslinking.'?>1%
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For example, block copolymer nanoparticles can be stabilised by adding a suitable third
comonomer, such as ethylene glycol dimethacrylate (EGDMA).>31% For example, Armes and
co-workers used a small amount of EGDMA as a third block in PGMA-PHPMA syntheses and
demonstrated that the resulting morphologies were stable under high shear conditions when
conducting emulsification with an oil to form Pickering emulsions.**® The same group showed
that EGDMA-crosslinked vesicles contained nanodomains within their membranes.’™®” A
similar vesicle morphology was obtained when conducting post-polymerisation crosslinking
using epoxy—amine chemistry.!®® In each case, the initial linear PGMA-PHPMA chains are
157

covalently linked together by the EGDMA comonomer to form ‘star-like’ copolymers.

Figure 1.33 shows a selection of different cross-linkers used with aqueous PISA formulations.

(0]
HzNﬁ/\oﬁNHz Yko/\/o\n/g
) 0
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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 various cross-linkers that have been used to stabilise
nanoparticles prepared by RAFT aqueous dispersion polymerisation: poly(propylene glycol)
bis(2-aminopropyl ether) (Jeffamine),'>® ethylene glycol dimethacrylate (EGDMA),'%
ethylenediamine (EDA),'® allyl acrylamide (ALAM),®! adipic acid dihydrazide (ADH).14’

An example of a post-polymerisation crosslinking of diblock copolymers was reported by
Byard et al..}*” After synthesising PDMACss-PDAAM230 Vesicles as 20% w/w aqueous
dispersions, adipic acid dihydrazide (ADH) was added (DAAM/ADH molar ratio = 10). The
reagent’s hydrazide groups can react with the pendent ketone groups on the PDAAM chains
via nucleophilic substitution to form hydrazone linkages. By monitoring the attenuation of the

PDAAM ketone IR band at around 1716 cm™, the extent of crosslinking could be estimated.
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The ADH-modified vesicles became resistant to methanol dissolution once a sufficient degree

of crosslinking had been achieved.!*’
1.4.4 RAFT End-Group Removal

For commercial applications, it is usually desirable to remove RAFT chain-ends due to their
inherent colour, malodour and toxicity. This can be achieved by thermal treatment or by
addition of excess radicals or by using nucleophiles.%2163 Jesson et al. used H20, to remove
RAFT end-groups from PGMAx-PHPMAy spheres, worms and vesicles within 8 h at 70°C, see
Figure 1.34.1%4 The rate of end-group removal depended on the H,O. concentration and the
nature of the RAFT chain-end, with dithiobenzoates being removed more readily than

trithiocarbonates.

b 7.5 % w/w worm gel |

A~ @%’@ Z

oh UV GPC
A =309 nm

12 13 14 15 16
Retention time / min

OH

Figure 1.34 Addition of H20. enables end-group removal from diblock copolymer nano-
objects in aqueous media. There is minimal change in copolymer morphology as the
absorbance from the dithiobenzoate end-groups is reduced over time.*64

Spectrophotometry was used to monitor the reduction of an absorption band at 309 nm over
time. Both dithiobenzoate and trithiocarbonate RAFT end-groups exhibit this UV band, which
has been assigned to a n-n* transition.!®® A much weaker visible absorption band (Amax = 443
nm for trithiocarbonates or Amax = 512 nm for dithiobenzoates) corresponding to a forbidden n-
m* transition can also be used for this purpose.'®®1% This approach can be more convenient
because it prevents the problem of signal saturation at higher copolymer concentrations.®” The
resulting diblock copolymer worm gel exhibited the same gel modulus and critical gelation

temperature after chain-end 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 concentrations.®”1%-170 polyelectrolytes confer
electrosteric stabilisation to nanoparticles rather than merely steric stabilisation which means
they are usually more salt-tolerant than their non-ionic counterparts, as explained in Section
1.3.7. Bagaria et al. showed that anionic polyelectrolytic chains consisting of poly(2-
acrylamido-2-methylpropanesulfonic acid, sodium salt -stat-acrylic acid) (PAMPS-stat-PAA),
could be used to stabilise iron oxide nanoparticles when adsorbed to their surface in
concentrated brine.’* 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 diameter.*’

Poly(2-(acryloyloxy)ethyltrimethylammonium chloride) (PATAC) was chain-extended via
RAFT aqueous dispersion polymerisation of diacetone acrylamide (DAAM) by Byard et al.,
who reported excellent salt tolerance for the resulting PATAC-PDAAM nanoparticles in the
presence of 3.8 M ammonium sulfate. Furthermore, such nanoparticles remained resistant to
flocculation when stored in 3.0 M (NH4)2SO4 for 115 days. The same team also used a binary
mixture of PATAC and PDMAC stabiliser blocks to compare how varying the mole 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 kinetically-trapped
spheres and access a range of higher order morphologies. 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 shown in Figure 1.35.%7
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Figure 1.35 PATACx«-PDAAM; and (0.1PATACx + 0.9PDMACy)-PDAAM; diblock
copolymers assembled into Kkinetically-trapped spheres in the former case and a series of
tunable morphologies in the latter case. The colloidal stability of these nano-objects were
examined by the addition of salt post-polymerisation. Reproduced from Byard et al.>’

1.5.2 Synthesis in Highly Salty Aqueous Media

A selection of cationic polyacrylamides were prepared by Huang et al. via statistical
copolymerisation of METAC with acrylamide (AM) in aqueous media in the presence of a
suitable chain transfer agent, as shown in Figure 1.36.1%8 This approach enabled a specific
degree of cationic character of the stabiliser block to be targeted by controlling the comonomer
ratio. Subsequently, these P(METAC-stat-AM)sso precursors were used for RAFT aqueous
dispersion polymerisation of acrylamide in 2.8 M ammonium sulfate to produce a series of
P(METAC-stat-AM)zs0-b-PAMeoo nanoparticles. This specific salt concentration was selected
because AM remains water-miscible under such conditions, but the growing PAM chains
become insoluble at some critical DP. If the salt concentration is too low, only RAFT solution
polymerisation occurs. On the other hand, if it is too high the colloidal stability of the final
nanoparticles may be compromised.*”? Diblock copolymer particles were prepared at 13%
solids with an overall copolymer DP of up to 1,059 (MW = 100 kDa) with monomer
conversions varying between 57 and 97%. Molecular weights were in surprisingly good
agreement with both theoretical values and those obtained via aqueous GPC using PEO

calibration standards. Mw/My values ranged between 1.10 and 1.30; this is unusually low but
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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 thirty-fold reduction in solution viscosity was achieved.6®

“/I PP “ﬁf =

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-stat-AM)ss0-PAMsoo diblock copolymers prepared in highly salty
media as reported by Huang et al.*6®

Similarly, Bai et al. prepared a series of PAMPSy precursors using a symmetric dicarboxylic
acid-based trithiocarbonate chain transfer agent.®>1"® Subsequent chain extension shown in
Figure 1.37 via RAFT aqueous dispersion polymerisation using a statistical mixture of AM
and AMPS in 2.3 M ammonium sulfate enabled preparation of copolymers with My values 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 polymer-rich regions,
rather than nuclei, are formed during phase separation that break up into smaller particles

during mechanical stirring.®
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Figure 1.37 PAMPS400-P(AM-stat-AMPS)y diblock copolymers synthesised in highly salty
media as reported by Bai et al..15°
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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 end-group hydrolysis.t’*1"™ Conversely, end-group
hydrolysis is not observed at pH 2.46176 The rate of hydrolysis of dithiobenzoate RAFT agents
is faster at higher temperatures, and such species are more susceptible to hydrolytic degradation
than trithiocarbonates.*®41® 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 pH-responsive behaviour of PMAAs,-PHPMA:237 nanoparticles
prepared via RAFT aqueous dispersion polymerisation of HPMA, as shown in Figure 1.38.17
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 stabilisation. These spheres 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 loss of anionic surface charge via protonation

of the PMAA stabiliser block, which led to nanoparticle flocculation.t’”
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Figure 1.38 Synthesis of PMAAso-PHPMA:37 diblock copolymer nano-objects via RAFT
aqueous dispersion polymerisation of HPMA as reported by North et al.*”’
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1.5.4 Synthesis in Acidic Aqueous Media

The Armes group reported that doubly pH-responsive poly(2-(diethylamino)ethyl
methacrylate)-poly(benzyl methacrylate-stat-methacrylic acid) (PDEAss-P(BzMA-stat-
MAA)x) diblock copolymers exhibit so-called ‘schizophrenic’ self-assembly behaviour. Such
diblock copolymers can be prepared directly in the form of sterically-stabilised nanoparticles
via aqueous PISA at low pH by chain-extending the protonated cationic precursor (PDEA) with
a statistical mixture of benzyl methacrylate (BzMA) and methacrylic acid (MAA).1’® Under
such conditions, the protonated PDEA block acts as a cationic steric stabiliser and the neutral
P(BzMA-stat-MAA)x block forms the hydrophobic micelle core. On raising the solution pH,
the MAA repeat units become ionised and hence the P(BzMA-stat-MAA)x chains now act as
an anionic stabiliser block, while the deprotonated PDEA chains form the hydrophobic micelle

cores, as shown in Figure 1.39.17®

O
ACVA, 70 °C HCl (aq)
pH 2.5 CI
! ?"” 8 1 r”w
PDEAag PDEAgg-P(BZMA-Stat-MAA)x

Figure 1.39 Schematic cartoon depicting the schizophrenic behaviour exhibited by PDEAgs-
P(BzMA-stat-MAA)x diblock copolymers. Cationic PCEA-core nanoparticles are formed at
low pH and anionic PDEA core nanoparticles are formed at high pH.1"

A subsequent study by North and Armes focused on doubly pH-responsive poly(2-

(diethylamino)ethyl methacrylate)-poly(2-carboxyethyl acrylate) (PDEA-PCEA) diblock
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copolymers prepared by RAFT aqueous dispersion polymerisation of CEA at pH 2.17° In this
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 on adjusting the solution pH either above or

below the IEP, as shown in Figure 1.40.17°

0 o 0 NaOH (aq) 0 o NaOH (aq) o 0
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Figure 1.40 Schematic cartoon depicting the schizophrenic behaviour exhibited by a PDEAe7—
PCEA100 diblock copolymer. Cationic PCEA-core 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.1"

Other research groups have also incorporated ionisable repeat units into the hydrophobic
core block when conducting RAFT PISA. For example, Hong et al.'® synthesised diblock
copolymer vesicles containing the pH-sensitive comonomer 2-(diisopropylamino)ethyl
methacrylate (DIPEMA\) in a 80/20 w/w ethanol/water mixture. Such vesicles were loaded with
Rhodamine B dye and then transferred to aqueous solution using dialysis. 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 al.'® synthesised poly(N,N-dimethylacrylamide)ss-poly(N-
cyanomethyl acrylamide-stat-acrylic acid)x [PDMACss-b-P(CMAM-stat-AA)x] via RAFT
PISA at pH 1.5, as shown in Figure 1.41. The core block contained < 20 mol% of the pH-
sensitive AA comonomer. CMAM was selected as a comonomer because its corresponding
homopolymer exhibits an upper critical solution temperature (UCST) — such thermoresponsive
behaviour had been hitherto difficult to introduce into PISA formulations.®? These copolymers
can exist either as self-assembled nanostructures at low pH or as molecularly-dissolved
unimers at high pH owing to ionisation of the AA repeat units. Moreover, such copolymers can

be designed to be both pH-responsive and thermoresponsive. 8!
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Figure 1.41 PDMACzs-P(CMAM-stat-AA)x diblock copolymer nanoparticles synthesised in
their neutral form as reported by Rieger et al.*8

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 co-workers via RAFT solution polymerisation of
acrylamide using a low-temperature redox initiator, as shown in Figure 1.42.13 The relatively
low reaction temperature, unusually high kp/k: 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 water-soluble

precursor comprising either PAM7 or PDMAC; was prepared to ensure aqueous solubility of

50



Chapter 1: Introduction

the xanthate-based 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 DP 30,000
were synthesised at full monomer conversion within two hours. The theoretical M, values 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 due in part to the resolution
of the GPC columns, but more significantly chain transfer reactions leading to new chain
growth during the polymerisation. Refractive index and SLS GPC detector used: PAMa42,000

(Mh=1.27 MDa; B = 1.32) and PDMAC30,000 (Mn = 1.04 MDa; D = 1.06).
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Figure 1.42 PAMaz2,000 and PDMAC30,000 polymers prepared at low temperature by aqueous
solution gel polymerisation, as reported by Destarac et al.'3

UHMW PDMAC homopolymers have been synthesised by Sumerlin and co-workers via
RAFT photoiniferter polymerisation at 35°C, as shown in Figure 1.43.184 Iniferters induce
radical polymerisation to produce polymers bearing an iniferter fragment at each chain-end
with minimal bimolecular termination and other transfer reactions.8>8 A trithiocarbonate and
a xanthate RAFT agent were used in turn as iniferters using UV irradiation (A = 365 nm). An
incident wavelength which coincides well with the forbidden n—=* transition has been reported
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to result in a faster rate of homolytic cleavage.'8+8718 The n—n* absorbance wavelength for a
xanthate is = 360 nm and a trithiocarbonate is =~ 443 nm. Hence the photolytic cleavage of
xanthates at this wavelength is much more efficient and the experimental M, data do not
significantly exceed theoretical values. This suggests that degenerative chain transfer plays an
important role in the consumption of the small-molecule iniferter during the early stages of the

reaction.®*
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Figure 1.43 PDMACx homopolymer synthesised by UV-initiated RAFT solution
polymerisation at 35°C using a RAFT iniferter as reported by Sumerlin et al .18

More recently, Sumerlin’s group has developed an inverse miniemulsion (water-in-oil)
polymerisation strategy using a surfactant and a RAFT photoiniferter for the synthesis of
UHMW polymers in the form of low-viscosity aqueous droplets.*®® A continuous flow system
for the synthesis of UHMW PDMAC or poly(N-acryloylmorpholine) (PNAM) provided a
much faster rate of polymerisation compared to a batch inverse miniemulsion system.'%®
Moreover, good agreement between the theoretical and GPC (light scattering detector) My
values was observed up to 1 MDa. However, up to a five-fold difference was noted for higher

M, values, with > 99% monomer conversion achieved for all syntheses. 8%

While the above-mentioned 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 low-viscosity synthesis, an oil continuous phase is required. This is both
economically and environmentally undesirable and post-polymerisation steps are required to

remove both excess surfactant and the oil.

1.6.2 Viscosity Modification

Both naturally-derived and synthetic water-soluble polymers are used as viscosity modifiers
for a range of commercial applications.’®* These include poly(vinyl alcohol) in ophthalmic
products, xanthan gum in toothpaste!®?, carrageenan in food products such as ice cream?®®,
hydrolysed polyacrylamide (a statistical copolymer of acrylamide and acrylic acid) in enhanced
oil recovery®* and cellulose derivatives in latex paints.'*> BASF sells polymeric thickeners in
several of their business divisions, including Nutrition & Care, Oilfield and Materials (e.g.

paper manufacture).1%6-1%

The thickening effect of a polymer in solution depends on its molecular weight. The solution
viscosity (1) 1s governed by the number of chain entanglements, which depend in turn on the
polymer concentration and MW. For low MW species, the zero-shear viscosity (o) is directly
proportional to the mass. However, a power-law relationship between no and MW is observed
for higher MW polymers with a numerical exponent of 3.4, as shown in the Mark-Houwink

relationship (Equation 1.20).1%° My is usually comparable within 10% to My.2%
no = K[DP]** (1.20)

When plotting log(no) against log MW, Bueche theory predicts that the characteristic change
in gradient indicates the critical MW, which corresponds to the average MW spacing between
entanglement points.?°* This is shown in Figure 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).
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log n + constant

> 0 - s

log MW + constant

Figure 1.44 Bueche theory predicts that the critical MW of each stated polymer corresponds
to the change in gradient for a plot of log(no) against log MW. Above this critical MW, the
solution viscosity is much more strongly dependent on the polymer MW owing to a higher
number of chain entanglements.201:202

Many commercial UHMW water-soluble polymers are prepared by FRP, which affords
either homopolymers or statistical copolymers with broad MWDs.2%® Lubrizol manufactures a
range of Carbopol 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 batteries. Carbopol products generally exist
as powders, though emulsion formulations are also available.?* Alcomer powders 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 coagulants and high molecular weight

non-ionic, anionic, and cationic flocculants.?®> FRP syntheses can also be conducted via
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suspension or inverse emulsion (water-in-oil) polymerisation, which remain low-viscosity
fluids even at high solids. However, as discussed in Section 1.6.1, the resulting copolymers

require post-polymerisation processing.!72189.191

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 preparation
of diblock copolymer nanoparticles via a low-viscosity route at high solids. To solubilise such
low-viscosity dispersions, the solution temperature, pH or salt concentration can be
adjusted.?%®2" For example, copolymers that dissolve on switching the solution pH, as
discussed in Section 1.5.4, can 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 al. exploited the LCST behaviour of PNMEP to prepare aqueous dispersions
of particles at 25% w/w solids using either a PGMAeg3z or a PMAAgs precursor, as shown in
Figure 1.45.2% PNMEP exhibits an LCST of around 55°C in aqueous solution for DPs above
400. Thus, when targeting a sufficiently high core-forming block DP, these diblock copolymer
chains form PNMEP-core particles at their synthesis temperature of 70°C but undergo
molecular dissolution on cooling to 20°C. A series of PGMAg3-PNMEPy (x = 100 — 6,000) and
PMAAGgs-PNMEPy (x = 300 — 4,000) particles were prepared by RAFT aqueous dispersion
polymerisation of NMEP at 70°C. The weakly hydrophobic nature of the PNMEP chains
resulted in a high degree of core hydration, producing relatively large particles (~ 1 um).
Variable temperature *H 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 solution.?%

55



Chapter 1: Introduction

/ki(
o~ "o o 0“0 070
HO HO
Y
CTA/ACVA =4.0

OH (0]
e o (P

SaWa

4

0,
PGMAg; 25% wiw PGMAg;-PNMEP,
/kﬁ OIO * ”
0~ "OH NH 0“0H 070
CF°
H
CTA/ACVA = 4.0 N _o
'
o,
PMAAg; 25% wiw PMAAg;-PNMEP,

Figure 1.45 Synthesis of low-viscosity PGMAg3-PNMEPx and PMAAsgs-PNMEP particles via
RAFT aqueous dispersion polymerisation of NMEP.2%

Byard et al. sought to exploit the salt-dependent aqueous solubility of PDMAC to prepare
colloidal dispersions of diblock copolymer particles at high solids.?” DMAC monomer
remains water-miscible in the presence of 4.0 M ammonium sulfate, whereas PDMAC is only
soluble up to 1.0 M ammonium sulfate. Thus, PATAC100-PDMACy 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 shown in Figure 1.46. To avoid the formation of
monomer droplets, it was necessary to slowly drip-feed the DMAC to ensure a true dispersion
polymerisation. A relatively high DMAC conversion (>90%) was achieved up to a target DP
of 10,000, but unfortunately this aqueous PISA formulation proved to be poorly reproducible
and aqueous GPC analysis indicated a bimodal MWD. Nevertheless, four-fold dilution of such
turbid free-flowing aqueous dispersions with deionised water led to in situ particle dissociation
and the formation of a transparent highly viscous solution. Rheology was used to assess the

thickening behaviour exhibited by such double-hydrophilic diblock copolymers by comparing
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the solution viscosity of the final water-soluble polymer solutions with that of the original

particle dispersions prior to dilution.?%’
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PATAC 190 PATAC 105-PDMAC 10000

Figure 1.46 Synthesis of PATAC100-PDMAC10000 particles via RAFT aqueous dispersion
polymerisation, as reported by Byard.?"’

Perhaps surprisingly, the studies by Huang et al.®® and Bai et al.’®® discussed in Section
1.5.2 do not consider the solubilisation of salt-stabilised polymer nanoparticles by a dilution-
triggered thickening effect for UHMW polymers, despite the latter group preparing polymers

with Mn ~ 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 at 10-30% wi/w solids while targeting
the highest possible core-forming block DPs. The steric stabiliser block should remain water-
soluble while the core-forming 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 core-forming blocks for various
concentrations of ammonium sulfate. Subsequently, UHMW PATAC-PDMAC particles are
synthesised in 2.0 M ammonium sulfate and the behaviour of such salt-responsive diblock
copolymers is evaluated. This work extends that originally undertaken by Dr. S. J. Byard during

her BASF-sponsored PhD project.?%” In Chapter 3, a zwitterionic PMPC steric stabiliser block
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that is known to remain water-soluble even at very high salt concentration is chain-extended
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 X-ray scattering (SAXS), optical microscopy (OM), rheology
and aqueous electrophoresis (Zeta potential). In Chapter 4, an anionic PNaAc stabiliser block
is used as a precursor for the chain extension of some commodity water-miscible monomers
(acrylamide, N,N-dimethylacrylamide and acrylonitrile). This formulation requires 3.0 M
ammonium sulfate to produce a colloidal dispersion of sterically-stabilised particles. In
Chapter 5, a new wholly non-ionic diblock copolymer system is devised based on a PHEAC
steric stabiliser and a PNAM core-forming block. This aqueous PISA formulation requires a
relatively low salt concentration to produce particles. Moreover, the resulting PHEAC-PNAM
diblock copolymer chains can be analysed using DMF GPC, which aids analysis. In Chapter
6, an anionic PAMPS precursor is chain- extended with a pH-sensitive carboxylic acid-based
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 suitability in developing new RAFT
aqueous dispersion polymerisation formulations in highly salty media. In principle, such
syntheses should enable the preparation of high molecular weight water-soluble diblock
copolymers in the form of low-viscosity aqueous dispersions of sterically-stabilised 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 concentration required for either immiscibility (monomers) or

insolubility (homopolymers).

A relevant patent application was filed by Destarac on behalf of Rhodia (now Solvay) in
2013.1 It covers the production of homogeneous ‘water-in-water’ dispersions at high solids,
but which are nevertheless fluid and stable to aid transportation, manipulation and storage. The
patent covers RAFT polymerisation to prepare polyelectrolytes of up to 20 x106 g mol™ at up
to 50% w/w solids in salty media. However, this claim is an extrapolation from the example
formulations given which have reported My values < 380 x10% g mol™* for PAMPSe7-P(AA0 3x-
stat-AMo.7x) copolymers where x < 1,000 and solids contents < 20% wi/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 increase in solution viscosity. Two main drawbacks are noted
for the traditional synthesis of such polymers via traditional free radical aqueous dispersion
polymerisation: high viscosity and poor colloidal stability. In practice, the maximum solids
content and DP are 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 dispersions.?
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In this Thesis, cationic, zwitterionic and anionic polyelectrolytes are evaluated as putative
salt-tolerant steric stabilisers. In addition, a suitable non-ionic steric stabiliser is identified for
the first time. In all cases, the salt-intolerant block is prepared in its non-ionic 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 latter 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 high monomer conversion and efficient chain extension of the steric stabiliser precursor.

2.2 Experimental

2.2.1 Materials

Acrylic acid (AA; > 99%; purified with acidic alumina), acidic alumina, basic alumina, 2-
acrylamido-2-methylpropanesulfonic acid, sodium salt (AMPS; 50% w/w aqueous solution),
N,N-dimethylacrylamide (DMAC; > 99%), 2-hydroxyethyl acrylamide (HEAC; > 96%),
hydroxymethyl methacrylamide (HMMAC; 55% w/w aqueous solution), methacrylic acid
(MAA; > 99%), 2-N-morpholinoethyl methacrylate* (MEMA; > 95%), N-
acryloylmorpholine* (NAM; > 97%), 4,4'-azobis(4-cyanopentanoic acid) (ACVA; > 98%),
formic acid (= 96%), monosodium phosphate (= 99%), sodium bicarbonate, sodium hydride,
sodium nitrate, TRIZMA (> 99.8%), TRIZMA*HCI (> 99%), 1-butanethiol (> 98.5%), 2-
phenylethanethiol (> 98%), 2-methyl-2-bromopropanoic acid (> 98%), carbon disulfide
(anhydrous; 99%), iodine (> 99.8%) and deuterium oxide (D20; > 99.9% D) were sourced from
Sigma Aldrich (Merck; UK). Acrylamide (AM), sodium thiosulfate pentahydrate (> 99%)),

triethylamine (> 99%) and ethanoic acid (100%) were sourced from VWR (UK). Hydrochloric

acid (HCI; 37% w/w in water), magnesium sulfate (anhydrous; 99.5%), diethyl ether (> 99%)
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and ethyl acetate (> 99%) were sourced from Fisher Scientific (UK). 2-(Acryloyloxy)ethyl
trimethylammonium chloride (ATAC; 80% w/w aqueous solution), 2-(methacryloyloxy)ethyl
trimethylammonium  chloride (METAC; 75% w/w aqueous solution), 2-
(acryloxyethyl)benzyldimethylammonium chloride (BzDA; 80% w/w aqueous solution;
purified using an activated charcoal column) and 2-(methacryloxyethyl)benzyldimethyl-
ammonium chloride (BzDMA; 80% w/w aqueous solution) were provided by BASF
(Ludwigshafen, Germany). 2-(N-(Acryloyloxy)ethyl pyrrolidone) (NAEP; 95%) was kindly
provided by Ashland Specialty Ingredients (Cherry Hill, NJ, USA). 2,2'-Azobis(2-(2-
imidazolin-2-yl)propane)dihydrochloride (VA-044; > 98%) was sourced from Fluorochem. d»-
dichloromethane (CD2Clz; > 99.8% D) was sourced from Cambridge Isotopes Laboratories
(Cambridge, UK). Sodium hydroxide (= 98%) and ammonium sulfate (> 98%) was sourced
from Thermo Fisher Scientific (UK). PEO standards were sourced from Agilent/PSS (UK). 2-
(Methacryloyloxy)ethyl phosphorylcholine (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). 2-Hydroxyethyl methacrylamide*
(HEMAC; > 96%) was sourced from Apollo Scientific (UK) while N-(2-hydroxypropyl)
methacrylamide* (HPMAC; > 95%) was sourced from Polysciences Inc (USA). Monomers
marked with an asterisk (*) were purified using a basic alumina column prior to use. Unless
otherwise stated, all solvents were purchased from 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 MHz Bruker Avance-400
spectrometer with 64 scans being averaged per spectrum. Approximately 30 mg of (co)polymer
was dissolved in 1 mL of either D20 or CD,Cl». Spectra were analysed using TopSpin software.
Monomer conversions were determined from *H NMR spectra by comparing the integrated
intensities of monomer vinyl signals (5.5 — 7.0 ppm) to that of the corresponding polymer

backbone methine signal (2.4 — 2.7 ppm).
Mass Spectrometry

Mass spectra were recorded for RAFT CTAs using an Agilent 1260 Infinity liquid
chromatography set-up and an Agilent 6530 Q-ToF mass spectrometer (LC-MS) 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 with very little fragmentation.
Qualitative analysis enabled identification of the molecular parent ion and its corresponding

sodium adduct (MH* and MNa").

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

Scattering (MALLYS)

The Agilent 1260 Infinity GPC set-up comprises a pump, a degasser, a guard column, three
PL-Aquagel Mixed-H, OH-30 and OH-40 columns connected in series, a Dawn Helios Il multi-
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 and detector temperature of 30°C using a
flow rate of 0.8 mL min~'. The eluent was selected according to the nature of the copolymer

samples. Eluent 1 comprised 0.50 M CH3COOH and 0.30 M NaH2PO4 at pH 3.0 and was used
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to analyse PATAC-PDMAC copolymers. Eluent 2 comprised 0.2 M NaNOs and 0.05 M
TRIZMA/ TRIZMA-<HCI buffer at pH 7.0 and was used to analyse PMPC-PDMAC
copolymers. Eluent 3 comprised 0.1 M NaNOs, 0.02 M TEA and 0.05 M NaHCOs at pH 8.0
and was used to analyse PNaAc-P(AM-stat-DMAC) and PAMPS-PCEA copolymers. Eluent
4 comprised 70% v/v 0.2 M NaNOs and 0.01 M NaH2PO4 at pH 7.0 plus 30% v/v methanol

and was used to analyse PAMPS-PNaAc copolymers.

Calibration of the RI detector was achieved using nine near-monodisperse poly(ethylene
oxide) standards (2.1 — 969 kDa) and data were analysed using Agilent Technologies GPC/SEC
software. The MALLS instrument was equipped with a 130 mW linearly polarised gallium
arsenide laser source operating at 658 mm and 18 detectors placed at angles ranging from 22.5°
to 147°. The absolute weight-average molecular weight (Mw) was determined for each diblock
copolymer via analysis on Astra 7 software according to MALLS and Zimm 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 concentration 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/dc value to 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 a PC-controlled UV-1800
spectrophotometer at 20°C and a 1 cm path length quartz cell. A Beer-Lambert curve was
constructed using a series of four or five CTA concentrations in either methanol or water. The
absorption maximum at 306 — 310 nm assigned to the n-n* transition for the trithiocarbonate

group was used for the calibration plot and the concentration range was selected such that the
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absorbance remained less than 1.1. 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 He-Ne 633 nm laser and an avalanche photodiode detector. The instrument was
configured to automatically determine the optimum experimental duration and optical
attenuation. Back-scattered light was detected at 173° and measurements were conducted at a
copolymer concentration of 0.05% wi/w at 20 °C using a 10 mm path length quartz cuvette.
Malvern Zetasizer software v7.11 was used to calculate the z-average hydrodynamic diameters
(D) via the Stokes-Einstein equation, which assumes perfectly monodisperse, non-interacting
spherical particles. Data were averaged over at least three consecutive runs with a minimum of
ten measurements being recorded for each run. The 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 1.384.3
Optical Microscopy (OM)

A 0.1% wi/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 Cole-Parmer bifocal compound microscope equipped
with a Moticam-BTW digital camera. The focus, brightness, and contrast were adjusted and

the acquired images were processed using ImageJ software.
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 0.05 s to 500 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 round-bottom flask at 5°C. Evolution of hydrogen was observed and the initial grey
suspension 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 2-phenylethanetrithiocarbonate (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 filtration. The 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-(2-
phenylethanesulfanylthiocarbonyl)disulfide as an orange solid (~100% vyield). A solution of
bis-(2-phenylethanesulfanylthiocarbonyl)disulfide (20.0 g, 46 mmol) and 4,4’-azobis(4-
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 nitrogen atmosphere 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 yielded 4-cyano-4-(2-
phenylethanesulfanylthiocarbonyl)sulfanylpentanoic acid (PETTC) as a yellow solid (63.2 g,
84%), m/z = 340 (M™), 51(400 MHz; CD2Cl,; MesSi) 1.9 (3 H, s, Me), 2.5 (2 H, m, CHy), 2.7

(2H, t, CH2), 3.0 (2 H, t, CH2), 3.7 (2 H, t, CHa), 7.3 (5 H, CsH).

2.2.4 Synthesis of S-butyl-S'-(a,a’-dimethyl-a”-acetic 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 round-bottom 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 a
further 30 min before being immersed in an ice bath. 2-Methyl-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 the ice bath and 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 orange aqueous 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 MgSO4 and removing 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"*), 81(400 MHz; CD,Cl2; MesSi) 1.0 (3 H, t, Me), 1.7 (10 H, 5,q,q,

CHs, CHz, CH2), 3.4 (2 H, t, CHy).

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), 4-cyano-4-(2-phenylethanesulfanylthiocarbonyl)sulfanylpentanoic acid
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(PETTC; 290 mg, 854 umol), a,a-azodiisobutyramidine dihydrochloride (AIBA, 46.3 mg, 171
umol) and methanol (41.9 g) were weighed into a 250 mL round-bottom flask equipped with a
magnetic flea and the resulting reaction solution was degassed using a stream of nitrogen gas
for 45 min at 20°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 conversion. The polymer
solution was purified by dialysis against water for three days to remove unreacted monomer
and then freeze-dried overnight. The mean degree of polymerisation was determined to be 242
+ 1, as judged by end-group analysis using UV spectroscopy at the absorption maximum of

306 nm. Aqueous GPC analysis indicated an M, of 32.7 kg mol™* and an Mw/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 in Table 2.1.

Monomer Initiator Solvent RAFT Agent Temperature Time / h Target Conversion Actual
/°c Polymer DP /% Polymer DP

AA VA-044 Water BDMAT 44 1.5 200 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 3.5 120 75 139
NAM VA-044 Water BM1433 46 18 500 78 520
NAEP KPS/AsAc Water DDMAT 30 0.5 100 50 75

Table 2.1 Summary of reaction conditions for the synthesis of a range of homopolymers used
in subsequent solubility testing. (The PAA2ss and PNaAczss 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 was as follows. 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 complete dissolution 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 PATAC242-PDMACso00 spheres at 20% w/w solids
was conducted as follows. PATAC242 (0.09 g, 1.91 umol), DMAC (0.941 g, 9.53 mmol) and
an aqueous solution of 2.0 M (NH4)2SOs (3.93 g) were added together in a small glass vial
equipped with a magnetic flea and stirred while degassing using a stream of N gas for 30 min
at 20°C. Separately, VA-044 initiator (0.64 umol, 0.206 g, 0.1% in 2.0 M (NH4)2SO4) was
degassed and added just prior to immersion of the glass vial in an oil bath set 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 PATAC242-PDMACs000 spheres at 30% w/w solids
using a monomer-starved feed was conducted as follows. PATAC242 (0.252 g, 5.3 umol), and
an aqueous solution of 2.0 M (NH4)2SO4 (6.14 g) were added in turn to a 25 mL round-bottom

flask. The resulting aqueous solution was stirred and degassed using a stream of N2 gas for 30
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min at 20°C. Separately, excess DMAC monomer and a 0.1% wi/w solution of VA-044 initiator
in 2.0 M (NH4)2SO4 were degassed for 20 min. The round-bottom flask was immersed into an
oil bath set at 46°C and the initiator solution (0.57 mL, 1.77 umol, [PATAC242]/VA-044 molar
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 flask. The pump 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 h1. 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-Cyano-4-(2-phenylethanesulfanylthiocarbonyl)sulfanylpentanoic acid (PETTC) RAFT
agent was synthesised in 84% yield. A previously reported protocol was used,*® as outlined in
Scheme 2.1. Purification 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

reflux
S 18 h

S NC S
I S¢S /\/@ _ACVA /\)( /\/©
— 2 ©/\/ g \SJ\S HoOC SJ\S

Scheme 2.1 Four-step 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 to form
crude PETTC. Adapted from prior studies by Jones and Rymaruk et al..*®
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The PETTC *H NMR spectrum (Figure 2.1) and the mass spectrum (Figure 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 synthesis. 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.

f

NC jc S f xS

2B NMASE A
HOOC b S S e f

CDHCl,

T
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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 0.0
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Figure 2.1 Annotated *H NMR spectrum of PETTC in CD.Cl..
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Figure 2.2 HPLC and ESI+ mass spectrum of PETTC.

S-Butyl-S'-(a,a’-dimethyl-a'"-acetic acid)trithiocarbonate (BDMAT) RAFT agent was
synthesised in 37% yield. A previously reported protocol was used,®’ as outlined in Scheme

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

S
5 M NaOH CSs
HS NN ——— > Nas” "\ — 2 5 NasJ\S/\/\
Acetone
HO“)L @ S S
i. Br 0°C Na O i. H,O/ Hexane
o > O%SJLS/\/\ > "0 SJ\S/\/\
i 5MNaOH 3 ii. 1 M HCI, 0 °C o

20 h,25°C

Scheme 2.2 Four-step synthesis of BDMAT RAFT agent. Initial deprotonation of 1-
butanethiol, carbon disulfide insertion to form a sodium carbotrithioate salt, nucleophilic
substitution using 2-methyl-2-bromopropanoic acid and carboxylate protonation to form crude
BDMAT. Based on the reports by Lai et al. and Bray et al..5’
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The BDMAT H NMR spectrum (Figure 2.3) and the mass spectrum (Figure 2.4) were

consistent with the desired product.
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Figure 2.3 Annotated *H NMR spectrum of BDMAT in CD2Cl..
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Figure 2.4 ESI+ mass spectrum of BDMAT.
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BDMAT has been reported by Bray et al.,”® who drew attention to its higher aqueous
solubility relative to the dodecyl variant used by Byard et al.®*° 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
aqueous formulations. Diacid trithiocarbonate RAFT agents such as 4-((((2-carboxyethyl)-
thio)carbonothioyl)thio)-4-cyanopentanoic acid (BM1433) are also known to have relatively

high aqueous solubility.

2.3.2 Homopolymer Synthesis

Homopolymers were mostly prepared using water-soluble azo-initiators such as VA-044
(t1/, = 44°C) at 44 — 48°C, AIBA (t, ;, = 56°C) at 56°C or ACVA (t, /, = 70°C) at 70 — 75°C.
Preparation of PAMPS2s0 used the peroxy-initiator T-21S at 90°C and PNAEP7s used 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 representative of longer 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 purification of each
homopolymer precursor by dialysis, its mean DP was determined by comparing one of the
polymer signals, for example the carbon backbone at 1.0 — 3.0 ppm, relative 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 polymer DP more precisely by constructing a

linear calibration curve based on the Beer-Lambert relation, as shown in Figure 2.5.
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Figure 2.5 (a) UV absorption spectra recorded for a sereis of methanolic solutions of 4-cyano-
4-(2-phenylethanesulfanylthiocarbonyl)sulfanylpentanoic acid (PETTC) ranging from 0 uM to
100 pM. (b) Beer-Lambert calibration plot constructed for PETTC in methanol to calculate its
molar extinction coefficient (¢) at the absorption maximum of 306 nm.

Organosulfur RAFT agents usually have two UV absorption bands, with the strong and
allowed m—r* transition that produces an absorption maximum at around 306 nm being selected

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 outlined in Section 2.2.6. Most
homopolymers became water-insoluble 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 identification of relatively salt-tolerant
polymers that should act as suitable steric stabilisers. Similarly, particularly salt-intolerant
polymers were judged to be suitable core-forming blocks for the intended RAFT aqueous
dispersion polymerisation syntheses. A few vinyl monomers proved to be water-immiscible at
the pH values and temperatures investigated. These were judged unsuitable for aqueous
dispersion polymerisation formulations, but it is possible that they might be amenable to
aqueous emulsion polymerisation formulations. However, this avenue was not pursued in this

Thesis.
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The eighteen vinyl monomers were acrylic acid (AA), 2-acrylamido-2-
methylpropanesulfonic acid, sodium salt (AMPS), acrylamide (AM), 2-(acryloyloxy)ethyl
trimethylammonium chloride (ATAC), 2-(acryloxyethyl)benzyldimethylammonium chloride
(BzDA), 2-(methacryloxyethyl)benzyl-dimethylammonium chloride (BzDMA), N,N-dimethy!I
acrylamide (DMAC), glycerol monomethacrylate (GMA), 2-hydroxyethyl acrylamide
(HEAC), 2-hydroxyethyl methacrylamide (HEMAC), hydroxymethyl methacrylamide
(HMMAC), N-(2-hydroxypropyl) methacrylamide (HPMAC), methacrylic acid (MAA), 2-
(methacryloyloxy)ethyl trimethylammonium chloride (METAC), 2-N-morpholinoethyl
methacrylate (MEMA), 2-(methacryloyloxy)ethyl phosphorylcholine (MPC), 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 2.3 Chemical structures of hydrophilic monomers evaluated for their use in RAFT
aqueous dispersion polymerisation syntheses conducted in highly salty media.

Agueous solubility data are reported over a wide range of ammonium sulfate concentrations,
see Table 2.2 for the monomer data and Table 2.3 for 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 data can be used to infer suitable polymer formulations.
Ideally, there should be a large difference between the critical minimum salt concentration

required to salt out the core-forming 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 non-ionic or permanently ionic species. The pKa values for acrylic acid
and methacrylic acid are 4.25° and 4.65,% respectively. However, the reported pK, for
poly(acrylic acid) has been reported to be between 6.22 and 6.60 by some authors!'? and
between 4.28 and 4.55 by others'®4. The latter values are expected to be better representative
of the actual value as Rimmer et al. 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 form:13.15-%7

pH = pK, + kf% —log (1]c;f>

where K is a constant and f is the degree of ionisation. This formula shows that in contrast
to low molecular weight acids, which have a well-defined acid dissociation constant, polyacids
exhibit a mean value that depends on the degree of ionisation. The apparent pKa value is usually
taken to be based on the solution pH at 50% neutralisation (f = 0.5).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, whereas both AA/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%
wi/w, 20°C and pH 5.5, unless otherwise stated. S denotes solubility and I denotes insolubility;
an estimated critical ammonium sulfate concentration for (in)solubility is also provided.

Each vinyl monomer proved to be water-miscible 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 of 1.24 g

cm™ and a viscosity of 2.77 mPas.?
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Table 2.3 Aqueous solubility data obtained for a range of hydrophilic homopolymers at 2%
wi/w, 20°C and pH 5.5, unless otherwise stated. S denotes solubility and I denotes 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 NaCl.'® The other highly salt-tolerant homopolymers listed in Table 2.3 are
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 mechanism.®2 On the other hand, the most salt-intolerant homopolymers are
PMEMA, PNAM and PNAEP which each become water-insoluble in the presence of less than

1.0 M ammonium sulfate.

2.3.4 Homopolymer Chain Extensions

Once suitable steric stabiliser and core-forming blocks have been selected, the data provided
in Table 2.3 can be used to infer an ammonium sulfate concentration that should cause in situ
self-assembly once a critical core-forming 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 core-forming 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 or PBZMA
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 PATAC242 precursor remains water-soluble up to 4.0
M ammonium sulfate at 20°C. In contrast, PDMACse homopolymer 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 water-miscible in the presence of 2.0 M
ammonium sulfate and only becomes water-immiscible at 3.0 M ammonium sulfate. In view
of these observations (summarised in Table 2.4), an ammonium sulfate concentration of 2.0 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 2.4 Aqueous solubility of ATAC monomer, PATAC242 homopolymer, DMAC monomer
and PDMACs00 homopolymer 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 a salt-tolerant
poly(2-(acryloyloxy)ethyl trimethylammonium chloride) (PATAC) precursor in the presence
of 2.0 M ammonium sulfate was conducted under the conditions summarised in Scheme 2.4a.
The final turbid latex dispersion was transformed into a transparent viscous polymer solution

after a four-fold dilution using deionised water, see Scheme 2.4b.
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Scheme 2.4 (a) Reaction scheme for the synthesis of PATAC242-PDMACy diblock copolymer
particles via RAFT aqueous dispersion polymerisation of DMAC at 46°C in the presence of
2.0 M ammonium sulfate. Conditions: a PATAC242/VVA-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 dispersion polymerisation of DMAC. A four-fold dilution of this
aqueous dispersion with deionised water reduces the salt concentration and hence causes
molecular dissolution of the particles, producing a viscous transparent aqueous solution
comprising fully-solvated diblock copolymer chains.

When targeting 10% w/w copolymer solids, consisting of 10 — 7% w/w DMAC with
correspondingly 0 — 3% PATAC242 (target PDMAC DP > 1,100), the transparent appearance
of the solutions indicates they are fully miscible in 2.0 M ammonium sulfate up to 44°C.
However, when targeting 11% w/w copolymer solids or higher, a turbid partial emulsion may
be formed in 2.0 M ammonium sulfate, particularly when the DMAC concentration is > 10%
w/w. The critical insolubility temperature (above which insolubility is observed) for different

proportions of PATAC242 and PDMAC in an 11% w/w solution are recorded in Table 2.5.

PATAC2 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 PATAC242 and DMAC monomer
mixtures in 2.0 M ammonium sulfate.
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Therefore, the DMAC solids content should not exceed 10% wi/w, at least for target DPs
greater than 1,100, for a true aqueous dispersion polymerisation using PATAC242 precursor.
However, more concentrated formulations should deliver an enhanced thickening effect, so 20
— 40% w/w DMAC was also explored. This means that the initial reaction mixture contains
some fraction of water-immiscible DMAC monomer. Thus such formulations arguably
correspond to a RAFT aqueous emulsion polymerisation, rather than a true RAFT agueous
dispersion polymerisation. However, if approximately 50% of the DMAC monomer remains
water-soluble, 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
PATAC:242 and PDMACs0 homopolymers are shown in Figure 2.6. In addition, a PATAC242-
PDMAC1000 diblock copolymer has been included: its PDMAC backbone (f* and g’) and
dimethyl (h’) proton signals are readily identifiable. The PATAC oxymethylene (c’),
azamethylene (d’) and trimethyl (e’) protons are also present, albeit at significantly lower

intensities.
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Figure 2.6 *H NMR spectra recorded in DO for ATAC, PATAC 242, DMAC, PDMACsu and
a PATAC242-PDMAC 1000 homopolymer.

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 it in favour of ammonia:

NHs"(aq) + H20 (aq) = NHz(aq) + HsO™ (1).

The 'H NMR spectra recorded for pure ammonium sulfate solutions and molecularly-
dissolved PATAC-PDMAC diblock copolymers containing just 0.2 M ammonium sulfate,
these are shown in Figure 2.7. For the pH 4.8 salt solution (brown spectra), the fast proton
exchange results in a broad NH4* peak between 6 — 8 ppm and also broadening of the solvent
peak between 4 — 5 ppm. However, when the pH of this solution is modified to be pH 8.2 via
addition of NaOH (aq), the NH4" peak disappears completely (green spectra). In this work, *H
NMR spectra of many diblock copolymer samples containing residual salt quantities from

dilution with D20 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 for NH4*, whereas the
blue spectrum shows a 1:1:1 triplet at 7.0 ppm (52 Hz, J-coupling). This ammonium signal has
been identified by other research groups who have developed techniques to selectively monitor
it.2122 Moreover, some samples slow down the H/D exchange rate on the NMR timescale, so

the solvent signal at 4 — 5 ppm is split into two signals for HDO and HO.

/ 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,

—

8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0
& / ppm
Figure 2.7 Partial *H NMR spectra recorded in D2O for ammonium sulfate (pH 4.8 and pH
8.2) and for two PATAC242-PDMACy formulations in 0.2 M ammonium sulfate. A broad peak

for the NH4" signal is present at around 7.0 ppm for each spectrum except one of the PATAC242-
PDMAC 1000 Spectra which instead has a 1:1:1 triplet with J-coupling = 52 Hz.

When targeting 20% wi/w solids for the PATAC242-PDMACy formulations, final DMAC
conversions typically ranged from 96% to more than 99% for the first six aqueous PISA
syntheses shown in Table 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 obtained via *H NMR
spectroscopy, b) My determined obtained by aqueous GPC MALLS detector (using Eluent 1,
dn/dc = 0.151), c) M, and Mw/M, data obtained by aqueous GPC refractive index detector
(using Eluent 1; vs. PEO calibration standards) and d) DLS particle size data.

The hydrodynamic z-average particle diameter (D;) 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 12,400 entry indicates an extremely broad size
distribution. DLS (and other particle sizing techniques which use the Stokes-Einstein equation)
can quantify the particle size, but the dynamic viscosity of the diluent must be known. Example

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

relevant values.
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(NH4)2S04 Dynamic o
concentration/ M | viscosity / Pas 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 agueous
ammonium sulfate solutions at 20°C.2 These data were used for DLS analysis.

Various aqueous GPC protocols were evaluated for this series of PATAC242-PDMACx
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 PDMAC-based diblock
copolymers.*? Similar observations were made for copolymers with PDMAC DPs below 3000.
The GPC curves are shown in Figure 2.8: M, values increase monotonically and reasonable
blocking efficiency (or chain extension efficiency) is observed. However, relatively high
dispersities are obtained (Mw/M, = 2.59-2.92), 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 achieve high DMAC

conversions.

Furthermore, the GPC M values are significantly lower than the corresponding calculated
M 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 PATAC-PDMAC diblock copolymer of

equivalent 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 PATAC24 precursor and a series of
PATAC24-PDMACx diblock copolymers prepared by chain extension via RAFT aqueous
dispersion polymerisation of DMAC at 46°C in the presence of 2.0 M ammonium sulfate. M,

values are calculated relative to a series of near-monodisperse PEO calibration standards.
Eluent 1 was used which consisted of 0.50 M CH3COOH and 0.30 M NaH2PQOj4 at pH 3.0.

Inspection of the SLS-derived My column in Table 2.6 indicates a monotonic increase in
the weight-average molecular weight (Mw) for the PATAC242-PDMAC1250-12400 Series. The SLS
plots associated with each sample obtained are shown in Figure 2.9. Each datapoint
corresponds to the light scattering signal at different pre-set angles which have been intensity
normalised. The datapoint at zero-angle (the intercept of the trendline), is equal to the
reciprocal of the Mw.2® Only a single concentration has been used to obtain these graphs for
each sample, a more accurate determination of My, can be obtained via a Zimm plot at multiple

concentrations. This analysis has been completed for the formulations described in Chapter 5.
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Figure 2.9 SLS plots using the Zimm formalism for light scattering data obtained for
PATAC242-PDMAC1250-12400 diblock copolymers (in the presence of approximately 0.01 M
ammonium sulfate). The weight-average molecular weight (Mw) of these micelles was
determined using a MALLS-GPC detector.
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Optical microscopy analysis of the PATAC242-PDMAC12400 formulation confirms the
presence of polydisperse spherical particles, see Figure 2.10. 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 owing to the excess (non-volatile) salt.

pidle

Figure 2.10 Optical microscopy images recorded for PATAC24-PDMAC12400 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 in Figure 2.11. The viscosity of the as-synthesised 20% w/w
aqueous 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
molecularly-dissolved diblock copolymers obtained after a four-fold dilution using deionised

water. This demonstrates the principle of dilution-triggered thickening.
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Figure 2.11 Viscosity vs. shear rate data obtained by rotational rheology studies of 20% w/w

aqueous dispersions of either PATAC242-PDMAC3000 or PATAC242-PDMACe200 particles in

2.0 M ammonium sulfate (open circles) compared to that for 5% w/w aqueous solutions of the

same two copolymers in the presence of 0.5 M ammonium sulfate (closed circles) formed after
a four-fold dilution using deionised water.

After establishing a set of data at 20% w/w solids, further development of the PATAC 242-
PDMACy formulation was undertaken. A monomer-starved 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, PATAC 24,-
PDMAC 10000 particles were targeted at 40% w/w solids. However, this protocol only resulted
in very large polydisperse particles, see Table 2.8. Moreover, partial macroscopic precipitation
was observed as well as the free-flowing colloidal dispersion. Interestingly, conducting the
same formulation with no stirring resulted in complete macroscopic precipitation. Although
dispersion polymerisations should not normally require 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 monomer-starved protocol.
Reported with (a) *H NMR spectroscopy to determine monomer conversion and a calculated
Mhn based on the conversion, (b) DLS determined values for particle z-average hydrodynamic
diameter (D;) and PDI. (c) An inhomogeneous product formed with at least some precipitate.

A homogeneous portion of the PATAC242-PDMAC 10000 formulation was diluted four-fold
with deionised water and a highly viscous free-standing gel was obtained, see Figure 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 latter problem should be alleviated

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

&1

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

Figure 2.12 Schematic cartoon and corresponding digital images to illustrate the sterically-
stabilised PATAC242-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 free-standing viscous transparent aqueous 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 water-soluble vinyl monomers and their corresponding
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 a salt-intolerant core-forming block.
Suitable salt-intolerant polymers include PNAM, PMEMA and PNAEP, which each become
water-immiscible in the presence of 0.50 to 1.0 M ammonium sulfate. In contrast, salt-tolerant
polymers such as PATAC, PMETAC, PMPC, PNaAc and PAMPS remain water-soluble up to
4.0 M ammonium sulfate. In principle, PHEAC, PAM and PDMAC could be employed either
as non-ionic steric stabilisers or core-forming blocks depending on the precise salt

concentration.

PATAC242-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
monomer-starved conditions, a PDMAC DP of 10,000 can be achieved at 40% w/w solids
(albeit with partial macroscopic 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 PATAC242-PDMAC 1250-12400 Series shows an increase in Mw from 294 —
2,091 kg mol. Thus, this strategy for the synthesis of high molecular weight polymers has led
to the formation of free-standing highly viscous polymer solutions via a low-viscosity synthetic

method.
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DLS studies indicate a monotonic increase in the hydrodynamic z-average 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 diblock copolymer

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

When using a monomer-starved 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 with water lowers the
ammonium sulfate concentration from 2.0 M to 0.50 M, which converts the free-flowing turbid
dispersion into a highly viscous, free-standing transparent gel. Such dilution-triggered

thickening may offer potential applications in the field of viscosity modification.
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3.1 Introduction

We report the synthesis of sterically-stabilised diblock copolymer particles at 20% w/w
solids via reversible addition-fragmentation chain transfer (RAFT) aqueous dispersion
polymerisation of N,N-dimethylacrylamide (DMAC) in highly salty media (2.0 M ammonium
sulfate). This is achieved by selecting a well-known zwitterionic water-soluble polymer,
poly(2-(methacryloyloxy)ethyl phosphorylcholine) (PMPC), to act as the salt-tolerant soluble
precursor block. A relatively high degree of polymerisation (DP) can be targeted for the salt-
insoluble PDMAC block, which leads to formation of a turbid free-flowing dispersion by a
steric stabilisation mechanism. *H 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 increase monotonically as higher degrees of polymerisation (DPs) are
targeted for the PDMAC block. Particle characterisation technigques include dynamic light
scattering (DLS) and electrophoretic light scattering (ELS) using a state-of-the-art instrument
that enables accurate zeta potential measurements in concentrated salt solution. *H NMR
spectroscopy studies confirm that subsequent dilution using deionised water lowers the
background salt concentration and hence causes in situ molecular dissolution of the salt-
intolerant PDMAC chains, which leads to a substantial thickening effect and the formation of
transparent gels. Thus this new polymerisation-induced self-assembly (PISA) formulation
enables high molecular weight water-soluble polymers to be prepared in a highly convenient,
low-viscosity latex-like form. In principle, such aqueous PISA formulations are highly
attractive: there are various commercial applications for high molecular weight water-soluble
polymers while the well-known 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 addition-fragmentation chain transfer (RAFT)
polymerisation enables the synthesis of a wide range of functional vinyl polymers with good
control over the molecular weight distribution.* 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 targeted.>~ This latter aspect is interesting for two
reasons. Firstly, in the case of water-soluble polymers (e.g. polyacrylamide), such high
molecular weights are useful for commercial applications such as flocculants, binders or
thickeners.21° 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 colour.!! Since the mean DP is inversely proportional to the concentration of this RAFT
agent,? targeting very high DPs minimises the problems associated with its use, which is likely

to make a decisive difference to the feasibility of industrial scale-up.*®

However, the synthesis of high molecular weight water-soluble polymers via RAFT aqueous
solution polymerisation leads to extremely viscous reaction mixtures. For example, gel
formation was reported by Destarac and co-workers when preparing polyacrylamide with a
mean DP of around 10,000.% Such 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 water-soluble polymer chains are ‘salted-out’, which leads
to the formation of low-viscosity, free-flowing particulate dispersions, rather than highly
viscous or gel-like aqueous solutions.* 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 sulfate. >

Polymerisation-induced self-assembly (PISA) involves the growth of an insoluble block

from a soluble precursor block in a suitable solvent. In the case of an aqueous PISA
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formulation, the growing second block becomes water-insoluble while the first block remains
water-soluble: the resulting amphiphilic diblock copolymer chains undergo micellar nucleation
and ultimately sterically-stabilised diblock copolymer nanoparticles are produced. Depending
on the aqueous solubility of the monomer used to generate the hydrophobic block, aqueous
PISA formulations involve either RAFT aqueous emulsion polymerisation®2° or RAFT
aqueous dispersion polymerisation.?:~2% 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 to in situ nanoparticle dissolution to yield molecularly-
dissolved diblock copolymer chains.?2° In principle, a similar approach could involve the
synthesis of a salt-intolerant water-soluble polymer in highly salty media to produce low-
viscosity particles. Subsequent dilution using pure water would then lower the salt
concentration in the aqueous continuous phase, which should lead to molecular dissolution of
the high molecular weight copolymer chains within the particle cores and hence a strong

thickening effect (see Scheme 3.1).

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

Scheme 3.1 Schematic 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 water-soluble monomer to form
the ‘salted out’ red chains. A four-fold dilution with deionised water lowers the salt
concentration of the initial aqueous dispersion and results in molecular dissolution of these
particles, with the concomitant formation of a highly viscous transparent aqueous solution.

According to well-established principles in colloid science, steric stabilisation is much more
likely to be effective than charge stabilisation for such aqueous PISA syntheses.**32 Clearly,
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 salt-tolerant water-soluble polymeric stabilisers are likely to be either certain

types of polyelectrolytes'®t:3334 or polybetaines.®>3

Herein we report the RAFT aqueous dispersion polymerisation of N,N-dimethylacrylamide
(DMAC) in highly salty media using poly(2-(methacryloyloxy)ethyl phosphorylcholine)
(PMPC) as a salt-tolerant steric stabiliser. According to the literature, PMPC remains soluble
even in the presence of 5.0 M NaCl.*® 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

N,N-Dimethylacrylamide (DMAC; > 99%), L-ascorbic acid (AsAc; 99%), 4,4’-azobis(4-
cyanopentanoic acid) (ACVA; > 98%), basic alumina, azobis(isobutyl)amidine
dihydrochloride (AIBA; > 97%), glacial acetic acid (> 99%), sodium phosphate monobasic (>
99%), sodium nitrate (> 99%), 2-acrylamido-2-methylpropanesulfonic acid, sodium salt
(AMPS; 50% wi/w in water), phosphate buffered saline (PBS) tablets and deuterium oxide
(D20; > 99.9% D) were purchased from Sigma Aldrich (Merck; UK). 2-
(Methacryloyloxy)ethyl phosphorylcholine (MPC) was kindly donated by Biocompatibles
(UK). 2-Ethylhexanoyl tert-butyl peroxide (T-21S; > 97%) was obtained from AkzoNobel
(Netherlands). Potassium persulfate (KPS, 99%) and 2,2'-Azobis(2-imidazolinylpropane)
dihydrochloride (VA-044, > 98%) was obtained from Fluorochem Ltd (UK). Sodium
hydroxide (> 98%) and ammonium sulfate (> 98%) were sourced from Thermo Fisher
Scientific (UK). PEO standards were sourced from Agilent/PSS (Church Stretton, UK). 2-

(Acryloyloxy)ethyl trimethylammonium chloride (ATAC; 80% w/w in water) was donated by

BASF (Germany). 4-Cyano-4-(2-phenylethanesulfanylthiocarbonyl)-sulfanylpentanoic acid
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(PETTC) was prepared and purified as reported elsewhere®, as was 2-(((butylthio)-
carbonothioyl)-thio)-2-methylpropanoic acid (BDMAT).>*%0 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 for *H NMR spectroscopy, UV absorption spectroscopy, DLS,

optical microscopy and rotational rheology are described in Chapter 2.
Aqueous Gel Permeation Chromatography (GPC)

The Agilent 1260 Infinity GPC set-up comprises a pump, a degasser, a guard column, three
PL-Aquagel Mixed-H, OH-30 and OH-40 columns connected in series and 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 experimental of Chapter 2. PMPCy and its
derivative polymers were analysed at 1.0 mL min™ using Eluent 2, which comprised 0.2 M
NaNOs and 0.05 M TRIZMA/ TRIZMA<HCI buffer at pH 7.0. Calibration of the RI detector
was achieved using nine near-monodisperse poly(ethylene oxide) standards (2.1 — 969 kDa)

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

An acidified aqueous dispersion (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 recorded after adding each

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

saturation level of dissolved CO..
Electrophoretic Light Scattering (ELS)

Electrophoretic mobilities were determined using Next Generation Electrophoretic Light
Scattering (NG-ELS) using an instrument provided by Enlighten Scientific LLC (Hillsborough,
NC, USA). The functional design and operation of this instrument are based upon the original
phase analysis light scattering (PALS) apparatus** that employed a crossed-beam optical
configuration in contrast to the more common reference beam configuration used in other ELS
instruments. The electrode assembly used for the NG-ELS equipment was a variation of that
described by Uzgiris.*? Disposable polystyrene semi-micro cuvettes (4 mm path length;
required volume = 0.25 mL) were used as the sample holders. Two identical parallel plate
platinised platinum* electrodes, placed 4 mm apart, were used to provide the driving voltage.
The sample temperature was determined using a miniature NTC-type thermistor placed in
direct contact with an = 0.1% w/w aqueous copolymer dispersion. This temperature sensor was
positioned at the mid-point 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 with the (cooler) water
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 impedance analysis of the 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 PALS and the laser 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 each electrode signal 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 monochromatic X-ray beam (A = 0.124 nm), a
2D Pilatus 2M pixel detector (Dectris, Switzerland) and a q range of 0.02—2.00 nm ™! for these
experiments. q = (4 sin 0)/A corresponds to the modulus of the scattering vector and 0 is half
of the scattering angle. SAXS data were reduced (integrated, normalised, and background-
subtracted) using Dawn software supplied by Diamond Light Source. The X-ray 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 modelling.**

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 degassed using
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%, as judged by *H NMR
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spectroscopy (calculated by comparing the integrated vinyl signals assigned to MPC monomer
at 5.6 — 6.2 ppm to the integrated polymethacrylic backbone signals at 0.6 — 2.4 ppm). The
reaction solution was precipitated into a ten-fold excess of acetone. The crude PMPC precursor
was redissolved in methanol and the precipitation was repeated. After dissolution using
deionised water, the resulting aqueous polymer solution was freeze-dried overnight. The degree
of polymerisation was 135 + 10, as judged by *H NMR spectroscopy (calculated by comparing
the integrated aromatic signals assigned to the RAFT end-group at 7.1 — 7.4 ppm to the
integrated polymethacrylic backbone signals at 0.6 — 2.4 ppm). RAFT end-group analysis using
UV spectroscopy indicated a mean degree of polymerisation of 139 + 1 (the Beer—Lambert
plot for PETTC is provided previously in Figure 2.1). Aqueous GPC analysis indicated an My

of 17 kg mol~! and an Mw/M of 1.18 (see Section 3.2.2 for 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 solution. The required molarity, refractive
index and dynamic viscosity for an aqueous solution of 2.0 M ammonium 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 for a 2.0 M
aqueous solution of ammonium sulfate were used in this study: molality = 2.32 mol kg;
refractive index = 1.370 and dynamic viscosity = 1.367 x 102 kg 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 lower relative permittivity
compared to that of water.*® However, this systematic error is not considered to be important
relative to the likely error incurred when calculating the zeta potential for electrosterically-
stabilised nanoparticles*” (see results and discussion for further details).
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(NH4)2S04 Dynamic o
concentration/ M | viscosity / Pas 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 agueous
ammonium sulfate solutions at 20°C.*® These 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
aqueous 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 PMPC139-PDMACs000 spheres at 20% w/w solids was
conducted as follows. The PMPCi3g precursor (140 mg, 4.0 umol), DMAC (1.972 g, 19.9
mmol), KPS (1.0 pmol; 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 round-bottom 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 at 30°C and AsAc (1.0 umol; 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 than 99%, as judged by ‘H
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 at 1.1 — 2.7 ppm).

117



Chapter 3: Synthesis of High Molecular Weight Water-Soluble Polymers as Low-Viscosity
Latex Particles by RAFT Aqueous Dispersion Polymerisation

Agqueous GPC analysis indicated an My of 262 kg mol™!' and an Mw/M, of 1.97 (see Section

3.2.2 for eluent and calibration details).

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

and Dispersion Polymerisations

See experimental in Chapter 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% w/w) (61.92 g, 149 mmol), T-21S (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 round-bottom flask charged with a magnetic stirrer and this reaction solution was
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 conversion was 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 1.2 — 2.3
ppm). The reaction solution was purified by dialysis over three days with regular water
changes. The resulting aqueous polymer solution was freeze-dried overnight. The degree of
polymerisation was 250, as judged by *H NMR spectroscopy (calculated by comparing the
integrated methyl signals assigned to the RAFT end-group at 0.8 — 0.9 ppm to the integrated
polyacrylic backbone signals at 1.2 — 2.3 ppm). Aqueous GPC analysis indicated an M, of 28

kg mol ™! and an Mw/M of 1.35 (see Section 3.2.2 for eluent and calibration details).

Subsequently, the PAMPS2s0 precursor (220 mg, 3.8 umol), DMAC (379 mg, 3.82 mmol),
VA-044 (1.3 pmol, 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 round-bottom 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 by exposing the
reaction mixture to air while cooling to 20°C. The final DMAC conversion was more than 99%,
as judged by *H 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 at 1.1 — 2.7 ppm). Aqueous GPC analysis indicated an Mn of 74 kg mol™! and an Mw/Mn

of 1.54 (see Section 3.2.2 for eluent and calibration details).

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

Aqueous dispersions of PMPCi3-PDMAC1000, PATAC195-PDMAC1000 and PAMPS2s0-
PDMAC1000 particles in 2.0 M ammonium 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 prior to use.

3.3 Results and Discussion

The RAFT solution polymerisation of MPC was conducted in methanol at 64°C using a
trithiocarbonate-based RAFT agent (PETTC). The mean degree of polymerisation (DP) of the
PMPC homopolymer was determined via end-group analysis using UV spectroscopy to be 139
+ 1 based on the Beer Lambert calibration curve shown in Figure 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 calibration standards used for

GPC analysis meant that only relative M, 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

sulfate at 30°C using the PMPC13g precursor as a salt-tolerant steric stabiliser block, as outlined

in Scheme 3.2.
sS__S
HOOC\/X% \”/ \/\© j\ 139 X
NC S -
0“0 o T/ 0“0 O T
H DMAC
>  \ o, 0
—\N@—\_o\\p<o 20M (NHy),80, Mo\ P
/ O/ 06 0 @
pH 3,30 °C
PMPC 36 PMPC,;5-PDMAC,

Scheme 3.2 Reaction scheme for the synthesis of PMPC13-PDMACK (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
PMPC139/KPS 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 NaCl.*> PDMAC was chosen as the core-forming
block because it is a non-ionic water-soluble polymer that becomes water-insoluble in the
presence of sufficient salt.*® Moreover, the resulting PMPC-PDMAC diblock copolymer chains
were anticipated to be amenable to aqueous GPC analysis.*® Inspecting 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 shown in Table 3.3 were
conducted at 30°C using a well-known low-temperature persulfate/ascorbic acid (KPS/AsAc)

redox initiator while targeting 20% w/w solids at pH 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, PMPC139 homopolymer, DMAC monomer
and PDMACs00 homopolymer 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 PMPC139 precursor 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 end-group analysis using *H NMR spectroscopy. Reasonably good
agreement (within experimental error) with the target PDMAC DPs was obtained by comparing
the integrated methine proton signal on the PDMAC backbone at 2.2 — 2.7 ppm and the
PMPCq39 azamethylene signal at 3.6 ppm. Comparing these NMR-derived M, 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 PDMAC-rich diblock copolymers. Macroscopic precipitation was observed for the
attempted synthesis conducted at 30% w/w solids. Essentially full DMAC conversion (> 98%)
was obtained for each of these syntheses as judged by *H NMR spectroscopy studies. Targeting
PDMAC DPs < 1,000 produced translucent gels, but lowering the solids concentration led to
free-flowing dispersions. These gels are most likely caused by these relatively short PDMAC

chains not being fully desolvated in the 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 spheres.33°051 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 pg b bl DS . Physical
/w/w% | DP(x) /% DP? M,?/ kg mol / kg mol* M. /M, /nm PDI 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 PMPCi39 precursor at 20-30% w/w solids. ?
Determined by *H NMR spectroscopy (comparison between the integrated vinyl signals
assigned to DMAC monomer at 5.6 — 6.7 ppm, the integrated PDMAC methine proton signal
at 2.2 — 2.7 ppm and the PMPCi3s azamethylene signal at 3.6 ppm). ® Determined by aqueous
GPC using a series of near-monodisperse poly(ethylene oxide) calibration standards. ¢ D,
denotes z-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 PMPC13-PDMACx diblock copolymers shown
in Table 3.3 are summarised in Figure 3.1. Unimodal molecular weight distributions are
obtained in each case, with a systematic shift to higher M, observed 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 relatively high DPs for the core-forming block in
other PISA formulations.>*% Because M, 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 theoretical Mn for PMPC135-PDMACs000 is 636 kg mol™,

whereas the experimental GPC value is 338 kg mol™.
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)
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Figure 3.1 Aqueous GPC curves recorded for the PMPC13g precursor and a series of PMPC13o-
PDMACx diblock copolymers prepared by chain extension via RAFT aqueous dispersion
polymerisation of DMAC at 30°C in the presence of 2.0 M ammonium sulfate. M, values are

calculated relative to a series of near-monodisperse PEO calibration standards. Eluent 2 was
used which consisted of 0.2 M NaNO3z and 0.05 M TRIZMA/ TRIZMA<HCI buffer at pH 7.0.

Small-angle X-ray scattering (SAXS) was used to characterise selected PMPC139-PDMACx
particles (where x = 1,000 or 3,000), see Figure 3.2. A well-established spherical micelle
model®®>8 was used to provide a satisfactory data fit to an I(q) vs. q plot. This approach
indicated a volume-average diameter (Dv) of 67 £ 8 nm for the PMPC139-PDMAC 1000 and 213
+ 38 nm for PMPC13o-PDMAC3000. As expected, these diameters are somewhat lower than the

corresponding z-average diameters reported by DLS (see Table 3.3).°
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1.E+00 PMPC,35-PDMAC, 40,
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1.E-05 + r r r —T r T — —
0.002 0.02 0.2
q/A?

Figure 3.2 SAXS patterns recorded for 1.0% w/w aqueous dispersions of PMPC139-PDMACx
particles (where x = 1,000 or 3,000) at 25°C. The black solid lines denote the data fit obtained
using a well-known spherical micelle model.>®-8 D, denotes the volume-average 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 PMPC139-PDMACs000 particles at 20% w/w solids (see Figure 3.3a). 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 semi-logarithmic plot
indicated first-order kinetics with respect to monomer. Each aliquot taken from the reaction
mixture was also subjected to analysis by aqueous GPC (see Figure 3.3b). 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 PMPC 139
precursor and hence well-defined 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 semi-logarithmic 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)
Aqgueous GPC curves obtained by periodic sampling of the reaction mixture to monitor the
evolution in the molecular weight distribution.
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In principle, transmission electron microscopy (TEM) can be used to assign the morphology
of diblock copolymer particles prepared via PISA. In practice, the particles prepared herein are
unstable with respect to dilution with deionised water (see below). On the other hand, dilution
using an aqueous solution of 2.0 M ammonium sulfate is also problematic because this leads
to extensive salt crystal formation during TEM grid preparation. In view of these technical
problems, we examined the PMPC13s-PDMACso00 particles by optical microscopy, see Figure
3.4. This technique indicates the presence of a population of micron-sized particles but it is

insensitive to the submicron-sized particle populations indicated by DLS and SAXS studies.

Figure 3.4 Optical microscopy image recorded for PMPC13-PDMACso00 particles prepared at
20% w/w solids by RAFT aqueous dispersion polymerisation of DMAC at 30°C in the presence
of 2.0 M ammonium sulfate.

'H NMR spectroscopy was employed to investigate the extent of solvation of the core-
forming PDMAC block before and after particle dissolution on dilution of a 20% w/w aqueous
dispersion with deionised water. Accordingly, PMPC139-PDMACs000 particles were prepared
in D20 in the presence of 2.0 M ammonium sulfate using the same reaction conditions as

outlined in Scheme 3.2. *H NMR spectra were recorded for the initial aqueous dispersion and
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the resulting aqueous solutions after up to a four-fold dilution using D2O (see Figure 3.5). The
lower five spectra were normalised to the signal assigned to the two azamethylene protons (—
CH2N(CHz3)3) adjacent to the quaternary amine within the PMPC block, which remains fully
solvated at all salt concentrations. The uppermost spectrum was recorded for a PDMACso
homopolymer in D,0O; the signals marked a and b correspond to the PDMAC backbone and c

corresponds to the two equivalent pendent methyl groups.

Clearly, signal a is almost completely attenuated in the presence of 2.0 M ammonium
sulfate. However, this signal becomes much more prominent as the ammonium sulfate
concentration is lowered, indicating a much higher degree of hydration for the PDMAC block
on dilution. Similar observations were made for signals b and c¢. However, the former signal
overlaps with other signals, while the latter is only partially suppressed in the presence of 2.0
M ammonium sulfate. The spectra recorded using 0.5 M ammonium sulfate and the pure
PDMAC homopolymer were almost identical, which suggests that this polymer is essentially
fully solvated at this salt concentration. This indicates that lowering the ammonium sulfate
concentration from 2.0 M to 0.5 M via four-fold dilution of the as-synthesised 20% wi/w
PMPC139-PDMACso00 particles using deionised water should be sufficient to cause complete

particle dissolution.*¢-6°
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Figure 3.5 'H NMR spectra recorded for a PDMACsgo (red spectrum) and a PMPCaso (blue
spectrum) homopolymer in the absence of salt, as well as a PMPC139-PDMACs000 diblock
copolymer prepared at 20% w/w in D20 in the presence of 2.0 M (NH4)2SOs, see lowest black
spectrum. As the 20% w/w PMPC139-PDMACso00 dispersion is diluted with further D20, both
the background salt concentration and the copolymer concentration are systematically reduced
(see four other black spectra). Just a two-fold dilution of the turbid dispersion is sufficient to
cause molecular dissolution of the particles as the PDMAC block becomes solvated in 1.0 M
(NH4)2S04. A further two-fold dilution of this transparent solution with D.O results in
PMPC139-PDMACs000 chains dissolved in 0.5 M ammonium sulfate for which the PDMAC
signals are now indistinguishable from those of PDMACsq homopolymer in water (compare
the uppermost black spectrum with the red spectrum).

Rotational rheology experiments were conducted on samples using shear sweeps from 0.05
s1t0 500 st at 20°C. The evaluation of the viscosities of a range of 10% w/w aqueous solutions
comprising molecularly-dissolved PMPC13-PDMACy chains in the presence of 1.0 M
ammonium sulfate formed by a two-fold dilution of the as-synthesised dispersions using
deionised water is shown in Figure 3.6a. A monotonic increase in solution viscosity is
observed at all shear rates when increasing the PDMAC DP for the molecularly-dissolved
chains. The viscosity of the aqueous solution remains relatively constant for shear rates ranging

from 0.05 to 5.0 s, with shear-thinning behavior being observed at higher shear rates. Figure
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3.6b compares the viscosities of as-synthesised 20% w/w aqueous dispersions of PMPCi3o-
PDMACy particles (where x = 3,000 or 5,000) in 2.0 M ammonium sulfate with the
corresponding two 10% w/w aqueous copolymer solutions in 1.0 M ammonium sulfate.
Clearly, the viscosity of each dispersion is significantly lower than that of the more dilute
solution at all shear rates. Moreover, the two dispersions are much more strongly shear-thinning
at higher shear, leading to an order of magnitude reduction in viscosity by 5 s. Similar
behavior has been reported in the literature when comparing colloidal particles with the

corresponding solvated copolymer chains.®%2
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Figure 3.6 (a) Viscosity vs. shear rate data obtained by rotational rheology studies of 10% w/w
aqueous solutions of molecularly-dissolved PMPC13-PDMACy chains in the presence of 1.0
M (NH4)2SOa. (b) Viscosity vs. shear rate data obtained by rotational rheology studies of 20%
wi/w aqueous dispersions of either PMPC139-PDMACz000 0r PMPC139-PDMACs000 particles in
2.0 M (NHa4)2S04 compared to that for 10% w/w aqueous solutions of the same two copolymers
in the presence of 1.0 M (NH4)2SOa.
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Two alternative steric stabilisers were also evaluated for the RAFT aqueous dispersion
polymerisation of DMAC conducted in the presence of 2.0 M ammonium sulfate. To
complement the zwitterionic nature of the salt-tolerant PMPC39 steric stabiliser, we evaluated
a cationic polyelectrolyte (PATAC19s) and an anionic polyelectrolyte (PAMPS2s0), see
chemical structures shown in Scheme 3.3. Both these polyelectrolytes have been reported to
exhibit salt-tolerant behavior.3#%-% A PDMAC DP of 1,000 was targeted and 'H NMR
spectroscopy studies of the final reaction mixtures confirmed that more than 99% DMAC

conversion was obtained in each case.

A A

0” o %

5 Os0
c® /'T'\ ND T8
PATAC o5 PAMPS 5z,

Scheme 3.3 Chemical structures of the cationic PATAC195 and anionic PAMPS:s5o precursors
used to stabilise PDMAC-rich diblock copolymer particles prepared via RAFT aqueous
dispersion polymerisation of DMAC in 2.0 M (NH4)2SOa.

It is common practice to estimate the zeta potential of colloidal particles in aqueous solution
as a function of pH. However, the correct interpretation of the experimental data for sterically-
stabilised particles dispersed in highly salty aqueous media can be problematic for two reasons.
First, the relatively high ionic strength reduces the hydrogen ion activity, which affects the
accuracy of the glass Ag/AgCl reference electrode typically used to measure the pH. Moreover,
additional errors may be incurred owing to a change in the junction potential of such electrodes
when in contact with such salty media. Second, the steric stabiliser chains at the particle-liquid
interface provide a permeable medium through which the solution phase can flow. If electrical

charge arises from the ionic groups within such steric stabiliser chains, the electrokinetic
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models commonly used to calculate zeta potential from electrophoretic mobility become
invalid.®® To overcome these technical problems, we used a state-of-the-art instrument to
determine apparent zeta potentials for the three types of PDMAC-rich particles prepared in

high salt using the PMPC139, PATAC195 or PAMPS250 precursor in turn.

In the present study, the electrophoretic mobility of the particles was measured as a function
of the addition of known amounts of KOH. The apparent pH was determined using a glass
Ag/AgCI reference electrode without any compensation to offset the effect of the high ionic
strength on the electrode response (although a temperature sensor within the electrode
assembly did enable temperature compensation). Accordingly, zeta potentials calculated using
the Smoluchowski model®” are denoted as ‘apparent zeta potentials’. The hydrodynamic z-
average diameter of the particles was also determined in the presence of 2.0 M ammonium

sulfate as a function of pH during these measurements.

The apparent zeta potentials determined by electrophoretic light scattering (ELS) for each
of these three dispersions as a function of added KOH is shown in Figure 3.7. As expected,
the electrophoretic footprint for each type of particle is dictated by the chemical nature of the
steric stabiliser chains. Thus the cationic PATAC195-PDMAC1000 particles exhibit positive
apparent zeta potentials of +15.8 £ 1.1 mV, whereas the anionic PAMPS250-PDMAC1000
particles exhibit negative apparent zeta potentials of —25.9 £ 1.5 mV. Finally, the zwitterionic
PMPC250-PDMAC1000 particles exhibit apparent zeta potentials close to zero (+1.1 + 1.2 mV).
Similar observations have been reported for other PMPC-stabilised nano-objects at low

salt.68:69
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Figure 3.7 Apparent zeta potentials observed on addition of varying volumes of aqueous 0.2
M KOH solution in the presence of 2.0 M ammonium sulfate for 0.1% w/w aqueous dispersions
of PATACi95-PDMAC1000 (red triangles), PMPCi3-PDMAC1000 (green squares) or
PAMPS250-PDMAC1000 (blue circles) particles.

If these particles were hard spheres, the conventional interpretation for such electrophoretic
observations is that the PAMPSz50-PDMAC1000 particles possess a sufficiently high anionic
zeta potential to prevent aggregation, the PATAC195-PDMAC1000 particles possess a moderate
cationic zeta potential that is likely to retard but not prevent aggregation, while the PMPC2so-
PDMAC1000 particles are essentially uncharged and hence likely to be colloidally unstable.
However, this is a naive and incorrect interpretation, not least because the salt-tolerant

PAMPS,s50, PATAC 105, and PMPCi39 chains confer additional steric stabilisation.”

3.3.1 Further Details Regarding Zeta Potential Measurements at High Salt

Concentrations

The hydrogen ion activity can be determined by potentiometric acid-base titration using a
suitable electrode and standardised aqueous solutions of HCI and KOH in the presence of the
relevant electrolyte. Since the hydrogen ion concentration can be determined volumetrically,

its apparent value indicated by the reference electrode can be corrected. However, this approach
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fails if there is any buffering action due to the presence of electrolyte, which is unfortunately
the case for the dispersions investigated herein. In principle, the electrophoretic mobility can
be determined at constant pH over a wide range of electrolyte concentration in order to select
an appropriate electrokinetic model.®® However, for the particles described herein this is not
possible, because a relatively high ionic strength (e.g. 2.0 M ammonium sulfate) is required to
ensure that the core-forming PDMAC chains remain sufficiently dehydrated to maintain
particle stability. In this context, it is noteworthy that the hydrodynamic diameters determined
by DLS (using method 2, see Experimental) for each dispersion after addition of various

volumes of aqueous 0.2 M KOH solution remains relatively constant (see Figure 3.8).
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Figure 3.8 DLS z-average hydrodynamic diameter (D) determined for three types of PDMAC-
core latex particles using method 2 (see Experimental) after dilution to 0.1% w/w using 2.0 M
ammonium sulfate and adjustment of the solution pH to an apparent value of pH 3. This was
followed by addition of varying volumes of aqueous 0.2 M KOH. Red triangles, green squares
and blue circles denote PATAC195-PDMAC1000, PMPC139-PDMAC1000 and PAMPSzs0-
PDMAC 1000, respectively.

In order to enable conversion between apparent pH and calculated pH, potentiometric
titration curves were obtained for dilute 0.1% w/w aqueous dispersions comprising PMPC139-

PDMAC 1000, PATAC195-PDMAC 1000 and PAMPS250-PDMAC1000 particles (see Figure 3.9).
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Figure 3.9 Apparent pH recorded for various aqueous dispersions of PDMAC-core latex
particles in 2.0 M ammonium sulfate on addition of varying volumes of aqueous 0.2 M KOH.
Application of a numerical curve-fitting protocol to these data yielded an approximate
equivalence point at an added volume of 0.20 M KOH solution of 2.48 mL. Thus the initial
HCI concentration for each dispersion is estimated to be 0.0198 M, which corresponds to a pH
of 1.70 under ideal conditions (i.e., a hydrogen activity coefficient of unity). Red triangles,
green squares and blue circles denote PATAC195-PDMAC1000, PMPC139-PDMAC1000 and
PAMPS250-PDMAC 1000, respectively.

A calculated pH value of 1.70 can be compared with the apparent pH of approximately 2.96
determined in the presence of 2.0 M ammonium sulfate. This discrepancy serves to illustrate
the influence of such high ionic strength on pH measurements using glass Ag/AgCl reference
electrodes. Moreover, the relatively high ionic strength must also be considered when
interpreting the electrophoretic mobility (and corresponding apparent zeta potential). Using
classical electrical double layer theory, the relationship between electrical charge and electrical

potential at the slipping plane is given by:%®
Q. = 4Angpea(l + ka) (3.1)

where @, is the electrical charge at the slipping plane (the electrokinetic charge), ¢ is the
electrokinetic (zeta) potential which, by definition, is the electrical potential at the slipping

plane, &, is the absolute permittivity in vacuo, &, is the relative permittivity (or dielectric
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constant) of the fluid, a is the particle radius (which is the distance between the particle’s true

surface and the slipping plane), and k is the Debye-Huickel parameter, as given by:

1/2

2000F2%1
K= (— (3.2)
E0&rRT

here F is the Faraday constant, R is the ideal gas constant, T is the absolute temperature,

and I is the ionic strength (mol dm=), as given by:

I=-
2

2
2iCi Zj (3.3)
where c; and z; are the molar concentrations in bulk solution and the valency of ions of type

i, respectively.

For a particle whose electrokinetic charge remains constant irrespective of the ionic
composition of the bulk phase, Equation 3.1 indicates that there must be a reduction in zeta
potential with increasing ionic strength. The apparent zeta potentials obtained for this study are
comparable to those determined for many types of particles dispersed in low ionic strength
media (e.g. 0.001 M KCI). Given the hydrodynamic diameters reported above, Equations 3.2
and 3.3 indicate a xa value of approximately 6.5 to 8.5 in 0.001 M KCI. However, the ionic
strength of the aqueous solution of 2.0 M ammonium sulfate used herein is approximately 6.1
M, hence the corresponding xa ranges from 510 to 663. Equation 3.1 predicts that the zeta
potential at this relatively high ionic strength should be reduced to approximately 0.015 of its
value at low ionic strength. This is not observed experimentally, which indicates that these
particles cannot be described in terms of conventional electrokinetics. This classical theory
assumes non-conducting hard spheres with smooth, impenetrable surfaces and a uniform
charge distribution located entirely at the surface; it neither accounts for the finite size and

hydration of ions at or near the particle surface nor for particles that are permeable towards the
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dispersion medium. Clearly, such assumptions are not valid for the particles studied herein.
More specifically, the particles are best described as soft spheres and all the charged groups
are located within the steric stabiliser layer, which is highly permeable to the surrounding
liquid. The Hermans-Fujita model’*"2 considers the flow of liquid through a porous sphere. In
the case of a polymer chain, liquid flow is determined by the forces arising from the interaction
between the liquid and the monomer repeat units (or segments) when the polymer chain moves
in response to an externally applied electric field (as is the case for a polyelectrolyte in solution
during an electrophoresis experiment). This model predicts that the electrophoretic mobility
for a non-free draining porous particle containing spatially fixed charges tends to a constant
finite value with increasing ionic strength, whereas Equation 3.1 predicts that the
electrophoretic mobility tends to zero for hard spheres. Indeed, this has been recently
demonstrated experimentally for a globular protein (bovine serum albumin) in aqueous KCI
solution using the NG-ELS technique.®® Ohshima has considered the electrophoretic behavior
of charged soft particles (i.e., hard spheres coated with a weakly charged porous polymer layer)
on a theoretical basis.”® This theory incorporates some of the concepts within the Hermans-
Fujita model and similarly predicts a non-zero electrophoretic mobility at high ionic strength.

The experimental data reported herein support this prediction.

The cationic PATAC195-PDMAC 1000 and zwitterionic PMPC13-PDMAC1000 particles both
exhibit a modest reduction in apparent zeta potential on addition of KOH that is not observed
for the anionic PAMPS250-PDMAC 1000 particles (see Figure 3.7). There is insufficient
information available regarding the configurational properties of the steric stabiliser chains,
including their permeability, to provide a satisfactory explanation for the observed reduction
in the apparent zeta potential. As indicated above, liquid flow through a permeable network of
charged polymer chains depends on the balance of various forces. Since the liquid contains

dissolved ions, it is feasible that both the random translational diffusion of the particles and
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their electrophoretic mobility depend on the salt concentration. In the present study, ammonium
sulfate was preferred over potassium sulfate or sodium sulfate because the former salt possesses
significantly higher aqueous solubility. However, the ammonium cation complicates the
solution chemistry owing to its buffering action, which involves an equilibrium between
ammonium ions and neutral ammonia. Indeed, a distinct ammonia odor was noted at the end

of each titration whereas the initial acidic dispersions were odourless.

3.4 Conclusions

We report the synthesis of a range of sterically-stabilised diblock copolymer particles via
RAFT aqueous dispersion polymerisation of DMAC in highly salty media. This is achieved by
selecting a suitable salt-tolerant water-soluble polymer to act as an effective steric stabiliser.
Such stabilisers can possess zwitterionic (e.g. PMPC), cationic (e.g. PATAC) or anionic (e.g.
PAMPS) character, which leads to the corresponding diblock copolymer particles exhibiting
essentially zero, negative or positive apparent zeta potentials respectively. It is non-trivial to
make such aqueous electrophoresis measurements in highly salty media. Indeed, such
experiments can only be reliably performed by utilising state-of-the-art instrumentation.
Relatively high DPs can be targeted for the salt-insoluble block to ensure that this component
dominates the formulation. This approach enables high molecular weight water-soluble
polymers to be prepared in a highly convenient low-viscosity form. Subsequent dilution using
deionised water lowers the background salt concentration and causes in situ molecular
dissolution of the particles, which leads to a substantial thickening effect and the formation of
highly viscous transparent aqueous solutions. In principle, such aqueous PISA formulations
are highly attractive: there are various potential commercial applications for high molecular
weight water-soluble polymers while the well-known negative aspects of using RAFT agents

(i.e. its cost, colour and malodour) are minimised. For example, the organosulfur content of the
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dry PMPC139-PDMACse000 diblock copolymer targeted herein is only = 0.015%, which

corresponds to just = 31 ppm for a 20% w/w aqueous copolymer dispersion.
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4.1 Introduction

RAFT polymerisation is known to be amenable to a wide range of vinyl monomers. So far
in this Thesis, N,N-dimethylacrylamide (DMAC) has been evaluated for its use as a suitable
core-forming block for PISA formulations in highly salty aqueous media. However, if
acrylamide (AM) could be used for the core block this would be significantly more cost-
effective. As of December 2023, the cost of DMAC per 100 g on the Sigma Aldrich website is
£12.14, whereas AM per 100g costs only £3.20 from the same vendor.! Furthermore, using an
industrially relevant steric stabiliser such as poly(sodium acrylate) would further reduce the
cost compared to the use of a speciality salt-tolerant polyelectrolyte stabiliser such as PMPC.
Scheme 4.1 summarises the industrial chemistry developed in the late 19" and early 20"
century for the synthesis of several relevant vinyl monomers (ACN, AM, AA, and NaAc). The
advent of free radical chain polymerisation led to the production of many other acrylate and

acrylamide monomers.2™*

steam cracking partial @
and fractionation oxidation |on|sat|on N
\I NS > Na
NaOH (aq) ©
OH (0 ) o)

(1) Propane (2) Propene (5) Acrylic acid (AA) (6) Sodium acrylate (NaAc)

SOHIO-catalytic\ O, / NH3 .
ammoxidation H30 hydrolysis

acid-catalysed
\ hydration j\
—>
H,SO .
CN 25804 (aq.) 07 NH,

(3) Acrylonitrile (ACN) (4) Acrylamide (AM)

Scheme 4.1 Summary of the industrial manufacture of various commodity vinyl monomers
starting from propane, which is derived from the petroleum industry.

144



Chapter 4: Synthesis of Industrially Relevant High Molecular Weight Water-Soluble
Polyacrylamide-Based Polymers as Low-Viscosity Latex Particles

Acrylonitrile, acrylamide and acrylic acid are manufactured on a scale of millions of tonnes
per annum.>>® This Chapter reports the use of diblock copolymer particles comprising
poly(sodium acrylate) as the steric stabiliser and polyacrylamide-based core-forming blocks.
The statistical copolymerisation of DMAC into the core-forming block is also evaluated for its

effect on such aqueous dispersion polymerisation formulations.

As discussed in Chapter 2, Rimmer and co-workers’ used potentiometric titration to
determine a pKa of 4.52 - 4.55 for PAA with molecular weights ranging between 6,800 and
73,300 (see Figure 4.1). Thus a relatively high pH is required to produce poly(sodium acrylate)
as the electrosteric stabiliser. However, strongly alkaline conditions should be avoided to
prevent hydrolysis of the organosulfur RAFT end-groups during the polymerisation.8° Thus
pH 6 was selected as an appropriate condition for the chain extension of PNaAc in this chapter,

which was achieved by the addition of the weak base sodium bicarbonate.

12} > P
, g@@w@w
10. -
L 8 » 6.8 kDa* ]
- 4 56.2 kDa*
ol * 11.5kDa ]
- A 16.9 kDa
[ 48 > 73.3 kDa
af -

110-%  1510% 210°% 25103 3103
[NaOH] (mol/L)

Figure 4.1 Potentiometric titration curve obtained for a series of poly(acrylic acid)
homopolymers with molecular weights ranging between 6,800 and 73,300 g mol.’
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4.2 Experimental

4.2.1 Materials

Acrylic acid (AA; 99%; purified with acidic alumina), acidic alumina, basic alumina,
acrylamide (AM; 50% w/w aqueous solution), acrylonitrile (ACN; > 99%), N,N-
dimethylacrylamide (DMAC; > 99%), sodium bicarbonate (> 99%) and deuterium oxide (D20;
> 99.9% D) were purchased from Sigma Aldrich (Merck; UK). 2,2’-Azobis(2-
imidazolinylpropane) dihydrochloride (VA-044, > 98%) was obtained from Fluorochem Ltd
(UK). Sodium hydroxide (> 98%) and ammonium sulfate (> 98%) were sourced from Thermo
Fisher Scientific (UK). PEO standards were sourced from Agilent/PSS (Church Stretton, UK).
Basodrill was supplied by BASF (Germany) and Ultrahib was supplied by SLB (Germany) and
potassium chloride (> 99%) by Merck (Germany), with in-house testing conducted by BASF.
2-(((Butylthio)-carbonothioyl)-thio)-2-methylpropanoic acid (BDMAT) was prepared and
purified as reported in Chapter 2.1112 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.

4.2.2 Characterisation Techniques

Experimental protocols for *H NMR spectroscopy, UV absorption spectroscopy, DLS,

optical microscopy and rotational rheology are described in Chapter 2.
Aqueous Gel Permeation Chromatography (GPC)

Experimental details are reported in Chapter 3. PNaAczsg and its derivatives were analysed
at 1.0 mL mint using Eluent 3, which comprised 0.1 M NaNOs, 0.02 M TEA and 0.05 M

NaHCOs at pH 8.0.
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Oilfield Testing (BASF)

An in-house test protocol was conducted at BASF to assess the shale encapsulation potential
of selected copolymers for use as drilling fluid additives. A 0.55% w/w copolymer solution
was mixed with 1.0% wi/w surfactant (Basodrill), 1.0% shale hydration inhibitor (Ultrahib),
and 5.0% w/w potassium chloride. A rheometer was used to measure the shear stress of each
copolymer as a function of the shear rate. The percentage shale recovery was determined and

compared to that of a positive control (Alcomer-115) provided by BASF.

4.2.3 Synthesis of PAA Precursor via RAFT Aqueous Solution Polymerisation of AA at
44°C

AA (344 g, 476 mmol), S-butyl-S’-(a,0'-dimethyl-a"-acetic acid)trithiocarbonate
(BDMAT; 0.404 g, 1.59 mmol), 2,2'-azobis(2-imidazolinylpropane) dihydrochloride (VA-044,
51.3 mg, 159 pumol) and deionised water (52.17 g) were weighed into a 250 mL round-bottom
flask equipped with a magnetic flea and the resulting aqueous solution (pH 1.6) was degassed
using a stream of nitrogen gas for 30 min at 20°C. The sealed flask was placed in an oil bath
set at 44°C and the ensuing polymerisation was allowed to proceed for 90 min, which led 95%
AA conversion as judged by H NMR spectroscopy. The aqueous polymer solution was
purified by dialysis against deionised water adjusted to pH 2 for three days to remove unreacted
monomer and then freeze-dried overnight. The mean degree of polymerisation was determined
to be 258 + 1, as judged by end-group analysis using UV spectroscopy at an absorption
maximum of 310 nm for the trithiocarbonate end-group. Aqueous GPC analysis indicated an
M, of 19.2 kg mol™? and an Mw/M;, of 1.36 (expressed relative to a series of PEG calibration

standards).

147



Chapter 4: Synthesis of Industrially Relevant High Molecular Weight Water-Soluble
Polyacrylamide-Based Polymers as Low-Viscosity Latex Particles

4.2.4 Synthesis of PNaAcass-PAMy Diblock Copolymer Particles via RAFT Aqueous

Dispersion Polymerisation of Acrylamide (AM) in 3.0 M Ammonium Sulfate at 44°C

A typical protocol for the synthesis of PNaAc2ss-PAMaooo particles and 12% w/w solids was
conducted as follows. The PAA2sg precursor (25 mg, 1.33 pmol), NaHCOz (35 mg, 0.43
mmol), AM (50% wi/w in water) (2.264 g, 15.9 mmol) and an aqueous solution of 3.5 M
ammonium sulfate (7.19 g) were weighed into a 25 mL carousel tube charged with a magnetic
stirrer. The sodium bicarbonate (NaHCO3) was added to deprotonate the PAA2sg precursor to
form PNaAczsg and adjust the reaction to pH 6. This tube was loaded into a Radleys 12-reaction
carousel station with up to ten further carousel tubes and each solution was degassed using
nitrogen gas for 30 min at 20°C. A reference carousel tube containing 10 mL 3.0 M ammonium
sulfate and a thermal probe was also loaded onto the carousel. The temperature was then set to
44°C and a separately degassed solution of VA-044 initiator in 3.0 M ammonium sulfate (1.33
pmol; 0.10% w/w, 0.36 mL) was added. The carousel tube was not sealed, but a positive
nitrogen over-pressure was always maintained with a cold-water condenser at the top of the
apparatus to minimise water loss owing to evaporation. After 18 h, the polymerisation was
quenched by exposing the reaction mixture to air while cooling to 20°C. The final AM
conversion was 97%, as judged by *H NMR spectroscopy (the integrated vinyl signals assigned
to AM monomer at 5.6-6.2 ppm were compared to the integrated polymer backbone signals at
1.1-2.3 ppm). Aqueous GPC analysis indicated an M, of 192.8 kg mol™! and an Mw/M, of 3.01

(expressed relative to a series of PEG calibration standards).

4.2.5 Synthesis of PNaAc2ss-P(AM-stat-DMAC)x Diblock Copolymer Particles via RAFT
Aqueous Dispersion Polymerisation of AM and N,N-Dimethylacrylamide (DMAC) in 3.0
M Ammonium Sulfate at 44°C

A typical protocol for the synthesis of PNaAcasg-P(AM-stat-DMAC)12000 particles

(AM/DMAC = 3/1) at pH 6 and 12% wi/w solids was conducted as follows. The PAA2sg
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precursor (25 mg, 1.33 pmol), NaHCO3 (35 mg, 0.43 mmol), AM (50% w/w in water) (1.698
g, 11.9 mmol), DMAC (394 mg, 3.98 mmol) and an aqueous solution of 3.5 M ammonium
sulfate (8.29 g) were weighed into a 25 mL carousel tube charged with a magnetic stirrer. The
sodium bicarbonate (NaHCOz) was added to deprotonate the PAA2ss precursor to form
PNaAc2ss and adjust the reaction to pH 6. This tube was loaded into a Radleys 12-reaction
carousel station with up to ten further carousel tubes and each solution was degassed using
nitrogen gas for 30 min at 20°C. A reference carousel tube containing 10 mL 3.0 M ammonium
sulfate and a thermal probe was also loaded onto the carousel. The temperature was then set to
44°C and a separately degassed solution of VA-044 initiator in 3.0 M ammonium sulfate (1.33
pmol; 0.10% w/w, 0.36 mL) was added. The carousel tube was not sealed, but a positive
nitrogen over-pressure was always maintained with a cold-water condenser at the top of the
apparatus to minimise water loss owing to evaporation. After 18 h, the polymerisation was
quenched by exposing the reaction mixture to air while cooling to 20°C. The final monomer
conversion was 98%, as judged by *H NMR spectroscopy (the integrated vinyl signals assigned
to monomers at 5.6-6.2 ppm were compared to the integrated polymer backbone signals at 1.1—

2.3 ppm).

4.3 Results and Discussion

The synthesis of the PAA precursor required filtration of the acrylic acid monomer through
an acidic alumina column to remove MEHQ inhibitor. Analysis of a tH NMR spectrum for the
purified monomer indicated the presence of less than 1 mol % acrylic acid dimer (i.e. 2-
carboxyethyl acrylate; CEA). The concentration of acrylic dimer in a bottle of acrylic acid
monomer increases over time owing to Michael addition; if desired, this impurity can be
removed by fractional distillation.*>!# Further consideration of this dimer is made in Chapter
6. The RAFT solution polymerisation of AA was conducted in acidic aqueous solution (pH
1.6) at 44°C using a trithiocarbonate-based RAFT agent (BDMAT). The mean degree of
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polymerisation (DP) of the resulting PAA homopolymer was determined to be 258 + 1 via end-
group analysis using the UV absorption maximum at 310 nm and the Beer-Lambert law (see

Figure 4.2). GPC data shown in Figure 4.4.
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Figure 4.2 (a) UV absorption spectra recorded for S-butyl-S’-(a,o'-dimethyl-a"’-acetic
acid)trithiocarbonate (BDMAT) in methanol for a series of concentrations ranging from 0 uM
to 70.0 uM. (b) Beer-Lambert calibration plot constructed for BDMAT in methanol to calculate
its molar extinction coefficient (€) at the absorption maximum of 310 nm.

Deprotonation of the PAA2sg precursor at pH 6 forms PNaAczss; this is necessary to
maintain the precursor solubility in 3.0 M ammonium sulfate for use as a suitable steric
stabiliser. Subsequently, the RAFT aqueous dispersion polymerisation of AM was conducted
in the presence of 3.0 M ammonium sulfate at 44°C using the PNaAc2sg precursor as a salt-
tolerant electrosteric stabiliser block at pH 6, as outlined in Scheme 4.2a. The highest solids
content shown to reproducibly result in free-flowing turbid particle dispersions without
macroscopic precipitation occurring for this PNaAczss-PAMy formulation was 12% w/w. This
is much lower than for other water-in-water aqueous polymer systems, for example the
PATAC24-PDMACK system in Chapter 2 was able to successfully target 20 — 40% w/w solids.
As more commercially relevant monomers, it is disappointing that a lower solids content is
required for polyacrylamide. A two-fold dilution of the resulting turbid aqueous dispersions
using deionised water produced a viscous transparent solution, which for the PAMzi2q00

formulation corresponds to a sample with a gel-like consistency, as shown in Scheme 4.2b.
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Scheme 4.2 (a) Synthesis of PNaAc2ss-PAMy (x = 1,000 to 13,000) diblock copolymer particles
at 12% wi/w solids via RAFT aqueous dispersion polymerisation of AM at 44°C in the presence
of 3.0 M ammonium sulfate. (b) Schematic cartoon and corresponding digital images to
illustrate the sterically-stabilised PNaAcC2ss-PAM12000 diblock copolymer particles in the
presence of 3.0 M ammonium sulfate. A two-fold dilution of this aqueous dispersion with
deionised water halves the salt concentration and results in spontaneous dissociation of the
particles, with the concomitant formation of a highly viscous transparent aqueous solution
comprising molecularly-dissolved diblock copolymer chains.

PNaAc was selected as an anionic stabiliser block owing to its low cost and its aqueous
solubility even in the presence of 4.0 M ammonium sulfate. In contrast, 3.0 M ammonium
sulfate is sufficient to salt out the non-ionic core-forming PAM block, see Table 4.1.%° There
are two cations present in such formulations, Na* from the NaHCOs used to adjust the solution
pH and NH4* derived from the ammonium sulfate. The NHs"/Na* molar ratio increases from
8/1 — 105/1 for the syntheses of a target PAM DP increasing from 1,000 to 13,000. At pH 6
and temperatures less than 70°C, the salt will dissociate to form ammonium ions with no
aqueous ammonia present.!® In summary, there are two cations associated with

acrylate/polyacrylate, with the major species being NHa4".
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Additive Aqueous (NH,),SO, solution / mol dm3
- 0 1.0 2.0 3.0 4.0
NaAc monomer Soluble Soluble Soluble Soluble Soluble
PNaAc,ss Soluble Soluble Soluble Soluble Soluble
AM monomer Soluble Soluble Soluble Soluble Insoluble
PAM.,, Soluble Soluble Soluble Insoluble Insoluble

Table 4.1 Aqueous solubility of NaAc monomer, PNaAc2ss homopolymer, AM monomer and
PAMso0 homopolymer at 2.0% wi/w solids in the presence of zero to 4.0 M ammonium sulfate
as judged by visual inspection at pH 6.0 and 20°C.

'H NMR spectra recorded for each monomer and homopolymer are shown in Figure 4.3.
Unfortunately, the PNaAc and PAM backbone signals c, d, g, h overlap at 1.3 — 2.5 ppm, which
means that these two blocks cannot be readily differentiated from each other. For most of the
copolymer formulations discussed in this Chapter, the PAM DP is substantially higher than the
PNaAc stabiliser DP. In principle, an internal or external NMR reference could be used to
calculate the monomer conversion and in retrospect this approach should be less susceptible to
experimental uncertainty. However, in practice acrylamide conversions were calculated by
comparing the integrated monomer vinyl signals at 5.6 — 6.4 ppm with the polymer backbone
signals. This method does not take into account the contribution from the PNaAc:sg stabiliser
(e.g. signals c and d), but full conversions are obtained for PAM DPs up to 7,000 (see Table

4.2).
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Figure 4.3 Assigned 'H NMR spectra recorded for NaAc, PNaAczss, AM and PAMsq in
deuterium oxide.

The series of aqueous PISA syntheses summarised in Table 4.2 were conducted at 44°C
using VA-044 initiator while targeting 12% wi/w solids at pH 6. The PNaAc2sg precursor
afforded colloidally stable dispersions of increasing turbidity when targeting PAM DPs ranging
from 1,000 to 12,000. However, macroscopic precipitation was observed either when targeting

a PAM DP of 13,000 or when the target copolymer concentration exceeded 12% wi/w solids.
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H a a b c

1,000 > 99 89.7 68.5 1.85 123 0.27

3,000 > 99 231.8 120.5 2.10 142 0.10

5,000 > 99 374.0 146.3 2.06 195 0.08

7,000 >99 516.1 156.0 2.64 392 0.23
10,000 99 722.2 173.7 3.07 769 0.25
12,000 97 845.9 192.8 3.01 2,040 0.21
13,000 99 933.4 214.4 3.27 | Macroscopic precipitation

Table 4.2 Summary of 'H NMR conversion, GPC and DLS data obtained for the RAFT
aqueous dispersion polymerisation of AM at 44°C using a PNaAc:sg precursor when targeting
12% wiw solids. (a) Determined by *H NMR spectroscopy (integrated vinyl signals assigned
to AM monomer at 5.6 — 6.4 ppm were compared with the integrated polymer backbone signals
at 1.3 — 2.5 ppm). M, values are calculated from the respective monomer conversions. (b)
Determined by aqueous GPC (Eluent 3) using a refractive index detector and expressed relative
to a series of near-monodisperse PEO calibration standards. (c) DLS measurements of
hydrodynamic z-average diameter (D) and particle polydispersity (PDI). (d) macroscopic
precipitation is observed for this sample.

Comparing these *H NMR-derived M, values to those determined by aqueous GPC suggests
a significant systematic error for the latter technique. This is understandable because the PEO
calibration standards are unlikely to be accurate for the analysis of PAM-rich diblock
copolymers. Very high AM conversions (> 97%) were obtained for each of these syntheses as
judged by *H NMR spectroscopy studies. Targeting a PAM DP of 1,000 (or lower) produced
a translucent gel, but lowering the solids concentration led to free-flowing dispersions. These
gels are most likely caused by such relatively short PAM chains remaining partially solvated
in the presence of 3.0 M ammonium sulfate. There is a monotonic increase in particle diameter
when targeting higher PAM DPs, with a particularly large increase from sub-micron to > 2 um
particles observed when increasing the DP from 10,000 to 12,000. Similar observations have
been reported for various other PISA formulations that produce Kinetically-trapped spheres.’-

20 However, macroscopic precipitation was observed when targeting a PAM DP of 13,000. The
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dynamic viscosities and refractive indices of various salt concentrations are shown in Table
2.6; these parameters were required for DLS analysis. For example, the solution viscosity of
3.0 M ammonium sulfate solution (2.030 Pa s) is twice that of deionised water at 20°C (1.000

Pas).

Aqueous GPC analysis of the PNaAcss precursor indicated an apparent M, of 19.2 kg mol™
which is comparable to the theoretical value of 24.4 kg mol™. The full series of GPC curves
are shown in Figure 4.4. These data indicate relatively high chain extension efficiency for this
precursor. However, the PNaAc2ss-PAMaiooo formulation exhibits a low molecular weight
shoulder, suggesting a significant fraction of unreacted PNaAczsg precursor in this case. This
particular formulation was not further optimised, not least because the in situ self-assembly of

the amphiphilic diblock copolymer chains was relatively inefficient in this case.

RAFT agent/initiator molar ratios of 5-10 are typically required for well-controlled RAFT
polymerisations,”??? although lower molar ratios of 0.5-3.3 are also utilised for PISA
syntheses.?-%" A low molar ratio of 1.0 was selected as it proved essential to ensure high final
monomer conversions were achieved when targeting high polymer DPs. Unfortunately, this
pragmatic choice inevitably leads to inferior RAFT control, as evidenced by the relatively

broad molecular weight distributions observed in Figure 4.4.
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Figure 4.4 Aqueous GPC curves recorded for the PNaAcsg precursor and a series of PNaAC2ss-
PAMy diblock copolymers prepared by chain extension via RAFT aqueous dispersion
polymerisation of AM at 44°C in the presence of 3.0 M ammonium sulfate. M values are

calculated relative to a series of near-monodisperse PEO calibration standards. Eluent 3 was
used which consisted of 0.1 M NaNOz, 0.02 M TEA and 0.05 M NaHCO3 at pH 8.0.

The synthesis of PNaAc2sg-PAMiooo nanoparticles via RAFT aqueous dispersion
polymerisation of AM was conducted by the method outlined in Scheme 4.2a. This reaction
mixture was periodically sampled to enable the kinetics of polymerisation and evolution of the
MWD to be monitored via *H NMR spectroscopy (Figure 4.5a) and GPC (Figure 4.5b),
respectively. The resulting conversion vs. time curve (blue data points) indicated that 95%
conversion was achieved within 2.5 h at 30°C and essentially full AM conversion is obtained
within 4 — 5 h when targeting 12% w/w solids. The corresponding semi-logarithmic plot (red
data points) suggests that this polymerisation exhibits first-order kinetics with respect to
monomer. However, there is some (admittedly weak) evidence for a slower rate of
polymerisation in the first 30 min, presumably because nucleation is yet to occur on this time

scale. Selected aliquots taken during this kinetic experiment were also subjected to aqueous
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GPC analysis to examine the evolution in M, (green data points). Generally, a linear evolution
in My is observed with increasing AM conversion, which is characteristic of a pseudo-living
polymerisation. However, most of the MWDs recorded by aqueous GPC were immediately
bimodal between the growing polymer chains and residual PNaAczss precursor. The Mw/My
values (purple data points) determined for the diblock copolymers range between 4.0 and 5.5

which is higher than the values determined from the final product GPCs in Figure 4.4.
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Figure 4.5 (a) Conversion vs. time curve and corresponding semi-logarithmic plot determined
by *H NMR spectroscopy for the RAFT aqueous dispersion polymerisation of AM at 30°C in
3.0 M ammonium sulfate when targeting a PAM DP of 10,000 at 12% w/w solids. (b) Evolution
of Mn and Mw/M, with conversion for the same formulation.

Like the PDMAC formulations discussed in Chapters 2 & 3, dilution of the PAM-core
samples for particle size analysis required the use of an aqueous solution of 3.0 M ammonium
sulfate to prevent in situ particle dissolution. This relatively high level of background
electrolyte makes electron microscopy studies problematic owing to the formation of salt
crystals during sample preparation. Instead, optical microscopy was used to image an aqueous
dispersion of PNaAc2ss-PAMioooo particles, see Figure 4.6. This technique indicates a
polydisperse population of micron-sized particles, while DLS studies indicate a z-average
particle diameter of 769 nm. The former observations are close to the lower resolution limit for

optical microscopy, which is therefore likely to ‘oversize’ the particles.
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Figure 4.6 Optical microscopy image recorded for 0.2% w/w dilution of PNaAc2ss-PAMz10000

particles prepared at 12% w/w solids by RAFT aqueous dispersion polymerisation of AM at
44°C in the presence of 3.0 M ammonium sulfate.

IH NMR spectroscopy was used to examine the extent of solvation of the core-forming PAM
block before and after dilution of a 12% w/w aqueous dispersion. Accordingly, PNaAc2ss-
PAM7o00 particles were prepared in D20 in the presence of 3.0 M ammonium sulfate using the
same reaction conditions summarised in Scheme 4.2a. *H NMR spectra were recorded for the
initial aqueous dispersion and the resulting aqueous solutions obtained after serial dilution
using D20 (see Figure 4.7). The weakly solvated polymer backbone protons are visible at 1.3
— 2.5 ppm in 3.0 M ammonium sulfate, but they are fully resolved after a two-fold dilution. At
this point, the initially turbid aqueous dispersion has become a highly viscous transparent
solution, indicating complete molecular dissolution of the original particles. The intermediate
9.0% w/w PNaAc2s8-PAMq7o00 in 2.25 M ammonium sulfate is partially solvated, in this case
the sample is slightly turbid and slightly more viscous than the 12% dispersion. The NMR
backbone proton signal is not fully resolved but is more intense than the as-synthesised

dispersion.
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Figure 4.7 'H NMR spectra recorded for a PNaAcz2ss-PAMrooo diblock copolymer prepared via
RAFT aqueous dispersion polymerisation of AM targeting 12% w/w solids in the presence of
3.0 M ammonium sulfate in D20, see red spectrum. On serial dilution of this dispersion with
D20, both the background salt concentration and the copolymer concentration are
systematically reduced. A two-fold dilution of the initial turbid dispersion is sufficient to cause
molecular dissolution of the particles as the PAM block becomes solvated in 1.5 M ammonium
sulfate. Further dilution results in indistinguishable *H NMR spectra.

DMAC and ACN are less hydrophilic than AM.?2? Hence incorporation of such
comonomers into the core-forming block should aid particle formation by in situ self-assembly.
Table 4.3 summarises the relative aqueous solubilities of the three corresponding
homopolymers in water, 1.5 M ammonium sulfate or 3.0 M ammonium sulfate. PACN is
insoluble in aqueous solution even in the absence of any salt, while PDMAC becomes water-
insoluble in the presence of 1.5 M ammonium sulfate. In contrast, PAM only becomes water-
insoluble in the presence of 3.0 M ammonium sulfate. These observations are consistent with
the following order of hydrophobic character: PACN > PDMAC > PAM. Unusually, ACN is
not a solvent for its corresponding homopolymer, so a pure PACN core block would not be

solvated by unreacted monomer, which would prevent PISA from occurring after particle
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nucleation.3%! However, successful PISA syntheses should be feasible for the statistical

copolymerisation of a relatively low amount of ACN with AM.

PNaAc PAM

Water Soluble Soluble Soluble Insoluble

1.5 M (NH,),SO, | Soluble Soluble Insoluble | Insoluble

3.0 M (NH,),SO, | Soluble Insoluble | Insoluble | Insoluble

Table 4.3 Summary of aqueous solubilities of PNaAc2ss, PAMsg, PDMACs00 and PACNy at
2.0% w/w solids in the presence of zero salt, 1.5 M ammonium sulfate or 3.0 M ammonium
sulfate as judged by visual inspection at pH 6 and 20°C.

The synthesis of PNaAcC2ss-P(AMy-stat-DMACy) diblock copolymers is illustrated in
Scheme 4.3. The reaction conditions are analogous to those in Scheme 4.2a, but DMAC is

statistically copolymerised with AM.

® ®
Na o Na@
o.__ O 0.0 o NH,
(0) NH, [CTA]:[VA-044] =1
j/ 44 OC, pH =6 o lock tat \
258 Z 3.0 M (NH,4),S04 258 x
PNaAc,sg AM 12% wiw PNaAc,sg-b-P(AM,-s- )

Scheme 4.3 Synthesis of PNaAc2ss-P(AMy-stat-DMACy) diblock copolymer particles via
RAFT aqueous dispersion copolymerisation of AM with DMAC at 44°C in the presence of 3.0
M ammonium sulfate targeting 12% wi/w solids and using a PNaAc2ss/\VVA-044 molar ratio of
1.0.

The overall core-forming block DP was fixed at 12,000 and the DMAC comonomer content
was varied from 0 to 25 mol%. Furthermore, two PNaAC2ss-P(AMi1000-Stat-DMAC2500)
copolymers were synthesised at 12% w/w and 14% w/w solids in order to identify the highest
possible DP and copolymer concentration while still maintaining a free-flowing homogeneous
dispersion. High comonomer conversions (> 97%) were achieved for all syntheses, as shown
in Table 4.4. Perhaps surprisingly, there was no discernible trend in the DLS particle diameter
for this series of formulations, with consistently high PDIs obtained for all formulations.
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P(AMy-stat-DMACy) | conversion? M,? D} b
X y /% / kg mol ! / nm PDI

12,000 0 97 846 2,040 0.21
11,500 500 > 99 886 1,860 0.27
11,000 1,000 > 99 829 990 0.23
10,500 1,500 > 99 914 1,365 0.04
10,000 2,000 98 909 1,248 0.43
9,500 2,500 98 923 2,410 0.49
9,000 3,000 98 937 367 0.80
11,000 2,500 >99 1,048 1,583 0.44
11,000¢ 2,500¢ >99 1,048 1,342 0.14
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Table 4.4 Summary of *H NMR conversion and DLS data obtained for the RAFT aqueous
dispersion copolymerisation of AM and DMAC using a PNaAczsg precursor targeting 12%
w/w solids. (a) Determined by *H NMR spectroscopy (the integrated vinyl signals assigned to
the AM and DMAC comonomers at 5.6 — 6.4 ppm were compared to the integrated backbone
signals at 1.3 — 2.5 ppm). M, values were calculated from comonomer conversions. (b) D,
denotes the z-average diameter and PDI denotes the DLS polydispersity index. (c) experiment
was conducted at 14% w/w solids.

The synthesis of PNaAc2ss-P(AMx-stat-ACNy) diblock copolymers is illustrated in Scheme
4.4. The reaction conditions are analogous to Scheme 4.2a, but with the addition of ACN
comonomer. Unfortunately, because the Radley carousel apparatus is not a sealed system, most
(if not all) of the relatively volatile ACN evaporated from the heated reaction vessel rather than

undergoing copolymerisation with the AM, so no results are reported for this formulation.

®
Na® Na
© ©

0.__O 0._9 0. __NH,

(@) NH, [CTA]:[VA-044] =1

j/ 44°C,pH=6 o lock tat N

258 Z 3.0 M (NH,4);SO, 258 x

PNaAc,ss AM 12% wiw PNaAC,sg-b-P(AM,-s- )

Scheme 4.4 Synthesis of PNaAc2ss-P(AMx-stat-ACNy) diblock copolymer particles via RAFT
aqueous dispersion copolymerisation of AM with ACN at 44°C in the presence of 3.0 M
ammonium sulfate targeting 12% w/w solids and using a PNaAczss/VA-044 molar ratio of 1.0.
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The rheology of the PNaAc2ss-P(AMiiooo-stat-DMAC2s00) sample shown in Figure 4.8a
indicates that this diblock copolymer is shear-thinning. It does not exhibit a linear viscoelastic
region in its most viscous form (obtained via two-fold dilution with water). However, a plateau
region can be identified at all other dilutions examined. The copolymer forms a transparent
free-standing gel after a two-fold dilution and plotting the storage modulus against the salt
concentration in Figure 4.8b suggests that this may correspond to the maximum value.
However, verification of this hypothesis would require further analysis of copolymer dilutions
in the presence of 0.75 M and 2.25 M ammonium sulfate.
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E1.5IVINH SO, @ 6% w/'
1E+6'| (NH,),50, w/w

1E+5 ¢
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m m
& &

il
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Figure 4.8 (a) Rheology profiles for PNaAczss-P(AMiiooo-Stat-DMAC2s00) recorded at
copolymer concentrations ranging from 0.6% to 12% w/w and salt concentrations of 3.0 M to
0.15 M ammonium sulfate. (b) Salt concentration dependence of the storage modulus and loss
factor observed for the same copolymer.
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The two highest molecular weight formulations are the PNaAc2ss-P(AM1io00-Stat-
DMAC:500) copolymers synthesised at 12 and 14% w/w solids, respectively. These
formulations were selected for an in-house evaluation by BASF for a shale encapsulation test
to evaluate their suitability for enhanced oil recovery applications. This industrial testing was

only made available for these two PAM-containing formulations.

The extent of shale recovery was determined for a blank sample, an industry standard
Alcomer-115 (solid PAM) flocculant (positive control) and the two PNaAc2ss-P(AM11000-Stat-
DMAC:500) copolymers. The aim of this sieve test for the separation of drill solids is to prevent
water from entering the bentonite clay to avoid swelling, which makes filtration more difficult
and reduces shale recovery. Shale hydration inhibitor and surfactant (Ultrahib and Basodrill)
were added to enhance the performance of each of the three polymers. All experiments were
conducted in the presence of 5% w/w potassium chloride. The results indicated that the two
PNaAC2ss-P(AMa1o00-stat-DMAC2500) copolymers exhibited a relatively flat viscosity profile
(Figure 4.9a) with shale recoveries of 48 — 55% being achieved. This is less than the 73% shale
recovery obtained for Alcomer-115 but substantially more than the blank sample (26% shale
recovery) (Figure 4.9b). The flat viscosity profile is not observed for all formulations, and it
could be interesting to explore whether this has any benefits in terms of its commercial
application. Although the two new copolymers do not currently meet the threshold for
industrial use, they do show some promise after this initial screen. Further optimisation is likely

to lead to better shale recovery performance, particularly if My can be maximised.

163



Chapter 4: Synthesis of Industrially Relevant High Molecular Weight Water-Soluble
Polyacrylamide-Based Polymers as Low-Viscosity Latex Particles

(@) 6o -

Alcomer-115

U
o
1

H
o
L

Shear stress / |b (100 ft)2
w
o

20 Synthesised @ 12% w/w _°
10 ® &
0 Synthesised @ 14% w/w
0 200 400 600
Shear rate / rpm

(b) Polymer Sample Shale Recovery/ %
Blank 26
Alcomer-115 (solid PAM) 73
PNaAC,sg-P(AM,g90-stat-DMAC,(0), 12% w/w 49
PNaAC,55-P(AM, 1 000-Stat-DMAC,c,), 14% w/w 55

Figure 4.9 Oilfield test in-house evaluation conducted by BASF. (a) Rheology profile of
copolymer samples vs. shear rate. (b) Shale recovery values obtained via shale encapsulation
test.

4.4 Conclusions

We report the synthesis of sterically-stabilised diblock copolymer particles via RAFT
aqueous dispersion (co)polymerisation in highly salty media using commodity monomers.
Prior to chain extension of the poly(acrylic acid) precursor, a small quantity of sodium
bicarbonate was added to produce anionic poly(sodium acrylate) (PNaAczsg) chains, which are
soluble in 3.0 M ammonium sulfate. This precursor acts as an effective steric stabiliser for
subsequent chain extension via either homopolymerisation of AM or statistical

copolymerisation of AM with DMAC, but only at relatively low solids contents (< 15% w/w).
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Relatively high DPs are targeted for the salt-insoluble block so this component dominates the
formulation. This approach enables high molecular weight commodity water-soluble polymers
to be prepared in a highly convenient low-viscosity form. Subsequent two-fold dilution of such
copolymer dispersions using deionised water lowers the background salt concentration and
hence causes in situ molecular dissolution of the particles, which leads to a substantial
thickening effect and the formation of highly viscous transparent agqueous solutions.
Interestingly, a P(AM-stat-DMAC) core-forming block formed a free-standing hydrogel rather
than a pure PAM core-forming block which formed a highly viscous solution. The organosulfur
content of a 14% w/w aqueous copolymer dispersion of PNaAc2ss-P(AM11000-stat-DMAC2500)
particles is only approximately 11 ppm. Thus the well-known negative aspects of using RAFT

agents (i.e. their cost, colour and malodour) are minimised for such formulations.

A preliminary comparison of such copolymers with current BASF commercial products
suggests that these new formulations may offer some potential for oilfield applications. More
specifically, the PNaAc2ss-P(AMiio00-stat-DMAC2500) copolymer exhibits a relatively flat
shear stress profile, although its shale recovery percentage is not as high as that achieved when
using Alcomer-115. Nevertheless, further development of such a formulation could lead to its

use for such industrial applications.
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5.1 Introduction

It is well-known that water-soluble polymers can differ markedly in terms of their sensitivity
towards added salt. For example, zwitterionic polymers such as poly(2-(methacryloyloxy)ethyl
phosphorylcholine) are remarkably salt-tolerant and can remain water-soluble even in the
presence of 5 M NaCl.! On the other hand, the salt sensitivity of poly(2-(N-morpholino)ethyl
methacrylate) (PMEMA) has been exploited to design several examples of so-called
‘schizophrenic’ AB diblock copolymers that can form either A-core or B-core micelles in
aqueous media depending on the precise solution pH, temperature or salt concentration.> In

each case, PMEMA-core micelles were obtained on addition of 0.7 to 1.0 M sodium sulfate.

Another well-known morpholine-functionalised water-soluble polymer is poly(N-
acryloylmorpholine) (PNAM). The reversible addition-fragmentation chain transfer (RAFT)
solution homopolymerisation of NAM was first reported twenty years ago.>’ More recently,
PNAM has been used as the water-soluble steric stabiliser block for various polymerisation-
induced self-assembly (PISA) syntheses conducted in aqueous media.® ! The non-ionic, highly
biocompatible nature of PNAM has been exploited for various biomedical applications,
including the sustained delivery of nitric oxide,*? as an alternative to PEGylation for protein
conjugation,'® and the efficient harvesting of cell sheets from a micropatterned brush grown
from a planar substrate.* Given this prior literature, we were rather surprised to find that there
are apparently no studies of the salt sensitivity of PNAM in aqueous solution, which is

comparable to that of PMEMA.

The synthesis of various high molecular weight water-soluble polymers via RAFT solution
polymerisation has been explored by Destarac et al.*>, An and co-workers'®-8 and Sumerlin et
al.1*2% Unfortunately, this approach inevitably leads to highly viscous solutions or gels, which
makes further processing somewhat problematic. To address this problem, an inverse
miniemulsion polymerisation strategy has been developed by Olson et al.? However, such
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formulations require use of an organic solvent (cyclohexane) and a relatively large amount of

surfactant (Span 60) to stabilise the aqueous droplets.

Recently, we and others have developed RAFT aqueous dispersion polymerisation
formulations to prepare highly asymmetric double-hydrophilic diblock copolymers in the form
of low-viscosity sterically-stabilised particles.?-* This is achieved by preparing a suitable salt-
tolerant water-soluble polymer and then growing a salt-sensitive polymer from this precursor
in the presence of sufficient added salt. For example, in Chapter 3 a zwitterionic, cationic or
an anionic precursor for the RAFT aqueous dispersion polymerisation of N,N’-
dimethylacrylamide (DMAC) in the presence of 2.0 M ammonium sulfate.?* Interestingly,
DMAC conversions of more than 99% could be obtained at up to 20% w/w solids even when
targeting PDMAC DPs as high as 5000. Similarly, Huang et al.?? statistically copolymerised
acrylamide with 2-(methacryloyloxy)ethyl trimethylammonium chloride (METAC) and
examined the resulting series of cationic water-soluble precursors for the RAFT aqueous
dispersion polymerisation of acrylamide in the presence of ammonium sulfate at 45-55°C.
METAC-rich copolymer precursors with higher DPs favored the formation of colloidally stable
polyacrylamide-core particles. Narrow molecular weight distributions were achieved (typically
Mw/Mp = 1.10 to 1.20) but the target core-forming block DP was only varied from 600 to 1200,
which is insufficient for optimal performance as an industrial flocculant.?> Moreover, the target
solids content was relatively low at 3-6 % w/w, which meant that the final acrylamide

conversion was typically around 90-95%.2

In a related study, Bai et al.?® chain-extended a trithiocarbonate-capped poly(sodium 2-
acrylamido-2-methylpropanesulfonate) (PAMPS) precursor via statistical copolymerisation of
sodium 2-acrylamido-2-methylpropanesulfonate (AMPS) with acrylamide in the presence of
approximately 2.0 M ammonium sulfate. These RAFT aqueous dispersion polymerisation

syntheses were conducted under zero shear using a bifunctional precursor to produce ABA-

170



Chapter 5: Synthesis of Non-lonic High Molecular Weight Water-Soluble Polymers as Low-
Viscosity Latex Particles in Low Salt Media by RAFT Aqueous Dispersion Polymerisation

type triblock copolymer particles of around 1-3 um diameter at up to 20% wi/w solids. Final
comonomer conversions of up to 99% were achieved and GPC curves were obtained but no

molecular weight data were reported.

Herein we report the RAFT aqueous dispersion polymerisation of NAM using a salt-tolerant
water-soluble poly(2-hydroxyethyl acrylamide) (PHEAC) precursor in the presence of added
salt (see Scheme 5.1). Unlike the prior studies described above, this formulation involves the
synthesis of a wholly non-ionic diblock copolymer using a relatively low level of added salt
(just 0.60 M ammonium sulfate). *H NMR spectroscopy is used to study the kinetics of
polymerisation, molecular weight distributions are evaluated using DMF GPC, absolute
weight-average molecular weights are determined by static light scattering in aqueous media,
and the mean particle diameter is assessed using dynamic light scattering, laser diffraction and
transmission electron microscopy. Finally, aqueous electrophoresis and rotational rheology are
used to examine the particle surface charge and dispersion/solution viscosity, respectively.

i Bt
HOWGS\H,S\/\H,OH o N/\o v -
(a) NC o H S 0 NAM 0 °NH O N/\

N

— o
CTA/KPS = 0.5
KPS/TMEDA =1.0 OH

0.60 M (NH,),SO,
pH 5.5, 30 °C PHEAC,,6-PNAM,

(b)

Scheme 5.1 (a) Reaction scheme for the synthesis of PHEAC216-PNAMx (X = 1,000 to 6,000)
diblock copolymer particles at 20% w/w solids via RAFT aqueous dispersion polymerisation
of NAM at 30°C in the presence of 0.60 M ammonium sulfate. Conditions: PHEAC216/KPS
molar ratio = 0.50; KPS/TMEDA molar ratio = 1.0 and time > 18 h. (b) Schematic cartoon and
corresponding digital images to illustrate the sterically-stabilised PHEAC216-PNAMx diblock
copolymer particles in the presence of 0.60 M ammonium sulfate obtained after RAFT aqueous
dispersion polymerisation of NAM. A two-fold dilution of this aqueous dispersion with
deionised water halves the salt concentration and results in spontaneous dissociation of the
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particles, with the concomitant formation of a highly viscous transparent aqueous solution
comprising molecularly-dissolved diblock copolymer chains.

5.2 Experimental

5.2.1 Materials

2-Hydroxyethyl acrylamide (HEAC, > 96%), N-acryloylmorpholine (NAM, > 97%),
N,N,N’,N’-tetramethylethylenediamine (TMEDA, >99%) and D>O (D-20; > 99.9% D) were
purchased from Sigma-Aldrich Ltd (UK). Potassium persulfate (KPS, 99%) and 2,2'-azobis(2-
imidazolinylpropane) dihydrochloride (VA-044, >98%) were obtained from Fluorochem Ltd
(UK). Ammonium sulfate (>98% purity) was purchased from Alfa Aesar (UK). The 4-(((2-
(carboxyethyl)thio)carbonothioyl)thio)-4-cyanopentanoic acid RAFT agent (BM1433, >95%)
used in this study was kindly donated by Boron Molecular (Victoria, Australia). S-Butyl-S'-
(a,a’-dimethyl-a’-acetic acid)trithio-carbonate, methyl ester (MeBDMAT) was synthesised in-
house. Each of the above chemicals was used as received. All solvents were purchased from
Fisher Scientific (UK) and were used as received. Deionised water was used for all

experiments.

5.2.2 Characterisation Techniques

Experimental protocols for *H NMR spectroscopy, UV absorption spectroscopy and

rotational rheology are described in Chapter 2.
Gel Permeation Chromatography (GPC)

Molecular weights and dispersities were determined for the various homopolymers and
diblock copolymers using an Agilent 1260 Infinity GPC instrument. This set-up comprised a
pump, a degasser, two PL-gel 5 um Mixed-C columns in series and a refractive index detector.
The column and detector temperature was set to 60°C and the flow rate was 1.0 mL min™".

HPLC-grade DMF containing 10 mM LiBr was used as the eluent and the flow rate was 1.0
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mL min. Calibration was achieved using ten near-monodisperse poly(methyl methacrylate)
standards (370 to 2,520,000 g mol™?) and data were analysed using Agilent Technologies

GPC/SEC software.
Static Light Scattering (SLS)

A Dawn Helios Il light scattering instrument (Wyatt Technology Corp. USA; equipped with
a 130 mW linearly polarised gallium arsenide laser source operating at 658 mm and 18
detectors placed at angles ranging from 22.5° to 147°) was used to determine the absolute
weight-average molecular weight (Mw) of each diblock copolymer. This instrument was
connected in series to an Agilent 1260 Infinity GPC instrument comprising a pump, a degasser,
three GPC columns (PL-Aquagel Mixed-H, OH-30 and OH-40) and a Optilab T-rEX
differential refractometer, which was used as a concentration detector in online mode. The
eluent was an aqueous solution comprising 0.10 M NaNOs, 0.02 M TEA and 0.05 M NaHCOs3
at pH 8. The column and detector temperature was set to 30°C and the flow rate was 0.5 mL
min~!. Copolymers were dissolved in the above GPC eluent at a relatively high concentration
(> 1 mg/ml) and injected using an autosampler. Data were analysed using Astra 7 software
according to Zimm formalisms. For Zimm plots, copolymer concentrations were varied by
adjusting the injection volume. Thus 10 ul, 25 pl, or 50 pl of each copolymer solution was
injected and a linear correlation was assumed between the injection volume and the light

scattering detector signal.

Differential refractive index (dn/dc) measurements. An Optilab T-rEX differential
refractometer (Wyatt Technology Corp. USA) was used in batch mode to determine the dn/dc
value for copolymers dissolved in the GPC eluent at pH 8. Copolymer solutions of varying
concentration (0.5, 1.5, 2.5, 3.5, or 45 g dm™) 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

173



Chapter 5: Synthesis of Non-lonic High Molecular Weight Water-Soluble Polymers as Low-
Viscosity Latex Particles in Low Salt Media by RAFT Aqueous Dispersion Polymerisation

copolymer concentration enables a dn/dc value to be calculated directly from the gradient.

Hence the copolymer concentrations used for the online mode measurements can be calculated.
Dynamic Light Scattering (DLS)

Analysis was performed using a Malvern Zetasizer Nano ZS instrument equipped with a 4
mW He-Ne 633 nm laser and an avalanche photodiode detector. The instrument was
configured to automatically determine the experimental duration and optical attenuation. Each
polymer was diluted in 0.60 M (NH4).SO4 to a copolymer concentration of 0.05% w/w and
subsequently filtered through a 1.0 um glass fibre filter. Back-scattered light was detected at
an angle of 173° and measurements were conducted at 20 °C in a 10 mm path length quartz
cuvette cell. Malvern Zetasizer software v7.11 was used to calculate z-average hydrodynamic
diameters (D) via the Stokes-Einstein equation, which assumes perfectly monodisperse, non-
interacting spherical particles. Data were averaged over at least three consecutive runs with at
least ten measurements being recorded for each run. The viscosity of 0.60 M ammonium sulfate
is 1.113 Pa s and the refractive index is 1.345.2” Each dilute aqueous dispersion was passed
through a 1 um ultrafilter to remove dust prior to analysis. Standard deviations were calculated

from the DLS polydispersity index (PDI) using the following relationship: standard deviation

= +/PDI X DLS diameter.
Laser Diffraction

Laser diffraction studies were performed using a Malvern Mastersizer 3000 instrument
equipped with a Hydro EV dispersion unit (stirring rate = 2,000 rpm). A HeNe laser operating
at 633 nm and a solid-state blue laser operating at 466 nm were used to analyse polymer
dispersions to determine the volume-average particle diameter. After each measurement, the
cell was rinsed three times with water and the laser was aligned central to the detector prior to

data acquisition.
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Transmission Electron Microscopy (TEM)

Cu/Pd TEM grids (Agar Scientific, UK) were coated in-house with a thin film of amorphous
carbon and then treated with a plasma glow discharge for 30 seconds to generate a hydrophilic
surface. A 10 pL droplet of a freshly diluted 0.5% w/w aqueous copolymer dispersion was
pipetted onto a hydrophilic grid for 1 min, then carefully blotted with filter paper to remove
excess sample. Then, asingle 10 pL droplet of a 0.75% w/w aqueous solution of uranyl formate
was pipetted onto the grid for 20 sec to stain the deposited particles. Excess stain was carefully
blotted and dried using a vacuum hose. Imaging was performed using an FEI Tecnai Spirit 2
microscope equipped with an Orius SC1000B camera operating with an accelerating voltage

of 80 kV.
Potentiometric titration

Potentiometric titration was performed manually. 25.0 mL of acidified copolymer
dispersion was placed in a 250 mL glass beaker and stirred with a magnetic flea. Titrant
aqueous solution (0.6 M ammonium sulfate plus 0.2 M potassium hydroxide) was placed in a
volumetric 50 mL burette, and a standard glass pH electrode was immersed in the dispersion
sample. A total of 5.0 mL of titrant was added in aliquots of typically 0.5 mL, with smaller
aliquots being used to determine the equivalence point of the titration. The apparent pH of the
copolymer dispersion was recorded after addition of each aliquot and the solution pH
restabilised within 30 seconds in each case. All pH measurements were performed at 22 + 1°C.
Approximately 0.75 mL of the aqueous copolymer dispersion was removed at suitable intervals
for subsequent electrophoretic light scattering (ELS) analysis. No attempt was made to remove
dissolved CO- or to prevent its dissolution. Thus it was assumed that these aqueous copolymer

dispersions were saturated with dissolved CO:..
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Electrophoretic light scattering (ELS)

Electrophoretic mobilities were determined using NG-ELS (Next Generation
Electrophoretic Light Scattering, Enlighten Scientific LLC, Hillsborough, NC). The functional
design and operation of this instrument is based on the original phase analysis light scattering
(PALS) apparatus,® which employed a crossed-beam optical configuration (in contrast to the
more common reference beam configuration used in commercial ELS instruments). The
electrode assembly used for the NG-ELS equipment was based on that described by Uzgiris®®.
Disposable polystyrene semi-micro cuvettes (4 mm path length) were used as the sample
holders. Two identical parallel plate platinised platinum® electrodes, 4 mm apart, were used to
provide the driving voltage across the sample. The sample volume required for measurement
was approximately 0.75 mL and aliquots of aqueous copolymer dispersions were analysed
without further dilution. A miniature NTC-type thermistor was placed in direct contact with
each aqueous copolymer dispersion. This temperature probe was positioned at the mid-point
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 to a circulating water supply. The water temperature
depended on the degree of Joule heating of the aqueous copolymer dispersion, which in turn
depended on both its ionic conductivity and the applied voltage. Complex impedance analysis
of the electrode waveform was used to quantify electrode polarisation and Joule heating.
Mobility measurements were made using sinusoidal electrode signal waveforms with an
amplitude of 3.0 V at frequencies of either 32 or 64 Hz. The sample temperature was
maintained at 24.5 + 1.0°C during measurement. The scattered light was analysed for 60
seconds using both the PALS and the laser Doppler electrophoresis (LDE) methods
simultaneously. i.e., the same data were used to calculate the electrophoretic mobility for each

method. For each sample, ten independent measurements were made at each electrode signal
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frequency. This provided twenty measurements per sample from which a mean value and

standard deviation were calculated.

5.2.3 Synthesis of PHEAC Precursor via RAFT Aqueous Solution Polymerisation of

HEAC at 46°C

HEAC (30.33 g, 0.26 mol), 4-((((2-carboxyethylthio)carbonothioyl)thio)-4-
cyanopentanoic acid (BM1433; 0.270 g, 879 umol), 2,2'-azobis(2-imidazolinylpropane)
dihydrochloride (VA-044, 028.4 mg, 87.9 umol) and deionised water (46.2 g) were weighed
into a 250 mL round-bottom flask with a magnetic flea and the resulting reaction solution was
degassed using a stream of nitrogen gas for 30 min at 20°C. The sealed flask was immersed
into an oil bath set at 46°C and the ensuing polymerisation was allowed to proceed for 3 h
achieving 89% HEAC conversion. The aqueous polymer solution was purified by dialysis for
three days to remove unreacted monomer and initiator and then freeze-dried overnight. The
mean degree of polymerisation was determined to be 216, as judged by end-group analysis
using UV spectroscopy at the absorption maximum of 306 nm. DMF GPC analysis indicated

an M, of 23.93 kg mol™ and an Mw/M, of 1.27.

5.2.4 Preparation of Aqueous Stock Solutions of Ammonium Sulfate, KPS Initiator and

TMEDA

Ammonium sulfate (39.65 g) was added to a 500 mL round-bottom flask, which was
subsequently charged with deionised water to obtain a 0.60 M aqueous solution. Stock
solutions of potassium persulfate (KPS; 5%, 1% or 0.1% w/w) and NNN’ N’-
tetramethylethylene diamine (TMEDA; 5%, 1% or 0.1% w/w) were prepared using this 0.60
M (NH.)2SO4 aqueous solution. Each stock solution was degassed separately using a stream of

nitrogen gas for 30 min at 20°C.
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5.2.5 Synthesis of PHEAC.16-PNAMx Diblock Copolymer Particles via RAFT Aqueous
Dispersion Polymerisation of N-Acryloylmorpholine (NAM) in 0.60 M Ammonium
Sulfate at 30°C

A typical protocol for the synthesis of PHEAC216-PNAMao00 diblock copolymer particles at
20% wi/w solids was conducted as follows. The PHEAC:16 precursor (40 mg, 1.59 umol), NAM
(675 mg, 4.78 mmol) and the aqueous solution of 0.60 M ammonium sulfate (1.628 g) were
weighed into a 10 mL round-bottom flask charged with a magnetic flea and degassed with N2
for 30 min at 20°C. This flask was then immersed in an oil bath set at 30°C and KPS (3.19
umol; 8.61 mg of a 0.1% w/w aqueous stock solution) and TMEDA (3.19 umol; 370 mg of a
0.1% w/w aqueous stock solution) were added simultaneously to initiate the NAM
polymerisation. After 18 h, the final NAM conversion was judged to be more than 99% using
'H NMR spectroscopy (the integrated vinyl monomer signals at 5.7-6.6 ppm were compared
to the integrated acrylamide backbone signals at 2.5-2.8 ppm). DMF GPC analysis indicated
an My of 117.18 kg mol™ and an Mw/Mn of 1.92. Higher PNAM DPs were targeted by reducing

the concentration of the PHEAC.16 precursor while maintaining a constant NAM concentration.

5.2.6 Synthesis of MeBDMAT RAFT Chain Transfer Agent

The initial synthesis of S-butyl-S’-(a,a’-dimethyl-a'"-acetic acid)trithio-carbonate (BDMAT)

is based on protocols reported by Lai et al. and Bray et al 3132

1-Butanethiol (24 mL), acetone (12 mL) and an aqueous solution of 5 M NaOH (44 mL)
were added to a 500 mL round-bottomed flask equipped with a magnetic flea and stirred for
25 min at 20°C to produce a light pink solution. On addition of carbon disulfide (15 mL), the
reaction solution turned orange and stirring was continued for a further 30 min. Then the flask
was immersed in an ice bath. 2-Methyl-2-bromopropanoic acid was heated to 50°C (i.e. above
its melting point range of 44 — 47°C) and 38.4 g was slowly dripped into the ice-cold flask,

which caused the reaction solution to turn yellow. The flask was removed from the ice bath,
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the reaction mixture was poured into an aqueous solution of 5 M NaOH (44 mL), and the
resulting solution was stirred for 20 h at 20°C. This solution was then diluted with deionised
water (200 mL) and washed four times with n-hexane (4 x 200 mL). The orange aqueous phase
was placed in a flask, which was immersed in an ice bath prior to addition of an aqueous
solution of 1.0 M HCI (230 mL) to produce a final solution pH of 3. The resulting yellow
precipitate was isolated and washed with water prior to dissolution in chloroform (200 mL).
After drying with anhydrous MgSQO4 and removing the solvent under vacuum, the BDMAT
product was isolated as a viscous orange-yellow liquid, which crystallised to form a yellow
solid when poured into a glass vial. Subsequently, BDMAT (2.50 g, 9.92 mmol) and anhydrous
dichloromethane (25.0 g) were added to an oven-dried 250 mL round-bottomed flask equipped
with a magnetic flea. This flask was immersed in an ice bath to 0°C for 5 min. Then DMAP
(279.0 mg, 2.28 mmol) and excess methanol (1.59 g, 49.6 mmol) were added and N,N’-
dicyclohexylcarbodiimide (2.15 g, 10.4 mmol) was gradually added over 5 min. The reaction
mixture was stirred overnight at 20°C. The insoluble N,N’-dicyclohexylurea by-product was
removed via filtration and the crude product was purified by silica column chromatography
using dichloromethane as the mobile phase prior to drying in a vacuum oven overnight to
isolate a viscous yellow oil; S-butyl-S'-(a,a’-dimethyl-a"-acetic acid)trithio-carbonate, methyl
ester (MeBDMAT, 1.95 g, 74%), m/z 267 (M"), 1 (400 MHz; CD2Cl2; (CH3)4Si) 0.97 (3 H, t,
—CHs), 1.45 (2 H, g, CH2-), 1.69 (8 H, s, -(CHs3)2, g, —CH2-), 3.33 (2 H, t, —CH2-) 3.70 (3

H, s, ~OCHpg).

5.2.7 One-Pot Synthesis of PHEACx0-PNAMsooo Particles via RAFT Aqueous Dispersion

Polymerisation of NAM in the presence of 0.60 M Ammonium Sulfate

The one-pot protocol for the synthesis of PHEAC220-PNAMeooo diblock copolymer particles
at 20% wi/w solids was conducted as follows. HEAC (952 mg, 8.27 mmol), MeBDMAT (10.0

mg, 37.6 umol) and deionised water (315 mg; targeting 70% w/w solids) were weighed into a
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250 mL round-bottomed flask equipped with a magnetic flea and the resulting reaction solution
was degassed using a stream of nitrogen gas for 45 min at 20°C. The flask was sealed using a
rubber septum and immersed in an oil bath set at 30°C. Then KPS (3.76 umol; 101.6 mg of a
1.0% wi/w aqueous stock solution) and TMEDA (3.76 umol; 43.7 mg of a 1.0% w/w aqueous
stock solution) were added to the reaction mixture via syringe. The ensuing HEAC
polymerisation was allowed to proceed for 3.5 h at 30°C. Then a degassed mixture of NAM
(15.2 g, 113 mmol) in an aqueous solution of 0.60 M ammonium sulfate (134.0 g) was added
to target a final copolymer concentration of 20% w/w solids. Simultaneously, KPS initiator
(75.2 umol; 0.40 mL of a 5.0% w/w degassed aqueous stock solution) and TMEDA (75.2 pmol,
0.17 mL of a 5.0% w/w degassed aqueous stock solution) were also added to the reaction
mixture. After stirring at 30°C for 20 h, the final comonomer conversion was judged to be more

than 99% using *H NMR spectroscopy.

5.3 Results and Discussion

The RAFT solution polymerisation of HEAC was conducted in 0.6 M ammonium sulfate
solution at 46°C using a trithiocarbonate-based RAFT agent (either BM1433 or MeBDMAT).
The mean degree of polymerisation (DP) of the resulting PHEAC homopolymer was
determined to be 216 + 1 via end-group analysis using UV absorption spectroscopy (calibration

plots shown in Figure 5.1).
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Figure 5.1 (a) UV absorption spectra recorded for 4-(((2-(carboxyethyl)thio)carbonothioyl)
thio)-4-cyanopentanoic acid (BM1433) in water for a series of concentrations ranging from 0
MM to 103.4 uM. (b) Beer-Lambert calibration plot constructed for BM1433 in water to
calculate its molar extinction coefficient (¢) at the absorption maximum of 306 nm. (¢) UV
absorption spectra recorded for S-butyl-S'-(a,a’-dimethyl-o”-acetic acid)trithiocarbonate,
methyl ester (MeBDMAT) in methanol for a series of concentrations ranging from 0 uM to
70.0 uM. (d) Beer-Lambert calibration plot constructed for MeBDMAT in methanol to
calculate its molar extinction coefficient (€) at the absorption maximum of 310 nm.

Over the past 25 years, various studies have demonstrated that PMEMA is a salt-intolerant
water-soluble polymer.233334 Herein we show that a second morpholine-functional water-
soluble polymer, PNAM, exhibits similar behaviour (see Table 5.1). More specifically, visual
inspection studies (see digital photographs shown in Figure 5.2) confirm that PNAMsgo
homopolymer is soluble in the presence of 0.40 M ammonium sulfate at 30°C but becomes
insoluble when this salt concentration is increased to 0.60 M. Furthermore, NAM monomer
remains water-miscible in the presence of 0.60 M, 1.0 M or 2.0 M ammonium sulfate and only
becomes water-immiscible at 3.0 M ammonium sulfate. In view of these observations, an

ammonium sulfate concentration of 0.60 M was selected for the aqueous dispersion
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polymerisation formulation explored in the present study. This salt concentration is

significantly lower than that reported in the literature for a wide range of aqueous dispersion

polymerisation formulations conducted in the presence of ammonium sulfate,22-2426:35-43
. Aqueous (NH,),S0, solution / mol dm
Additive
0 0.40 0.60 1.0 2.0 3.0

HEAC monomer | Soluble Soluble Soluble Soluble Soluble Soluble

PHEACG,,¢ Soluble Soluble Soluble Soluble Insoluble | Insoluble
NAM monomer | Soluble Soluble Soluble Soluble Soluble Insoluble

PNAM;, Soluble Soluble Insoluble | Insoluble | Insoluble | Insoluble

Table 5.1 Summary of the aqueous solubilities of HEAC monomer, NAM monomer,
PHEAC:16 homopolymer and PNAMsoo homopolymer at 2.0% wi/w solids in the presence of
up to 3.0 M (NHa)2SO4 as judged by visual inspection at pH 5.5 and 30°C. Representative
digital photographs were recorded above and below the critical salt concentration for each
aqueous solution (see Figure 5.2).

PHEAC,;; NAM PNAM.,
in1.0M in20M in0.40M
(NH4)ZSO4 (NH4)ZSO4 (NH4)ZSO4

NAM
in3.0M
(NH,),50, (NH,),S0, (NH,),S0,

PHEAC,
in2.0M

PNAM;,,
in 0.60 M

Figure 5.2 Aqueous salt solubility tests. Digital photographs recorded at 30°C illustrating the
visual appearance of 2.0% w/w aqueous solutions of NAM monomer, PHEAC:i6
homopolymer and PNAMso homopolymer containing up to 3.0 M ammonium sulfate at pH
5.5.
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Furthermore, we explore the first example of an aqueous dispersion polymerisation
formulation performed in the presence of salt in which solely non-ionic vinyl monomers are
used to prepare both the relatively short steric stabiliser block and the much higher molecular
weight core-forming block. More specifically, poly(2-hydroxyethyl acrylamide) (PHEAC) is
employed as the salt-tolerant steric stabiliser precursor and PNAM is selected as the salt-
intolerant core-forming block (see Scheme 5.1a). In striking contrast, all prior literature reports
of similar aqueous dispersion polymerisation syntheses conducted in the presence of salt
involve using cationic, anionic or zwitterionic comonomers.?22426:38-43 Thjs js no doubt
because these ionic components confer electrosteric stabilisation. This mechanism ensures
colloidal stability even in the presence of 2.0 — 3.0 M ammonium sulfate, i.e. an ionic strength

3 — 5 times higher than that employed in the current study.

In an initial experiment, the RAFT aqueous dispersion polymerisation of NAM was
conducted at 30°C in the presence of 0.60 M ammonium sulfate when targeting PHEAC 16-
PNAMz3o00 particles at 20% w/w solids. This reaction mixture was periodically sampled to
enable the kinetics of the NAM polymerisation to be monitored via *H NMR spectroscopy.
The resulting conversion vs. time curve (blue data points) indicated that 95% conversion was
achieved within 2 h and essentially full conversion was obtained within 3-4 h (see Figure 5.3a).
The corresponding semi-logarithmic plot (red data points) reveals a change in gradient at
around 38 min, which signifies the onset of particle nucleation.***" This occurs at
approximately 42% NAM conversion, which corresponds to a mean PNAM DP of 1260. At
this point, the unreacted NAM monomer diffuses into the nascent growing particles, which
leads to a significantly faster rate of polymerisation. The change in gradient indicates an
approximate 2.6-fold increase in the rate of polymerisation after nucleation. This is a more

modest rate enhancement compared to that reported for other RAFT aqueous dispersion
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polymerisation formulations.*4*® The final reaction mixture is a free-flowing, low-viscosity,

turbid dispersion of PHEAC216-PNAMzo0o particles (see inset photograph in Figure 5.3a).

(a) 100 -

80 - o

60 -

Conversion / %

@
o # LI T T Ll v I L) T L 1
0 30 60 9 120 150

(b) - Time / min

400 A

M, / kg mol?
N w
o o
o (=}
®
3

100 A

o Ll 1 T L T T T L Ll O
0 20 40 60 80 100
Conversion / %

Figure 5.3 (a) Conversion vs. time curve and corresponding semi-logarithmic plot determined
by 'H NMR spectroscopy for the RAFT aqueous dispersion polymerisation of NAM at 30°C
in the presence of 0.60 M ammonium sulfate when targeting PHEAC216-PNAM3000 particles at
20% wi/w solids. (b) Evolution of Mn and Mw/M, vs. conversion plot as determined by DMF
GPC analysis.
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Selected aliquots taken during the above Kinetic experiments were subjected to DMF GPC
analysis (see Figure 5.3b). A linear evolution in M, was observed with increasing conversion,
which is typically characteristic of a RAFT polymerisation. However, the Mw/Ms values are
relatively high at around 1.8. This is not unexpected given the relatively low
PHEAC:1¢/initiator molar ratio of 0.50 employed for these syntheses: this is sub-optimal for a
well-controlled RAFT polymerisation but essential to ensure a high final monomer conversion
when targeting PNAM DPs of up to 7000.22264%-51 |n contrast, a BM1433/initiator molar ratio
of 10 was employed for the synthesis of the PHEAC:1¢ precursor, which had a relatively low
dispersity (Mw/Mn = 1.27).525% Subsequently, this precursor was employed to examine the
effect of systematically varying the target DP from 1000 to 7000 for the salt-intolerant PNAM

block (see Table 5.2).

NAM conversions ranged from 96% to more than 99% for all seven aqueous PISA
syntheses, indicating an efficient polymerisation in each case. When targeting a PNAM DP of
1,000, a low-turbidity dispersion of relatively high-viscosity was obtained. In contrast, lower
viscosity dispersions were obtained when targeting higher PNAM DPs. These observations are
consistent with the kinetic data presented in Figure 5.3a, which suggests that a minimum
PNAM DP of 1,260 is required for particle nucleation when targeting a PNAM DP of 3,000.
On the other hand, DLS studies of the PHEAC216-PNAM 1000 formulation indicate a z-average
diameter of approximately 154 nm (see later), which indicates that nucleation has already

occurred when targeting this somewhat shorter PNAM block.
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PNAM DP | Conversion/ Ms® ) GPC M,,‘j M, /M, M, ¢ - R,¢ c*e - D,¢ pDI 4
(x) % / kg mol / kg mol 1 fkgmol? | foam | fmgmL! | [/nm
1000 >99 166 117 1.92 357 - - 154 0.01
2000 98 302 166 2.35 548 20.2 110 228 0.03
3000 99 444 226 2.26 837 33.3 38 276 0.06
4000 99 584 401 2.24 1235 49.2 17 377 0.09
5000 96 702 538 2.29 1452 55.4 14 460 0.11
6000 97 846 766 2.11 2091 66.1 12 485 0.07
7000 ¢ 99 1002 855 2.21 Macroscopic precipitation 570 0.09

Table 5.2 Summary of monomer conversions, GPC and multi-angle laser light scattering
(MALLS) molecular weight data and radius of gyration for a series of PHEAC216-PNAMjx
diblock copolymer particles (x = 1,000 to 7,000) prepared by RAFT aqueous dispersion
polymerisation of NAM in the presence of 0.60 M ammonium sulfate (pH 5.5) using a redox
initiator at 30°C for at least 18 h (see Scheme 5.1a for further reaction conditions). (a)
Calculated M, corrected for the final NAM conversion, as determined by H NMR
spectroscopy (assuming 100% chain extension efficiency). (b) Mn and Mw/Mn values, as
determined by DMF GPC. (c) The My, radius of gyration (Rg) and coil overlap concentration
(c*) data are determined by MALLS. (d) D; denotes z-average diameter and PDI denotes
polydispersity index as determined by DLS. (e) A macroscopic precipitate was obtained for
this formulation, rather than a colloidally stable aqueous dispersion. For this reason, SLS
analysis was not performed.

However, in view of its relatively high viscosity, this PHEAC216-PNAM 1000 dispersion most
likely contains a fraction of soluble copolymer chains in addition to sterically stabilised
particles. This is understandable given that NAM monomer is a good solvent for PNAM.
Clearly, the critical PNAM DP required for nucleation depends on the target PNAM DP, no
doubt because the latter parameter dictates how much unreacted NAM monomer is present at
the onset of nucleation. Inspecting the penultimate column in Table 5.2, SLS studies (see
Figure 5.4 for the corresponding MALLS plots) indicate a monotonic increase in the weight-

average molecular weight (M) for the PHEAC216-PNAM 1000-6000 Series.
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Figure 5.4 Static light scattering plots obtained using a MALLS-GPC detector to determine
Mw values for six PHEAC216-PNAMiooo-s000 diblock copolymers. Measurements were
performed on dilute aqueous solutions in the presence of approximately 0.01 M ammonium
sulfate.
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The same technique also enables the mean radius of gyration (Rg) to be calculated for five
of these six samples (the exception being for the lowest molecular weight copolymer,
PHEAC:216-PNAM1000). Finally, macroscopic precipitation is observed when targeting a
PNAM DP of 7000, although a very high final monomer conversion is obtained even for this
unsuccessful formulation. Thus a PNAM DP of 6000 appears to represent the effective upper
limit for this new ‘low salt” RAFT aqueous dispersion polymerisation, at least under the stated

reaction conditions.

One advantage of targeting non-ionic diblock copolymers is that such compositions are
amenable to GPC analysis in common organic solvents. Indeed, the PHEAC-PNAM diblock
copolymers investigated herein are soluble in DMF, which is a widely used GPC eluent.
Accordingly, DMF GPC curves for a series of PHEAC216-PNAMy diblock copolymers are
shown in Figure 5.5. Increasing the target DP for the salt-intolerant PNAM block from 1000
to 6000 produces a monotonic increase in My while the dispersity (Mw/Mn) remains essentially
constant. The discrepancy between the theoretical M, values and the GPC M, data simply
reflects the use of poly(methyl methacrylate) calibration standards for GPC studies. Such
standards inevitably incur a systematic error when used for the analysis of PHEAC16-
PNAMazo00-6000 diblock copolymers. Importantly, all six MWD curves are unimodal and
efficient chain extension of the PHEAC216 precursor (see black curve) is achieved for each
synthesis. This means that a well-defined diblock copolymer architecture is obtained in each
case, although the dispersity of the PNAM block is undoubtedly high. This is not uncommon
when targeting very high core-forming block DPs in PISA syntheses.**5>% For the present
formulation, this is exacerbated by the relatively low [BM1433]/[KPS] molar ratio of 0.50 used
for these aqueous PISA syntheses. As mentioned above, RAFT agent/initiator molar ratios of
5-10 are typically required for well-controlled RAFT polymerisations,®>* although lower

molar ratios of 0.5-3.3 are often utilised for PISA syntheses.?2264%-5! For the present system, a
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significantly lower molar ratio (i.e. a higher initiator concentration) was essential to ensure
high final monomer conversions when targeting such high PNAM DPs. This pragmatic choice
inevitably leads to inferior RAFT control, as evidenced by the relatively broad molecular
weight distributions observed in Figure 5.5. However, such high dispersities can be beneficial
if such salt-sensitive diblock copolymers are to be employed as viscosity modifiers (see later).
One reviewer of this work has suggested that our RAFT aqueous dispersion polymerisation
formulations are likely to generate PNAM homopolymer, as well as the target diblock
copolymer chains. We cannot discount this possibility but we note that such contamination

would have no bearing on the intended application).

PHEAC,,.-PNAM,,,,  PHEAC,;.-PNAM,,,, PHEAC,,.-PNAM,,,, PHEAC,,
M, =225.7 kg mol® M, =166.4kgmol* M, =117.2kgmol* M, =23.9 kg mol?
M, /M, =2.26 M, /M, = 2.33 M, /M, =1.92 M, /M, =1.27

PHEAC,,-PNAM ;000
M, = 400.5 kg mol*
M, /M, =2.24

PHEAC,,.-PNAM;,0
M, =538.4 kg mol*
M, /M, =2.29

PHEAC,,.-PNAM,,
M, =765.7 kg mol™*
M, /M, =211

PHEAC,,,-PNAM;400
M, = 854.8 kg mol?
m, /M, =2.21
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Figure 5.5 Normalised DMF GPC curves recorded for the PHEAC216 precursor and a series of
PHEAC216-PNAMy diblock copolymers prepared by chain extension via RAFT aqueous
dispersion polymerisation of NAM at 30°C in the presence of 0.60 M ammonium sulfate. My
values are calculated relative to a series of near-monodisperse poly(methyl methacrylate)
calibration standards.

A 'H NMR spectrum recorded for PHEAC216-PNAMasoco particles (see lowest black

spectrum) prepared in D20 at 20% wi/w solids in the presence of 0.60 M ammonium sulfate is
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shown in Figure 5.6. This sample is then serially diluted to 15%, 10% and 5% w/w solids with
D20 and an NMR spectrum is recorded in each case. Visual inspection confirms that the
initially turbid aqueous dispersion became completely transparent at either 10% or 5% w/w,
indicating particle dissolution to afford molecularly dissolved copolymer chains. Notably, such
transparent copolymer solutions are not coloured, which is consistent with the relatively low
levels of RAFT agents required for such syntheses. To aid spectral assignments, NMR
reference spectra are also recorded for a PNAMso homopolymer (red spectrum) and a
PHEAC:16 homopolymer (blue spectrum) in the absence of salt. For the as-synthesised 20%
w/w aqueous dispersion of PHEAC216-PNAMaooo particles, only a single broad signal at around
3.6 ppm is visible in the presence of 0.60 M ammonium sulfate, which is assigned to the
relatively mobile pendent morpholine protons e and f. Under such conditions, the acrylamide
backbone signals g and h are not detected. Nevertheless, this spectrum suggests partial (albeit
low) hydration of the PNAM chains in the presence of 0.60 M ammonium sulfate. Dilution to
15% wi/w using D20 lowers this salt concentration to 0.45 M. Under such conditions, the e and
f signals are slightly better resolved. Moreover, the backbone proton signals g and h are now
just about discernible at around 1.6 and 2.6 ppm. However, further dilution to 10% w/w is
sufficient to cause particle dissociation because the salt-intolerant PNAM block becomes
water-soluble in the presence of 0.30 M ammonium sulfate. Now the PNAM proton signals are
essentially indistinguishable from those of the PNAMso homopolymer dissolved in pure DoO
(compare the uppermost black spectrum with the red spectrum). These observations are
consistent with the schematic cartoon shown in Scheme 5.1b. It is also worth mentioning that
there is no evidence for the PHEAC:i6 steric stabiliser in any of the four black spectra.
However, this is understandable because this constitutes only a minor component of the overall

diblock copolymer chains.
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Figure 5.6 Partial *H NMR spectra (D,O) recorded for a PNAMsgp (red spectrum)
homopolymer and a PHEAC:16 (blue spectrum) homopolymer in the absence of salt, as well as
PHEAC:16-PNAMz3000 diblock copolymer particles prepared in D2O at 20% wi/w solids in the
presence of 0.60 M ammonium sulfate, see lowest black spectrum. When this 20% w/w
PHEAC:216-PNAMBao00 dispersion is diluted with D20, both the background salt concentration
and the corresponding copolymer concentration are systematically reduced (see other three
black spectra).

TEM studies of the PHEAC216-PNAMeo0o particles confirm the presence of spheres with a
mean number-average diameter of 420 nm, see Figure 5.7. Given the highly asymmetric
diblock composition, this suggests a kinetically-trapped copolymer morphology. This is no
doubt because the relatively long PHEAC DP confers effective steric stabilisation, which is

sufficient to prevent sphere-sphere fusion during the aqueous PISA synthesis.>’

Figure 5.7 Representative TEM images recorded for PHEAC216-PNAMeono particles.
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DLS analysis of the six aqueous dispersions of PHEAC216-PNAM1000-6000 particles reveals
relatively narrow particle size distributions with z-average diameters that increase

monotonically with the PNAM DP. A log-log plot of this data set is shown in Figure 5.8.
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Figure 5.8 Relationship between the z-average diameter (reported by dynamic light scattering)
and the mean degree of polymerisation (DP) of the core-forming PNAM block for a series of
six PHEAC216-PNAMy particles (x = 1000 to 6000) prepared via RAFT aqueous dispersion
polymerisation of NAM at 30°C in the presence of 0.60 M ammonium sulfate (see Table 5.1).
[N.B. The standard deviations indicate the width of each particle size distribution rather than
the experimental uncertainty].

If targeting a longer core-forming block leads to larger particles, there must be a
corresponding increase in the inter-separation distance between neighboring steric stabiliser
chains within the coronal layer. Eventually, this must result in ineffective steric stabilisation,
which accounts for the failure of the PHEAC216-PNAM7000 formulation (see Table 5.2). If the
particles were fully dehydrated, the theoretical gradient for the linear plot shown in Figure 5.8
should be 0.50.%” However, this gradient is approximately 0.67, which suggests that the core-
forming PNAM chains are partially hydrated in the presence of 0.60 M ammonium sulfate.%-

% This observation is consistent with the *H NMR data discussed above. The six agqueous
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PHEAC:216-PNAM 1000-6000 dispersions were also analysed using laser diffraction. This sizing

technique reports comparable particle diameters to those obtained using DLS (see Figure 5.9).
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Figure 5.9 (a) DLS particle size distributions recorded for six aqueous dispersions of
PHEAC:216-PNAM 1000-6000 particles (see Table 5.2). Hydrodynamic z-average diameter (D)
and polydispersity data are indicated for each sample. (b) Laser diffraction particle size
distributions recorded for the same six aqueous dispersions of PHEAC216-PNAM1000-6000
particles. Volume-average diameter (Dy) data are indicated for each sample. (c) Comparison of
DLS with laser diffraction diameters. A line of unity is included for reference.

Given that DMF GPC analysis only affords relative molecular weight data, static light
scattering (SLS) was used to determine absolute My values for the series of six PHEAC16-
PNAMuzo00-6000 COpolymers. First, differential refractometry studies indicate a dn/dc value of
0.17 for such copolymers. For the SLS measurements, an online multi-angle laser light
scattering detector was employed in combination with an aqueous GPC instrument. SLS

experiments in aqueous solution are usually considered to be rather difficult owing to the
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ubiquitous presence of dust and/or air bubbles but fortunately the GPC columns act as an

effective filtration system to minimise this problem.

Figure 5.10 shows the strikingly similar relationship between the absolute My, data obtained
from SLS studies and the apparent My values indicated by DMF GPC analysis (calculated by
multiplying the M, data shown in Table 5.2 by the corresponding dispersity). The difference
between these two data sets is attributed to the systematic error incurred when using
poly(methyl methacrylate) standards as GPC calibrants for the PHEAC216-PNAM1000-6000

chains.
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Figure 5.10 Relationship between the weight-average molecular weight (Mw) and the mean
degree of polymerisation (DP) of the PNAM block for a series of six PHEAC216-PNAM
diblock copolymers (x = 1,000 to 6,000) prepared via RAFT aqueous dispersion polymerisation
of NAM at 30°C. The red data set was obtained by static light scattering studies whereas the
blue data set was calculated by multiplying each M, value obtained by DMF GPC (see Table
5.2) by the corresponding dispersity (Mw/Mp).

The relationship between the radius of gyration, Rq, and weight-average molecular weight, Mw,
is presented in Figure 5.11 (data in Table 5.2). The global chain behaviour follows a universal
scaling law, Ry ~ MY, where the Flory exponent, v, is related to the molecular weight, the solvent

quality and the inherent flexibility of the copolymer chain.®* Unperturbed flexible chains scale
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as Ry~ Mw!2, which is typical of a Gaussian conformation, In contrast, flexible chains in a good
solvent follow self-avoiding walk statistics with Ry ~ M,,*®, while relatively stiff chains behave

like rigid rods, for which Ry ~ M,,..%
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Figure 5.11 Relationship between the radius of gyration (Rg) and the weight-average molecular

weight (Mw) obtained by GPC-SLS analysis of PHEAC216-PNAM1000, PHEAC216-PNAMz3000

and PHEAC216-PNAMsooo diblock copolymers. These three copolymer MWDs overlap to

provide a continuous relationship between My and Rgy. The solid red line is a power law fit with

an exponent of 0.60, indicating dilute copolymer coils in a good solvent. The downturn
observed in the low My limit simply represents the SLS resolution limit.

The behaviour of semi-flexible chains can be described using the worm-like chain (WLC)
model, also known as the Kratky-Porod model.®® On sufficiently short length scales, semi-
flexible chains behave as rigid rods. However, over longer length scales, entropic

considerations ensure that the copolymer chains form coils. For the WLC model, Ry can be
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expressed as a function of the contour length (molecular weight) and persistence length

(intrinsic stiffness), according to the following relationship:%2
R2 = 21,L — 212(1 — e™"/'p) )
where L is the contour length and [,, is the persistence length. A fit to the WLC model using
the data set shown in Figure 5.11 gives L > R; >> [,, = 0.7 nm.
For each copolymer, we have calculated the coil overlap concentration (c*; shown in, where

Na is Avogadro’s number:®*

* 2 MW -
NA*Rg

C

)

The copolymer with the highest My (PHEAC216-PNAMeoo0) has ¢* = 12 g dm™ (see Table
5.2). In a GPC measurement, the copolymer chains are fractionated according to their
hydrodynamic volume, so the most concentrated solutions for SLS analysis were 0.60 g dm™
(PNAM DP = 2,000) and 0.12 g dm (PNAM DP = 6,000). Hence all SLS measurements were

performed in the dilute solution regime. For a flexible copolymer chain in a good solvent, R, ~
M,,*®. According to Figure 5.11, the Flory exponent, v, is approximately 0.60, which confirms

that the GPC eluent provides a good solvent environment for the PHEAC216-PNAMx series.

A representative Zimm plot®® constructed for the highest molecular weight diblock
copolymer (PHEAC216-PNAMso00) is shown in Figure 5.12. The double extrapolation to zero
copolymer concentration and zero scattering angle yields a common intercept at 3.920 x 107,
which corresponds to an My, of 2.5 x 10° g mol™. This value is considered more accurate than
the My of 2.09 x 10° g mol™ indicated in Table 5.2, which is calculated from the static light
scattering plot (see Figure 5.4). From the gradient for the zero-angle extrapolation, a second
virial coefficient, Az, of —4.8 x 10° cm® mol g* is calculated. This suggests that the aqueous

pH 8 eluent must be fairly close to a good solvent for the PNAM chains at 25°C. This is
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consistent with our observation of inverse temperature solubility behaviour for PNAMsgo
homopolymer, which precipitates at only 32 — 36°C in the presence of 0.30 M ammonium
sulfate but at more than 95°C in deionised water, as judged by turbidimetry studies (data not
shown). Finally, the radius of gyration, Ry, for five of the six diblock copolymers listed in

Table 5.2 (PHEAC216-PNAM2000-6000) ranges from approximately 20 to 66 nm.
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Figure 5.12 Zimm plot obtained by static light scattering analysis of PHEAC216-PNAMso00
diblock copolymer chains in aqueous solution (0.10 M NaNOs, 0.02 M TEA and 0.05 M
NaHCOj3 at pH 8). The common intercept at 3.920 x 10”7 indicates an My of 2.5 x 10° g mol ™.

Two-fold dilution of each of the six turbid aqueous dispersions obtained from the successful
PISA formulations summarised in Table 5.2 using deionised water produces a transparent

viscous solution comprising molecularly dissolved copolymer chains in each case.

A viscosity vs. shear rate plot recorded for the as-synthesised 20% wi/w turbid aqueous
dispersion comprising PHEAC216-PNAMeooo particles in the presence of 0.60 M ammonium

sulfate confirms their shear-thinning nature, see Figure 5.13. Further rotational rheology
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studies of the latter aqueous solutions affords the viscosity vs. shear rate data shown in Figure
5.14. Notably, each solution viscosity plateau observed at low shear (i.e. at shear rates of 0.05

to 5.0 s1) correlates closely with the PNAM chain length.
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Figure 5.13 Viscosity vs. shear rate plot obtained by rotational rheology studies of a 20% w/w
aqueous dispersion of PHEAC216-PNAMeooo particles in the presence of 0.60 M (NH4)2SO4
compared to that for a 10% w/w aqueous solution of the same copolymer in the presence of
0.30 M ammonium sulfate (i.e. after a two-fold dilution using deionised water).

A two-fold dilution of each dispersion with deionised water produces a transparent viscous
aqueous solution in each case owing to molecular dissolution of the diblock copolymer chains
in the presence of 0.30 M ammonium sulfate (see Scheme 5.1b). Each copolymer dispersion
behaves as a Newtonian fluid and exhibits a viscosity that is almost independent of shear rate
(see Figure 5.13 and Figure 5.14). In contrast, the corresponding copolymer solutions formed
after two-fold dilution with water exhibit shear-thinning behaviour at high shear. For the
dispersions, the torque sensitivity of the rheometer is poor at low shear rates, which produces

rather noisy data. The 10% PHEAC:216-PNAMeooo copolymer solution exhibits a zero-shear

198



Chapter 5: Synthesis of Non-lonic High Molecular Weight Water-Soluble Polymers as Low-
Viscosity Latex Particles in Low Salt Media by RAFT Aqueous Dispersion Polymerisation

plateau and shear-thinning behaviour under applied shear (see Figure 5.13). Under zero-shear
conditions, the solution viscosity is approximately two orders of magnitude higher for the final
molecularly-dissolved PHEAC216-PNAMegooo chains (= 2120 mPa s) compared to the initial
aqueous dispersion of PHEAC216-PNAMegooo particles (= 20-35 mPa s). In principle, such
dilution-triggered thickening could be useful for home and personal care product formulations.
In this context, it is worth emphasising that the relatively high copolymer dispersities are
beneficial because the solution viscosity depends on the viscosity-average molecular weight,
My. Since this parameter correlates much more closely with My than M, the approximate two-
fold increase in My achieved by using a relatively high initiator concentration compared to that

of the RAFT agent leads to a corresponding increase in the dilution-triggered thickening effect.
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Figure 5.14 Viscosity vs. shear rate plots obtained by rotational rheology studies of 10% w/w
aqueous solutions of molecularly-dissolved PHEAC216-PNAM 10006000 Chains in the presence
of 0.30 M ammonium sulfate.

A water-soluble dicarboxylic acid-functionalised trithiocarbonate-based RAFT agent

(BM1433) was selected for the aqueous PISA syntheses shown in Table 5.2. However, with
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the benefit of hindsight, this RAFT agent is most likely present in its anionic carboxylate form
under the reaction conditions summarised in Scheme 5.1a (i.e. at pH 5.5). According to the
aqueous PISA literature, such terminal anionic charge can enhance the colloidal stability of the
final diblock copolymer nanoparticles via an electrosteric stabilisation mechanism.>3:6.67
Moreover, literature precedent suggests that a higher chain extension efficiency and a lower
final dispersity are usually obtained when employing a one-pot synthesis protocol, rather than
when utilising a purified water-soluble precursor (e.g. PHEAC216 in the present study).58-"°
Accordingly, we decided to explore the feasibility of conducting the one-pot synthesis of
PHEAC220-PNAMeooo  diblock copolymer particles using a non-ionic RAFT agent
(MeBDMAT) under the reaction conditions shown in Scheme 5.2. The initial synthesis of the
PHEAC220 precursor was conducted at 70% w/w solids to enable the HEAC monomer to act

as a co-solvent for the otherwise water-insoluble MeBDMAT reagent.

MeBDMAT j\
j\ JJV( S~ N/\l 220 6000
NH NH 07 °NH O N/\

0
CTA/KPS =10 CTAIKPS 0.5 K/
OH KPS/TMEDA = 1.0 OH KPS/TMEDA = 1.0 OH
Water, pH 5.5 0.60 M (NH,),S0,
HEAC 70% wiw, 30 °C PHEAC 5 20% wiw, 30 °C PHEAC50-PNAMg09

Scheme 5.2 One-pot synthesis of sterically-stabilised PHEAC220-PNAMeooo diblock
copolymer particles via (i) RAFT aqueous solution polymerisation of HEAC at 30°C targeting
PHEAC220 at 70% w/w solids followed by (ii) RAFT aqueous dispersion polymerisation of
NAM at 30°C targeting PHEAC220-PNAMsooo particles at 20% w/w solids.

Kinetic studies confirm that this first-stage polymerisation proceeds to around 90%
conversion within 3.5 h at 30°C (see Figure 5.15). On subsequent addition of the NAM
monomer, a turbid, free-flowing aqueous copolymer dispersion is obtained after a further 20 h
at 30°C, with visual inspection indicating no signs of macroscopic precipitation. *H NMR
spectroscopy studies confirmed a final comonomer conversion of more than 99% and DLS
analysis of the as-synthesised particles indicated a z-average diameter of 460 nm (DLS

polydispersity = 0.06), which is comparable to the z-average diameter of 485 nm (DLS
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polydispersity = 0.07) reported for the PHEAC216-PNAMeo00 particles prepared using the two-
step protocol summarised in Scheme 5.1a. This suggests that the terminal anionic carboxylate
group on the PHEAC:16 precursor has minimal effect on the colloidal stability, particle size
and molecular weight distribution of the final diblock copolymer particles/chains. Moreover,
this successful one-pot protocol augurs well for the potential scale-up of such ‘low salt’

aqueous PISA formulations.
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Figure 5.15 Conversion vs time curve obtained when targeting PHEAC220 using MeBDMAT
RAFT agent.

Three alternative steric stabilisers were also evaluated for the RAFT aqueous dispersion
polymerisation of NAM conducted in the presence of 0.60 M ammonium sulfate. To
complement the non-ionic salt-tolerant PHEAC:16 steric stabiliser, we evaluated a cationic
polyelectrolyte (PATAC242), an anionic polyelectrolyte (PAMPS230) and a zwitterionic
polyelectrolyte (PMPCi39), see Scheme 5.3. Each of these water-soluble polymers has been

reported to exhibit salt-tolerant behaviour.?22426:3942 The target PNAM DP was 3,000 and 'H
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NMR spectroscopy studies of the final reaction mixture confirmed that more than 99% NAM

conversion was obtained in each case.

242 230 139
0" o 0 7',: ? 0\
S) HGD SO “ _O
Cl /T\ Na(-D ) 3 O/P\ )
H (o)
®
/ril\
PATAC 242 PAMP8230 PMPC139

Scheme 5.3 Chemical structures of the cationic PATAC42, anionic PAMPS230 and zwitterionic
PMPCy3g precursors used to stabilise PNAM-rich diblock copolymer particles prepared via
RAFT aqueous dispersion polymerisation of NAM in 0.60 M (NH4)2SOa4.

As discussed in our previous publications, aqueous electrophoresis experiments cannot be
performed in highly salty media using conventional commercial instruments.?*"* Instead, we
used a state-of-the-art instrument to determine the electrophoretic mobility for the PHEAC16-
PNAMz3ooo, PATAC242-PNAMz000, PAMPS230-PNAM3s000 0r PMPC139-PNAMao00 particles
during the addition of known amounts of KOH in the presence of 0.60 M ammonium sulfate.
The apparent pH of each aqueous copolymer dispersion was determined using an Ag/AgCl
glass reference electrode without any compensation to offset the effect of the high ionic
strength on the electrode response (although a temperature sensor within the electrode
assembly did enable temperature compensation). Accordingly, zeta potentials calculated using

the Smoluchowski model’? are denoted as ‘apparent zeta potentials’.

Apparent zeta potential data determined by electrophoretic light scattering (ELS) for the

four aqueous copolymer dispersions as a function of added KOH are shown in Figure 5.16.
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Data obtained for the PHEAC216-PNAMa000 particles prepared using the carboxylic acid-based
RAFT agent are included, whereas the corresponding data obtained for PHEAC216-PNAMz3000
particles prepared using a non-ionic RAFT agent are shown in Figure 5.17. Interestingly, there
is no significant difference between these datasets. As expected, the characteristic
electrophoretic footprint observed for each type of particle is dictated by the chemical nature
of the steric stabiliser chains. Thus, the cationic PATAC242-PNAMzogo particles possess
positive apparent zeta potentials of +19.4 £ 1.6 mV, whereas the anionic PAMPS230-PNAMz000
particles exhibit negative apparent zeta potentials of —-32.2 £ 1.8 mV. Finally, the zwitterionic
PMPC139-PNAMs3o00 particles and the non-ionic PHEAC216-PNAMso00 particles exhibit near-
zero apparent zeta potentials of +1.6 + 1.8 mV and -3.0 £ 1.7 mV, respectively. These

observations are consistent with previous data reported by us for such steric stabilisers.?

30 -
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Figure 5.16 Apparent zeta potentials observed on addition of 0.20 M KOH to 0.1% w/w
aqueous copolymer dispersions containing 0.6 M ammonium sulfate: PHEAC216-PNAM3000
(purple circles), PATAC242-PNAMzoo0 (red circles), PAMPS230-PNAMaono (blue circles) and
PMPC139-PNAMao00 (green circles). Standard deviations are indicated for each data point.
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Figure 5.17 Apparent zeta potentials observed on addition of 0.20 M KOH to a 0.1% w/w
aqueous dispersion of PHEAC216-PNAMzo00 particles containing 0.6 M ammonium sulfate.

Standard deviations are indicated for each data point.

5.4 Conclusions

The RAFT aqueous dispersion polymerisation of NAM is conducted using a water-soluble
salt-tolerant PHEAC precursor in the presence of a relatively low level of added salt (0.60 M
ammonium sulfate) to produce a colloidal dispersion of sterically-stabilised particles

comprising wholly non-ionic diblock copolymer chains at 20% w/w solids.

Kinetic studies confirm that relatively high NAM conversions (94-99%) can be achieved
within 2 h at 30°C. DMF GPC studies indicate relatively efficient chain extension of the
PHEAC precursor but relatively broad molecular weight distributions (Mw/Mn, > 1.92) for the
final diblock copolymer chains. Systematic variation of the target DP of the salt-intolerant
PNAM block leads to a progressive increase in the mean particle diameter as judged by
dynamic light scattering and laser diffraction. Static light scattering (Zimm plot) indicates that

My values of up to 2.5 x 10° g mol™ can be obtained using this aqueous PISA formulation.
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'H NMR spectroscopy studies confirm that a two-fold dilution of an aqueous dispersion of
such diblock copolymer particles using deionised water leads to their molecular dissolution.
Rotational rheology studies indicate that the ensuing dilution-triggered thickening increases
the solution viscosity by up to two orders of magnitude, which may be sufficient to offer
potential commercial applications. Importantly, such high molecular weight copolymers
contain minimal amounts of RAFT chain-ends: an as-synthesised 20% w/w aqueous dispersion
of PHEAC:16-PNAMenoo particles contains just 23 ppm sulfur, which is reduced to just 11.5

ppm sulfur for the final dilution-thickened aqueous solution.
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6.1 Introduction

As discussed in Section 1.3.6, Armes and co-workers utilised the ionisation of carboxylic
acid groups located at the end of steric stabiliser chains to confer minimal charge for sterically-
stabilised diblock copolymer nanoparticles.™? For certain formulations, lowering the solution
pH led to nanoparticle flocculation because this caused protonation of the terminal anionic
carboxylate groups and hence loss of surface charge. The present Chapter examines the use of
a weak anionic polyelectrolyte as the core-forming block for RAFT aqueous dispersion
polymerisation formulations. If such syntheses are conducted at sufficiently low pH, the
polyelectrolyte chains are uncharged and hence hydrophobic. In principle, raising the solution
pH after the agueous PISA synthesis should lead to extensive ionisation of the core-forming
block and hence cause in situ nanoparticle dissolution to form a highly viscous gel. Carbopol
products are an example of a commercial line of crosslinked PAA microgels manufactured by
Lubrizol. Such particles provide effective rheology modification (solution thickening) for a
range of applications, including laundry detergents, surface cleaners and batteries. These
polymer products generally exists as powders, though emulsion formulations are also

available.?

Accordingly, an anionic PAMPS23 precursor was chain-extended using a suitable
carboxylic acid based vinyl monomer at pH 2.0 — 2.5 (i.e. well below the pKa of the
corresponding anionic polyelectrolyte homopolymer). Both acrylic acid (AA) and 2-
carboxyethyl acrylate (CEA) were evaluated in this context and their structures when

protonated and ionised are shown in Scheme 6.1.
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(a) (b) x j\
3, r Nl xS

AA NaAc CEA

O

Scheme 6.1 Chemical structures of (a) acrylic acid (AA) and (b) 2-carboxyethyl acrylate
(CEA) in protonated and deprotonated forms.

Rimmer and co-workers used potentiometric titration with NaOH (aq) to determine a pKa
of 4.52 — 4.55 for PAA as discussed in Section 2.3.3.# This work has determined the pKj of
PCEA to be approximately 5.1, also via potentiometric titration. This was achieved by
identifying the midpoint between the titration equivalence points (i.e., the inflection points
observed at low and high pH). A structurally comparable monomer to CEA has been reported
in work by Bories-Azeau et al.>®: monosuccinic acid ester of 2-hydroxyethyl methacrylate
(SEMA), with a pKa of 5.5 determined by potentiometric titration. Although PSEMA has a
similar pKa to poly(methacrylic acid)’” and are both water-soluble in their ionised form,
protonation of the pendent carboxylic acid groups below pH 4 causes macroscopic precipitation
of PSEMA, whereas the neutral PMAA chains remain hydrophilic.® This same observation is

made in this work for PCEA.

The CEA monomer can be formed by dimerisation of AA. Indeed, it is known that AA can
be contaminated with CEA, as indicated in work published by Lopez-Pérez et al..® These
authors noticed that when they used ‘pure’ AA in a homopolymerisation with a bifunctional
RAFT agent (Figure 6.1a), there are additional monomer and polymer signals that are
consistent with residual CEA and statistically copolymerised CEA repeat units. As well as the
proton signals expected for PAA (and residual AA monomer), see Figure 6.1b. Subsequently,
they verified that the commercial sample of AA used was contaminated with ca. 10 mol % of

this dimer. However, as stated in Section 4.3, only 1 mol % dimer contamination of AA was

212



Chapter 6: Synthesis of High Molecular Weight Polyelectrolytes as Low-Viscosity Latex
Particles by RAFT Aqueous Dispersion Polymerisation at Low pH

detected via *H NMR in the monomer used in this work. If desired, this impurity can be

removed by fractional distillation.®°

S HO

s 0 0
(a ) )k Dioxane, 70°C, ACPA 2
HO OH - JL
— s B OH

0 DMAT-CTA1 0 0 o}

o HO OH

main chain

(b) o

-CO;—CHZCHzcolH/

RAFT Agent
(CHz)2C(COzH)

\
-C0,-CHyCH,COH (

+ % 3 , f\‘ .’Lr.'\u | U} \“’” . j -

T T T Y T T T T Y T T T T T Y T T T
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Figure 6.1 (a) Reaction scheme for the synthesis of PAA by Ldpez-Pérez et al. with 99%
monomer conversion and Mn = 11.6 kg mol™2® (b) Associated 'H NMR spectrum of
poly(acrylic acid) containing traces of 2-carboxyethyl acrylate (CEA). This AA dimer is a
known impurity in AA and is assigned to the proton signals denoted by an asterisk (*). The
corresponding proton signals for statistically copolymerised CEA repeat units are indicated at
2.5 and 4.2 ppm.® [Adapted from Lopez-Pérez et al., Polymer, 2019, 168, 116-125]

Both CEA and PCEA are readily susceptible to hydrolysis, particularly when the carboxylic
acid groups are deprotonated in alkaline solution. Moreover, in a study published by North et
al.,!! a significant quantity of the B-lactic acid (B-LA) hydrolysis product was formed during
the one-pot synthesis of PDEAs7-PCEA135 diblock copolymer nanoparticles via RAFT aqueous
dispersion polymerisation at pH 2 (Figure 6.2a), as shown by the signals g and h in Figure
6.2b. This observation was not noticed by North et al., but the work in this Thesis Chapter has
identified this issue. Unfortunately, the presence of (unwanted) statistically copolymerised AA
residues in the copolymer chains cannot be confirmed by *H NMR spectroscopy owing to

overlapping backbone proton signals. However, the extent of (P)CEA hydrolysis can be
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estimated by comparing the intensity of the B-LA side-product signals (g and h) at either 2.4 or
3.7 ppm with the integrated PCEA side-chain signals (e and f) at either 2.6 or 4.25 ppm. This
process is valid for syntheses with full CEA monomer conversions, for incomplete CEA

polymerisation, the residual monomer peaks must also be accounted for.

H,0, pH 2 o

S. _S 0 = fo) 20% w/w S, S (o}

HO ‘>: y c HO er Vx 1 Y

W7\g/ \/Y i VA-044, 50°C - I o
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”f”';@ Hoﬁo
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Figure 6.2 (a) Reaction scheme for the synthesis of PDEAs7-PCEA135 by North et al. with >
99% monomer conversion and M, = 22.0 kg mol™.2 (b) 'H NMR spectrum recorded after
conducting the one-pot synthesis of such diblock copolymer nanoparticles via RAFT aqueous
dispersion polymerisation of CEA for 8 h at 50°C and pH 2, spectrum adapted from North and
co-workers.!! The hydrolysis by-product B-lactic acid (B-LA) can be identified in this tH NMR
spectrum. [Adapted from North et al., Polym. Chem., 2021, 12, 5842-5850]

Like PMAA, PAA remains water-soluble at pH 2.0 — 2.5 in the absence of added salt.
However, preliminary salting out studies summarised in Chapter 2 indicate that PAA becomes
insoluble in the presence of 2.8 M ammonium sulfate, see Table 6.1. This suggests that the
RAFT aqueous dispersion polymerisation of AA should be feasible at pH 2.0 — 2.5 in the
presence of at least 3.0 M ammonium sulfate. Under such conditions, the PAA acts as the salt-

intolerant core block in its deprotonated form. At low pH, PAA chains adopt a compact,
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globular conformation.* However, ionisation occurs on increasing the pH and the chains

expand to their fully solvated open coil conformation.*?

Aqueous (NH,),S0, solution / mol dm™

Additive
- 0 1.0 2.0 3.0 4.0
PNaAcs,, (pH 8.0) Soluble Soluble Soluble Soluble Soluble
PAA. (pH 2.5) Soluble Soluble Soluble Insoluble Insoluble

Table 6.1 Aqueous solubility of PNaAcso at pH 8.0 and PAAsgo at pH 2.5.

The aim of this work is to design a high molecular weight pH-responsive weak
polyelectrolyte for viscosity modification in a liquid form. It is worth noting that this Thesis
chapter utilises a different approach to earlier chapters as it does not rely on dilution and it

results in the formation of a charged thickener.

6.2 Experimental

6.2.1 Materials

Acrylic acid (AA; > 99%:; purified with acidic alumina), acidic alumina, basic alumina, 2-
carboxyethyl acrylate (CEA; > 99%), 2-acrylamido-2-methylpropanesulfonic acid, sodium salt
(AMPS; 50% w/w aqueous solution), phosphate buffered saline (PBS) tablets, sodium nitrate,
sodium bicarbonate, sodium deuteroxide solution (NaOD; 40% wi/w, 99.5% D) and deuterium
oxide (D20; > 99.9% D) were sourced from Sigma Aldrich (Merck; UK). 2,2'- Azobis(2-(2-
imidazolin-2-yl)propane)dihydrochloride (VA-044; > 98%) was sourced from Fluorochem.
CD2Cl2 (> 99.8% D) was sourced from Cambridge Isotope Laboratories (UK). 2-
Ethylhexanoyl tert-butyl peroxide (T-21S; > 97%) was obtained from AkzoNobel
(Netherlands). Sodium hydroxide (> 98%) and ammonium sulfate (> 98%) were sourced from
Thermo Fisher Scientific (UK). PEO standards were sourced from Agilent/PSS (Church
Stretton, UK). 2-(((butylthio)-carbonothioyl)-thio)-2-methylpropanoic acid (BDMAT) was

prepared as reported in Chapter 2.13!* Triethylamine (> 99%) was sourced from Fisher
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Scientific (UK). 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.

6.2.2 Characterisation Techniques

Experimental protocols for *H NMR spectroscopy (solvent: 0.1 M NaOD), UV absorption

spectroscopy, DLS, optical microscopy and rotational rheology are described in Chapter 2.
Aqueous Gel Permeation Chromatography (GPC)

Experimental details are reported in Chapter 3. PAMPS-PCEA copolymers were analysed
at 1.0 mL min using Eluent 3, which comprised 0.1 M NaNOs, 0.02 M TEA and 0.05 M
NaHCOs at pH 8.0. PAMPS-PAA copolymers were analysed at 0.8 mL min using Eluent 4,
which comprised 70% v/v 0.2 M NaNOsz and 0.01 M NaH2PO4 at pH 7.0 plus 30% v/v

methanol.
Potentiometric Titration

The pKa value for the PCEA block within a PAMPS230-PCEA2000 diblock copolymer was
determined by titrating an acidified 2.5% w/w copolymer dispersion at pH 2.0 using 0.1 M
NaOH solution at 20°C. Solution pH was monitored using a HANNA pH sensor, which was
calibrated using pH 4.0, 7.0, and 10.0 buffers. Identification of the midpoint between the
titration equivalence points (from the inflection points at low and high pH) enabled

determination of the pKa, value.
Transmission Electron Microscopy (TEM)

Cu/Pd TEM grids (Agar Scientific, UK) were coated in-house with a thin film of amorphous
carbon and then treated with a plasma glow discharge for 30 seconds to generate a hydrophilic

surface. A 10 pL droplet of freshly diluted 0.1% w/w aqueous copolymer dispersion was
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pipetted onto a hydrophilic grid for 1 min, then carefully blotted with universal indicator paper
to remove excess sample and check an acidic pH was maintained. No stain was added to
samples, as this was shown to cause an increase in the sample pH and particle dissolution. The
grid was dried with the aid of a vacuum hose. Imaging was performed using an FEI Tecnai
Spirit 2 microscope equipped with an Orius SC1000B camera operating with an accelerating

voltage of 80 kV.

6.2.3 Synthesis of PAMPS Precursor via RAFT Solution Polymerisation of 2-

Acrylamido-2-methylpropanesulfonic acid, sodium salt (AMPS) in Water at 90°C

AMPS (55% w/w in water) (61.9 g, 149 mmol), BDMAT (0.15 g, 594 pumol), T-21S (0.026
g, 119 mmol) and PBS (23.5 g) were weighed into a 250 mL round-bottom flask charged with
a magnetic stirrer to form an aqueous solution (pH 7), which was degassed using a stream of
nitrogen gas for 45 min at 20°C. The sealed flask was then immersed into an oil bath set at
90°C for 180 min and the polymerisation was subsequently quenched by removing the flask
from the oil bath and exposing the reaction mixture to air while cooling to room temperature.
The final AMPS conversion was 99%, as judged by *H NMR spectroscopy (the integrated vinyl
signals assigned to AMPS monomer at 5.5 — 6.3 ppm were compared to the integrated
methacrylic backbone signals at 1.0 — 2.5 ppm). The aqueous PAMPS solution was purified by
dialysis for three days to remove unreacted monomer and initiator and then freeze-dried. The
mean degree of polymerisation was determined to be 230 + 1, as judged by end-group analysis
using UV spectroscopy at the absorption maximum of 310 nm. Aqueous GPC analysis
indicated an My of 28 kg mol™* and an Mw/M; of 1.82 in 70% v/v 0.2 M NaNOs and 0.01 M
NaHPOy; at pH 7.0 plus 30% v/v methanol (Eluent 4) and an M, of 32 kg mol™*and an Muw/Mn

of 1.33in 0.1 M NaNOs, 0.02 M TEA and 0.05 M NaHCOs at pH 8.0 (Eluent 3).
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6.2.4 Synthesis of PAMPS23-PAAx Diblock Copolymer Particles via RAFT Aqueous
Dispersion Polymerisation of Acrylic acid (AA) in the Presence of 3.0 M Ammonium

Sulfate at 46°C

A typical protocol for the synthesis of PAMPS230-PAA1000 Spheres at 10% wi/w solids was
conducted as follows. The PAMPS23o precursor (140 mg, 2.64 pumol), AA monomer (191 mg,
2.64 mmol), an aqueous solution of VA-044 initiator (427 mg, 2.64 umol) and 3.0 M
ammonium sulfate (2.55 g) were weighed into a 14 mL vial charged with a magnetic stirrer.
An aqueous solution of 37% w/w HCI (= 40 mg) was added to adjust the solution to pH 2.5
before being degassed using a stream of nitrogen gas for 30 min at 20°C. The sealed flask was
then immersed into an oil bath set at 46°C. After 18 h, the AA polymerisation was quenched
by removing the flask from the oil bath and exposing the reaction mixture to air while cooling
to 20°C. The final AA conversion was 96% as judged by *H NMR spectroscopy (the integrated
vinyl signals assigned to AA monomer at 5.8 — 6.3 ppm were compared to the integrated acrylic
backbone signals at 1.1 — 2.6 ppm). Aqueous GPC analysis in pH 8.0 eluent indicated an M, of

49 kg mol~! and an Mw/M,, of 1.88.

6.2.5 Synthesis of PAMPS,3-PCEA, Diblock Copolymer Particles via RAFT Agueous

Dispersion Polymerisation of 2-Carboxyethyl acrylate (CEA) in Acidic Solution at 46°C

A typical protocol for the synthesis of PAMPS230-PCEA2000 Spherical nanoparticles at 30%
w/w solids was conducted as follows. The PAMPS230 precursor (150 mg, 2.83 umol), CEA
(816 mg, 5.66 mmol), an aqueous solution of VA-044 initiator (549 mg, 5.66 pumol) and
deionised water (1.71 g) were weighed into a 14 mL vial charged with a magnetic stirrer. An
aqueous solution of 37% w/w HCI (= 40 mg) was added to adjust the solution pH to pH 2.0
prior to degassing using a stream of nitrogen gas for 30 min at 20°C. The sealed flask was then
immersed into an oil bath set at 46°C. After 18 h, the polymerisation was quenched by

removing the flask from the oil bath and exposing the reaction mixture to air while cooling to
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20°C. The final CEA conversion was more than 99% as judged by *H NMR spectroscopy (the
integrated vinyl signals assigned to CEA monomer at 5.6 — 6.2 ppm were compared to the
integrated acrylic backbone signals at 1.1 — 2.5 ppm). Aqueous GPC analysis in pH 8.0 eluent

indicated an M, of 89 kg mol™! and an Mw/M; of 2.90.

6.3 Results and Discussion

The synthesis of the PAMPS homopolymer was based on the protocol by Bray et al., who
used phosphate buffered saline (PBS) to maintain the solution at pH 7.4. Subsequent
purification by dialysis removed the salts from the PAMPS precursor prior to freeze-drying
which yielded a free-flowing powder. *H NMR spectroscopy studies indicated that almost
complete conversion was achieved within 3 h. PAMPS remained water-soluble even in the
presence of 4.0 M ammonium sulfate, so it was considered to be a suitable electrosteric
stabiliser. Both AMPS monomer and PAMPS polymer are essentially permanently ionised in

aqueous solution because their respective pKa values are less than 2.1°

The PAMPSx homopolymer was determined to have a DP of x = 230 + 1, via end-group
analysis using UV absorption spectroscopy. This was calculated by constructing a linear

calibration curve based on the Beer-Lambert law, as shown in Figure 6.3.
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Figure 6.3 (a) UV absorption spectra recorded for S-butyl-S’-(a,o’-dimethyl-a"-acetic
acid)trithio-carbonate (BDMAT) in methanol for a series of concentrations ranging from 0 uM
to 70.0 uM. (b) Beer-Lambert linear calibration plot constructed for BDMAT in methanol to
calculate its molar extinction coefficient (&) at the absorption maximum of 310 nm.
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Preliminary chain extension experiments using acrylic acid demonstrated that both 3.0 M
ammonium sulfate and pH 2.5 were insufficient to form nanoparticle dispersions with the

synthesis shown in Scheme 6.2.

X
230 230 X

O~ OH

O~ "NH AA O~ 'NH O~ OH
’
[CTA]:[VA-044] = 1.0
SO, 46 °C, pH 2.5, 10% wiw SO
N © 3.0 M (NH,),SO, NSD O 3
PAMPS 33 PAMPS ,30-PAA

Scheme 6.2 Synthesis of PAMPS230-PAAx diblock copolymers (x = 1,000 to 3,000) via RAFT
polymerisation of AA at 46°C in the presence of 3.0 M ammonium sulfate at pH 2.5.

The corresponding GPC curves are shown in Figure 6.4 with a reasonably high chain
extension efficiency being observed as the target PAA DP is increased from 1,000 to 3,000.
However, relatively high Mw/M, values are obtained for the PAMPS23 precursor and the
diblock copolymers. The tailing observed in the GPC traces is attributed to the high initiator

concentration relative to the RAFT agent concentration.
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Figure 6.4 Aqueous GPC curves recorded for the PAMPS230 precursor and a series of
PAMPS230-PAAx diblock copolymers prepared by chain extension via RAFT aqueous
dispersion polymerisation of AA at 46°C in the presence of 3.0 M ammonium sulfate at pH
2.5. Mn values are calculated relative to a series of near-monodisperse PEO calibration
standards. Eluent 4 was used which consisted of 70% v/v 0.2 M NaNOgz and 0.01 M NaH2PO4
at pH 7.0 plus 30% v/v methanol.

This initial low pH synthesis of PAMPS230-PAAx copolymers in the presence of added salt
led to the hypothesis that a more hydrophobic carboxylic acid-based monomer could be used
for a dispersion polymerisation. Accordingly, a PAMPS230-PCEAx formulation was
investigated at pH 2.0 with no salt required. Unfortunately, an even higher initiator
concentration was required to ensure that the RAFT aqueous dispersion polymerisation of CEA

proceeded to full conversion under the stated reaction conditions, see Scheme 6.3.
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Scheme 6.3 Reaction scheme for the synthesis of PAMPS23-PCEAy diblock copolymer
particles via RAFT aqueous dispersion polymerisation of CEA at 46°C in highly acidic media.
Conditions: 30% w/w solids; PAMPS230/VA-044 molar ratio = 0.50; pH 2.0; x = 2,000 to
12,000.

The subsequent addition of an aqueous solution of NaOH causes ionisation of the carboxylic
acid groups within the PCEAso00 chains and hence converts the initial low-viscosity turbid
dispersion into a highly viscous, free-standing transparent gel, as illustrated by the two digital

images shown in Scheme 6.4.

D
® @ X
Na o Na Na o
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o
oy Py
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8000 8000

PAMPS;30-PCEAgqpo PAMPS 34-PCEAgqg

pH 2.0 pH 9.0

Scheme 6.4 Schematic cartoon and corresponding digital images to illustrate the behaviour of
the initial sterically-stabilised PAMPS230-PCEAso00 diblock copolymer particles in aqueous
solution. Raising the solution pH from pH 2.0 to pH 9.0 using NaOH leads to in situ
dissociation of the original particles and the concomitant formation of a viscous transparent gel
comprising molecularly-dissolved diblock copolymer chains.

A potentiometric titration of the PAMPS230-PCEA2000 diblock copolymer chains was
conducted in order to determine the pKa value for the PCEA block, as shown in Figure 6.5.

Given the relatively low pKa of the PAMPS block,™ these permanently ionised chains are
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considered to have no effect on the titration data. The pH value obtained from the midpoint of
the titration equivalence points (where the degree of ionisation is 0.50) was used to calculate
an effective pKa of 5.1 for the PCEA block. Importantly, this titration curve confirmed the
requirement to use a relatively acidic solution (pH 2.0) for the RAFT aqueous dispersion
polymerisation of CEA to ensure full protonation of the resulting PCEA chains. To more
accurately quantify the pKa of the PCEA block, a homopolymer could have been used for the
potentiometric titration, although macroscopic precipitation of the PCEA at low pH values

makes this less convenient than using the electrosterically stabilised nanoparticles.

14

pH

1pKy=5.1

Added 1.0 M NaOH (aq) / mL

Figure 6.5 Potentiometric titration of a 2.5% w/w solution of PAMPS230-PCEA2000 diblock
copolymer with an aqueous solution of 1.0 M NaOH to determine the two equivalence points
and thus the effective pKa of the PCEA block.

Table 6.2 summarises the results obtained for the PAMPS230-PCEA2000-12000 formulation
when targeting 30% w/w solids. CEA conversions of 96% to 99% were obtained for six
aqueous PISA syntheses, although some macroscopic precipitation was observed when
targeting a PCEA DP > 10,000. Low-viscosity turbid dispersions were obtained for all six

syntheses and the final solution pH was still pH 2.0 at the end of each CEA polymerisation.
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Aqueous GPC analysis indicated a monotonic increase in My, albeit with systematic under-
estimation of this parameter owing to the choice of PEO calibration standards. The volume-
average particle diameter reported by laser diffraction also increased monotonically with

respect to the PCEA DP.

gglii\’ Con\;e;os lon? / kgﬂ;bol'l M, /M. b D/"Er’:]c Spanc |Uniformityc
2,000 >99 89 2.90 0.31 1.14 0.35
4,000 >99 134 3.25 1.06 0.88 0.27
6,000 99 182 3.81 1.17 0.72 0.23
8,000 98 197 4.01 1.48 0.56 0.17
10,000¢ 96 262 2.94 1.74 0.52 0.16
12,0004 97 244 3.43 2.05 0.57 0.17

Table 6.2 Summary of series of six PAMPSz30-PCEAx (X = 2,000 to 12,000) diblock copolymer
particles prepared via RAFT aqueous dispersion polymerisation of CEA at pH 2.0. Conditions:
30% wi/w solids; 46°C; PAMPS230/VA-044 molar ratio = 0.50. (a) CEA conversions obtained
via *H NMR spectroscopy, (b) Ma and Mw/M, values, as determined by aqueous GPC (Eluent
3), (c) particle size data via laser diffraction (Dv [4,3] = volume-average diameter) and (d) some
macroscopic precipitation observed.

The GPC protocol used for analysis of the anionic PAMPS,3 precursor and each
PAMPS,30-PCEAx diblock copolymer could also be conducted at this higher solution pH.
However, in view of the susceptibility of the PCEA block to undergo base-catalysed hydrolysis,
the solution pH should ideally not exceed pH 8.0. Various protocols were examined for GPC
analysis of the PAMPS230-PCEAx diblock copolymers, with a pH 8 eluent selected and
corresponding data shown in Figure 6.6. Relatively high chain extension efficiencies were
always observed, regardless of the eluent type. However, the addition of methanol co-solvent,
which is commonly used for the analysis of PAMPS homopolymers,*3817 caused extensive
tailing and Mw/M, values increased to between 5 — 15 (data not shown). This is believed to be

an artefact owing to column adsorption.
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Figure 6.6 Aqueous GPC curves recorded for the PAMPS230 precursor and a series of
PAMPS230-PCEAx diblock copolymers prepared by chain extension via RAFT aqueous
dispersion polymerisation of CEA at 46°C at pH 2.0. M, values are calculated relative to a
series of near-monodisperse PEO calibration standards. Eluent 3 was used which consisted of
0.1 M NaNO3, 0.02 M TEA and 0.05 M NaHCO3 at pH 8.0.

The 'H NMR spectra of AA (blue spectrum), CEA (red spectrum) and B-LA (green
spectrum) were prepared directly from the chemical supplier bottles in deuterium oxide and are
shown in Figure 6.7. The B-LA peaks are shifted upfield relative to the corresponding CEA
peaks due to the reduced electron withdrawing effect of the B-LA alcohol group compared to

the CEA ester group.
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Figure 6.7 Annotated *H NMR spectra (recorded in D,0) of acrylic acid (AA), 2-carboxyethyl
acrylate (CEA) and B-lactic acid (B-LA).

Subsequently, *H NMR spectroscopy was used to study the kinetics of the CEA
polymerisation at 46°C when targeting PAMPS230-PCEAsooo particles at 30% w/w solids (see
Figure 6.8a). Periodic sampling of the reaction mixture confirmed that a CEA conversion of
98% was achieved within 17 h under such conditions. The protons corresponding to the PCEA
and PAA (hydrolysis product) polymer repeat units have been annotated on Figure 6.8b. The
quantity of B-LA formed by hydrolysis of the (P)CEA species has been determined to be about
23 mol % in the final *tH NMR spectrum. Further investigation into the minimisation of this
hydrolysis needs to be considered. For example, it is proposed that the addition of 0.1 M NaOD
to the polymer in the *H NMR preparation could cause some hydrolysis before the solution pH

has time to equilibrate to pH 5.
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Figure 6.8 (a) Conversion vs. time curve determined by *H NMR spectroscopy studies of the
RAFT aqueous dispersion polymerisation of CEA at 46°C when targeting a PCEA DP of 8,000
at 30% wi/w solids and pH 2.0 over a 24 h (1440 min) timescale. (b) *H NMR kinetic samples
obtained for this polymerisation. Samples were run at pH 2.0 unless specified otherwise.
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'H NMR spectra were recorded for the PAMPS230-PCEA2000 as a function of solution pH.
The effect of hydrolysis has been discussed previously, so for clarity in the NMR spectra, the
polymer was dialysed against deionised water (pH 6.5) and the purified polymer was carefully
adjusted to specific pH values which were analysed and are shown in Figure 6.9. The acrylic
backbone signals are weakly visible at pH 2.0 because the PCEA chains — which form the
major component of this diblock copolymer — are not solvated under such conditions. These
signals are resolved at pH 4 owing to solvation of the partially ionised PCEA chains. However,
they become poorly resolved at pH 6 and 9 owing to the high solution viscosity conferred by
the molecularly dissolved copolymer chains. Above pH 9, base-catalysed hydrolysis of the
ester groups within the PCEA chains leads to the elimination of B-LA as a small molecule side-
product. The degree of hydrolysis for the pH 12 sample which was left for about 3 hours before
analysis is approximately 46 mol %. The large singlet peak in Figure 6.9 shifts from 2.7 ppm
when the carboxylic acid group is protonated, to 2.5 ppm when the group is ionised. This peak
represents the two methylene protons (c) adjacent to the carboxylic acid group and its chemical
shift is pH dependent. For the solvated polymer spectrum at pH 9.0 this peak is a singlet at 2.5
ppm, whereas at pH 6.0 a large peak at 2.5 ppm is present alongside a small peak at 2.7 ppm
which indicates a small portion of protonated PCEA remains. Furthermore, the final ca. pH 5
NMR spectrum shown in Figure 6.8b has both peaks which indicates partial ionisation of the
carboxylic acid groups. This is consistent with the measured pKa value of 5.1 being at the 50%

degree of ionisation point.
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Figure 6.9 'H NMR spectroscopy studies of a PAMPS30-PCEA2000 diblock copolymer when
varying the solution pH from pH 2.0 to pH 12.0. Careful addition of NaOD/D>0 to the dried
purified polymer enabled spectra to be recorded at pH 2.0 (purple spectrum), pH 4.0 (orange
spectrum), pH 6.0 (green spectrum), pH 9.0 (blue spectrum) and pH 12.0 (red spectrum).

Laser diffraction has been well-established as a particle sizing technique for micron-sized
particles.®2! The Malvern Mastersizer 3000 instrument used in this study is equipped with a
dispersion unit. Each aqueous dispersion is constantly stirred and pumped through the sample
chamber, so particles cannot undergo gravitational sedimentation on the time scale of the
measurement. A double log plot reveals that the volume-average particle diameter increases
monotonically with the PCEA DP, see Figure 6.10. According to the literature, the power law
exponent of 1.06 suggests that these particles are likely to have a relatively high degree of

hydration.?-24

229



Chapter 6: Synthesis of High Molecular Weight Polyelectrolytes as Low-Viscosity Latex
Particles by RAFT Aqueous Dispersion Polymerisation at Low pH

10 -
i y = 1E-04x1.0643
£ - a0
= Y et ®
: 1 E . -"‘" """
O e -
S —
= ] -
1-
0-1 L] L] ] L] L] T T T T ]
2000 4000 6000 8000 12000
PCEA DP

Figure 6.10 Logarithmic relationship between the volume-average diameter (Dy, reported by
laser diffraction) and the mean degree of polymerisation (DP) of the core-forming PCEA block
for a series of six PAMPS23-PCEAy particles (x = 2,000 to 12,000) prepared via RAFT
aqueous dispersion polymerisation of CEA at 46°C in pH 2.0 aqueous solution (see Table 6.2).

The optical microscopy image shown in Figure 6.11a indicates that the PAMPS230-
PCEAgo0o particles have a spherical morphology with a mean diameter of 1.80 £ 0.56 um
(which is the effective resolution limit for this imaging technique). Furthermore, since there is
no salt present in these copolymer dispersions, they are amenable to electron microscopy
techniques unlike some other formulations in this Thesis. A representative TEM image is
shown in Figure 6.11b which finds the mean diameter of the spherical particle to be 2.10
0.12 pum. These values are very similar to each other and are both larger than the Dy of 1.48
pm determined by laser diffraction. These particle sizing techniques are more appropriate for

assessing particles diameters > 1 pum compared to DLS.?
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Figure 6.11 (a) Representative optical microscopy image recorded for PAMPS230-PCEAgooo
particles prepared at 30% w/w solids by RAFT aqueous dispersion polymerisation of CEA at
46°C in acidic aqueous solution (pH 2.0). (b) Representative TEM image recorded for the same
particles.

Viscosity data obtained via rheometry for a shear sweep from 0.005 to 100 s* for the
PAMPS230-PCEAg00 formulation is shown in Figure 6.12. A low solution viscosity is
measured across all shear rates for the as-synthesised particle dispersion at pH 2.0. This sample
is a free-flowing turbid dispersion which exhibits shear thinning behaviour. Increasing the
solution pH from 2 to 4 led to a significant increase in viscosity at all shear rates as some of
the PCEA chains are ionised which causes the polymer to have a higher degree of dissolution
in the solvent. Further increasing the pH to 6 continued to increase the solution (or gel)
viscosity owing to further ionisation of the PCEA. The titration data in Figure 6.5 indicates
that the corresponding increase in the degree of ionisation is from 20 to 76% for this pH change.
The gel viscosity is almost unchanged at pH 9, whereas a significant reduction in gel viscosity
occurs at pH 12 owing to in situ hydrolysis of the ester bonds in the PCEA chains which reduces

the polymer molecular weight. Additionally, although the resulting acrylic acid repeat units are
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also ionised under these conditions, the B-LA side-product acts as a salt to screen the repulsive

interactions between the anionic P(CEA-stat-AA) chains.
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Figure 6.12 Solution viscosity data obtained for PAMPS230-PCEAgooo Via rotational rheometry
as a function of shear rate for a 5.0% w/w copolymer concentration at pH 2 (purple), pH 4
(orange), pH 6 (green), pH 9 (blue) and pH 12 (red).

The data in Figure 6.12 does not show a linear zero-shear viscosity regime with the
conditions used, so it is appropriate to compare datasets at a fixed shear rate value. Further
study of the PAMPS30-PCEAg0 formulation at 0.5 s* with variation of the copolymer
concentration between 0.3 and 5% w/w across the range of pH values is shown in Figure 6.13.
As expected, reducing the copolymer concentration led to lower solution viscosities. It was not
convenient to characterise more concentrated gels via rheometry because they were too viscous
to load into the instrument. A 5% copolymer dispersion is a turbid, free-flowing fluid, whereas
the 5% w/w copolymer solution formed a transparent free-standing gel (e.g. n =105 Pa s at a
shear rate of 0.5 s) at pH 6. The intrinsic viscosity [n] is related to the viscosity-average

molecular weight (My) by the Mark-Houwink relation?® and it is known that the My is usually
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comparable to My (within 10%).2” This means that the polymers synthesised, which are
reported to have relatively large Mw/Mn values, form solutions with greater viscosities than

those with narrower MWDs.
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Figure 6.13 Viscosity data obtained for PAMPS230-PCEAgooo Via rotational rheometry
measurements at pH 4, 6, 9 or 12 with a shear rate of 0.50 s and copolymer concentrations
of 5.0% w/w (orange), 2.0% w/w (green), 0.8% w/w (blue) or 0.3% w/w (red).

It is well-known that the addition of salt to polyelectrolytes results in a reduction in the
solution viscosity.?82® However, no discernible reduction in the gel viscosity for a pH 6 solution
of 5.0% w/w PAMPS230-PCEAgo00 Was observed, even in the presence of 1.0 M (NH4)2SOa.
This unexpected observation means that the PAMPSx-PCEAy formulation may be suitable for
a wide range of commercial applications, including in the oilfield and mining sectors which

may require thickeners which can cope with a high background electrolyte concentration.

6.4 Conclusions

An anionic PAMPS steric stabiliser was selected for its excellent salt tolerance and its ability
to confer electrosteric stabilisation. We report the zero-salt synthesis of a series of sterically-
stabilised PAMPS230-PCEAx diblock copolymer particles (x = 2,000 to 12,000) via RAFT

aqueous dispersion polymerisation of CEA at 30% w/w solids in acidic aqueous media (pH
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2.0). Under such conditions, ionisation of the PCEA block is suppressed and these neutral
chains become hydrophobic at a certain critical DP, which drives self-assembly to form
sterically-stabilised particles. The ionisation variation with pH was identified via
potentiometric titration, which also enabled determination of the pKa of the PCEA block. The
resulting diblock copolymer particles formed turbid low-viscosity dispersions at pH 2.0.
Optical microscopy and TEM indicated the presence of micron-sized particles with a
polydisperse spherical morphology. Laser diffraction data were consistent with these
observations and confirmed a modest increase in particle size when targeting higher PCEA
DPs. The realistic upper limit PCEA DP was judged to be 10,000 because partial precipitation
was observed when targeting a higher PCEA DP. Aqueous GPC analysis of the anionic diblock
copolymer chains indicated reasonably efficient chain extension of the PAMPS230 precursor
and a systematic increase in molecular weight when targeting higher PCEA DPs. However,
rather broad molecular weight distributions (Mw/Mn > 2.0) were obtained owing to the
relatively low PAMPS230/VA-044 ratio required for such syntheses, which proved to be

essential to ensure high CEA conversions.

Raising the solution pH caused ionisation of the PCEA block and hence molecular
dissolution of the diblock copolymer particles, which led to a substantial increase in viscosity.
The initial gel contained trapped air bubbles, which disappeared overnight to produce a free-
standing transparent gel. The theoretical M, value for PAMPS230-PCEAso0o is approximately
1.18 x 10° g mol™, respectively. Given that the corresponding Mw/M, values is 4.01, this
suggests a corresponding My value of the order of 4.73 x 10% g mol™, which accounts for the

relatively high solution viscosity observed for this formulation at pH 6.0.

Base-catalysed hydrolysis of the ester groups within the PCEA block has been observed by
IH NMR spectroscopy. This side-reaction also occurred in a study reported by North et al. but

was not recognised at the time.!! This problem can be minimised by avoiding alkaline
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conditions when adding NaOH (aq.) to ionise the PCEA block. *H NMR spectroscopy can be
used to monitor the increasing solvation of the PCEA block when raising the solution pH. In
addition, this technique can be used to quantify the extent of in situ hydrolysis of the PCEA
block, which generates B-LA as a side-product. Further investigation into the most appropriate
storage conditions for PAMPS230-PCEAx diblock copolymers should be made. The particles
are known to be stable around pH 2, though potential acid hydrolysis in this environment
should also be considered. The use of buffers could also assist in maintaining an appropriate
pH value, although the mixing of salt with the polyelectrolyte may cause a reduction in solution

viscosity.

Rheological studies of the PAMPS230-PCEAsoo0 formulation as a function of shear rate at
various copolymer concentrations and solution pH values has enabled identification of the
conditions required to maximise the thickening effect. Remarkably, the highly viscous, free-
standing transparent gels formed by the highly anionic PAMPS230-PCEAgo0 diblock
copolymer chains seem to be relatively insensitive to the addition of added salt (1.0 M

ammonium sulfate).
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7.1 Conclusions and Outlook

The ubiquitous use of modern synthetic polymers has been driven by the desire for a diverse
range of materials for bespoke applications. This demand remains high, although the focus has
shifted towards more efficient, sustainable formulations.®3 This Thesis reports the
development of a novel class of thickeners, which are initially prepared in the form of free-
flowing low-viscosity particles. Subsequently, either lowering the salt concentration or raising
the solution pH leads to a substantial increase in viscosity by several orders of magnitude to
produce transparent free-standing gels. This PhD project was sponsored by BASF which is a
company who manufacture a range of polymeric thickeners for their Nutrition & Care, Qilfield,
and Materials businesses. Furthermore, they hold many patents in the manufacture of latex
particles at high solids.*" Current commercial thickeners such as anionic polyacrylamide
Alcomers produced by BASF are widely used as dewatering additives in the oilfield sector.
Such copolymers also exhibit a strong thickening effect when dissolved in water. However,
they are dispensed in powdered form and dissolution in aqueous solution is quite slow and

requires thorough mixing.®

Chapter 2 reports the synthesis of various trithiocarbonate-based RAFT agents that are
suitable for the controlled polymerisation of a range of vinyl monomers, including acrylates,
methacrylates, acrylamides and methacrylamides. These reagents enabled the synthesis of
eighteen homopolymers via RAFT solution polymerisation. Aqueous solubility tests for each
hydrophilic monomer and its corresponding water-soluble homopolymer were conducted
across a range of ammonium sulfate concentrations. Visual inspection was used to judge
whether full solubility had been achieved. Comparison of the critical salt concentration
required to precipitate each homopolymer allowed the identification of suitable salt-tolerant

stabiliser blocks and salt-intolerant core-forming blocks. Judicious selection of appropriate
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aqueous PISA formulations was then made. The same tests also indicated when certain water-

miscible vinyl monomers became water-immiscible in the presence of salt.

Chapter 2 also includes further experimental details regarding the PATAC-PDMAC
formulation reported by Byard that led to the current PhD project.® In her prior study, the
PATAC stabiliser DP was 100. In contrast, a PATAC DP of 242 was chosen for the
experiments reported in Chapter 2 to aid the electrosteric stabilisation of polymer particles
when targeting relatively long core-forming blocks. This approach was expected to enhance
the colloidal stability of the nanoparticles: according to the PISA literature, it would likely
result in a kinetically-trapped spherical morphology, which is desirable to minimise the
dispersion viscosity.'>* RAFT aqueous dispersion polymerisation syntheses conducted at 20%
wi/w solids enabled high monomer conversions to be achieved up to a PDMAC DP of 12,400,
which corresponds to a theoretical molecular weight of 1.2 x 108 g mol™. Relative molecular
weight data can be determined experimentally using GPC, where M, values from the RI
detector are calculated relative to a set of calibration standards. In addition, My values can be
obtained by static light scattering using a MALLS GPC detector. The former detector requires
PEOQ calibration standards, which results in systematic under-estimation of My; in contrast, the
latter detector determines absolute My values. For the highest molecular weight PATAC242-
PDMAC 12400 diblock copolymer, an My of more than 2.0 x 10° g mol* is reported. Moreover,
a unimodal MWD was obtained, whereas Byard reported a bimodal MWD in her preliminary
experiments. Rheological studies enabled quantification of the thickening effect achieved over
a wide range of shear rates. For example, the solution viscosity of PATAC242-PDMACe200 Was
three orders of magnitude higher than the initial dispersion viscosity at an arbitrary shear rate
of 3.0 s’ Furthermore, a monomer-starved feed protocol was employed to target copolymer

particles at higher solids. This approach produced rather polydisperse particles, but the final
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DMAC conversion was typically more than 97% and free-standing gels were obtained after a

four-fold dilution with deionised water.

Chapter 3 reports the use of a highly salt-tolerant zwitterionic PMPC steric stabiliser for
the synthesis of PMPC-PDMAC nanoparticles in 2.0 M ammonium sulfate.!* A series of
colloidally stable copolymer dispersions were obtained at 20% w/w solids: targeting higher
PDMAC DPs produced a monotonic increase in both the GPC M, and the hydrodynamic z-
average particle diameter. When targeting a PDMAC DP of either 500 or 1,000, some of the
copolymer chains remain in the aqueous continuous phase, producing a translucent gel instead
of a free-flowing turbid dispersion. Selected copolymer dispersions were characterised using
synchrotron SAXS at Diamond Light Source.*? Volume-average diameters were calculated by
fitting SAXS patterns using a spherical model and were slightly lower than the z-average
diameters reported by DLS. The DMAC polymerisation exhibited first-order kinetics as judged
by *H NMR spectroscopy and aqueous GPC analysis confirmed a monotonic increase in M
with target PDMAC DP. Analysis of the electrophoretic mobility of the PMPC139-PDMAC 1000
particles in the presence of 2.0 M ammonium sulfate was performed by Dr. John F. Miller of
Enlighten Scientific LLC using his state-of-the-art instrument. This protocol was repeated for
two other PDMAC-based copolymer dispersions prepared using either an anionic or a cationic
steric stabiliser block. The resulting apparent zeta potential vs. pH plots indicated the formation
of neutral (PMPC stabiliser), anionic (PAMPS stabiliser) or cationic (PATAC stabiliser)
copolymer particles, with little variation in the apparent zeta potential being observed over a

wide pH range.

Chapter 4 examines industrially relevant aqueous PISA formulations using commodity
monomers such as acrylic acid, acrylamide and acrylonitrile.®® First, a poly(acrylic acid)
stabiliser was prepared by RAFT solution polymerisation. Prior to its chain extension, a small

quantity of sodium bicarbonate was added to produce poly(sodium acrylate) (PNaAc) chains,
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which are soluble in 3.0 M ammonium sulfate. The RAFT synthesis of cationic
polyacrylamide-based particles has been reported by Huang et al.,** while Bai et al.*® have
described the preparation of anionic polyacrylamide-based particles. However, such studies did
not focus on maximising either the upper limit solids content or PAM DP achievable at high
monomer conversions. As the salt concentration was reduced from 3.0 M to 1.5 M ammonium
sulfate via two-fold dilution using deionised water, *H NMR spectroscopy studies of a PNaAc-
PAM copolymer confirmed full hydration of the PAM chains. Small quantities of DMAC as a
comonomer was introduced into the core-forming block via statistical copolymerisation with
AM. As expected, the resulting P(AM-stat-DMAC) core-forming block formed a free-standing
hydrogel at a lower DP than that required for a PAM homopolymer. Use of ACN may also be
possible, but due to its high volatility, it was not amenable to the experimental procedures used.
A preliminary viscosity evaluation of such samples relative to BASF’s Alcomer products

suggests that these formulations may offer some potential for oilfield applications.

A new ‘low salt’ aqueous PISA formulation based on a wholly non-ionic diblock copolymer
is developed in Chapter 5. More specifically, an efficient one-pot synthesis protocol is devised
for the preparation of a series of six PHEAC216-PNAM1ooo-s000 particles, where PNAM is a
particularly salt-intolerant water-soluble polymer. Both laser diffraction and dynamic light
scattering were used to assess mean particle diameters and good agreement was observed when
targeting PNAM DPs from 1,000 to 6,000. The use of a GPC MALLS detector enabled absolute
Mw values to be measured once the dn/dc value of such copolymers had been determined. A
Zimm plot was constructed for PHEAC216-PNAMsoo0, Which indicated an My of approximately
2.5 x 10° g mol™*. Static laser light scattering was also used to estimate the radius of gyration
for five of the six copolymers: this parameter increased from 20 to 66 nm as the target PNAM

DP was raised from 2,000 to 6,000.
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Finally, Chapter 6 considers the use of a carboxylic acid-based core-forming block to
prepare sterically-stabilised particles at pH 2.0 — 2.5. In this case, the objective was to design
a high molecular weight pH-responsive polyelectrolyte for viscosity modification. An anionic
PAMPS steric stabiliser was selected for its excellent salt tolerance and its ability to confer
electrosteric stabilisation. Subsequently, a new ‘zero salt’ aqueous PISA formulation was
developed based on the RAFT aqueous dispersion polymerisation of 2-carboxyethyl acrylate
(CEA) at pH 2.0 using the same PAMPS precursor. A potentiometric titration indicated that
the resulting core-forming PCEA block had a pKa of approximately 5.1. A series of PAMPS230-
PCEA2000-12000 particles were prepared and laser diffraction studies indicated volume-average
particle diameters ranging from 0.3 to 2.0 um. These results were corroborated by optical
microscopy studies, which indicated a polydisperse spherical morphology for the larger
particles. On adjusting the solution pH from pH 2 to pH 6 for a PAMPS230-PCEAso00
formulation, ionisation of the PCEA block led to in situ molecular dissociation of the initial
particles to produce a highly viscous transparent gel. Moreover, these gels remained free-
standing on dilution to 5.0% w/w copolymer concentration. Clearly the initial acidity may be
problematic for some applications, but such copolymers are undoubtedly effective viscosity
modifiers.

A summary of all of the highest MW aqueous PISA syntheses is provided in Table 7.1,

which enables comparison of the chemical and physical properties of such formulations.

Stabiliser . Solids |Conversion| Theoretical |Sulfur Content | Viscosity @ | Viscosity
Core-forming Block 1 1
Block /% w/w /% M, / kg mol / ppm 0.1s'/Pas| Comment

PATAC,4, PDMAC;3400 20 96 1227 16 — (5% w/w) highly viscous
PATAC,4, PDMAC; 990 * 40 99 1031 37 — (10% w/w) | free-standing gel
PMPC,3 PDMAC;00 20 99 629 31 3.3 (10% w/w) | highly viscous
PNaAc;sg PAM 5000 12 97 846 14 — (6% w/w) |very highly viscous]
PNaAcysz  |P(AMyygg0-stat -DMAC;s00) 14 >99 1048 13 188 (7% w/w) | free-standing gel
PHEAC,¢ PNAMgq00 20 97 846 23 2.1 (10% w/w) | highly viscous
PAMPS,3, PCEAzo00 30 98 1182 24 300 (5% w/w) | free-standing gel

Table 7.1 Summary of the maximum core block DP, solids content, monomer conversion,
theoretical My, sulfur content and solution viscosity obtained for the various new aqueous PISA
formulations developed in this Thesis. * The PATAC242-PDMAC10000 diblock copolymer was
synthesised at 40% wi/w solids using a monomer-starved feed protocol.
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The organosulfur content of each of the reported formulations is less than 37 ppm for the
as-synthesised dispersions, so the undesirable colour and malodour conferred by the RAFT
agent is minimised. As the RAFT agent is the most expensive component in such syntheses,
the manufacturing cost is also significantly reduced. The solids content of the final diblock
copolymer nanoparticles ranges from 12 to 40% w/w. This is comparable to that claimed by
Destarac et al., who claimed that up to 50% wi/w solids could be obtained via ‘water-in-water’

RAFT polymerisation.®

One of the most promising formulations is PAMPS230-PCEAsoc0, Which produces a free-
standing gel after pH adjustment with NaOH. Even after a six-fold dilution to 5% w/w, the
anionic carboxylate groups on the PCEA chains produce a free-standing gel with a viscosity of
300 mPa s at a shear rate of 0.5 s. The organosulfur content contained per polymer chain is
amongst the lowest of all the formulations, it corresponds to just 24 ppm for the as-synthesised
30% wi/w copolymer dispersion. The main disadvantages of this formulation is the relatively
low pH and the likelihood of further hydrolysis of the ester groups on the PCEA chains during
low-term storage under such conditions, which would cause premature gelation. In principle,
optimal pH control during and after the synthesis could mitigate this problem. Alternatively,
other carboxylic acid-containing monomers such as 3-methacryloylaminopropionic acid
(MAAP) could be evaluated since the corresponding polymer should be much more resistant
to hydrolytic degradation. Alternatively, a molecule such as 4-vinylphenol, which is predicted
to have a pKa of 9.95 using ACD/Labs software,*” may form particles at low and intermediate
pH values, but will solubilise into chains only in alkaline media. The aromatic group in the

structure of this monomer should cause it to be highly resistant to hydrolytic degradation.

The most innovative formulation reported in this Thesis is the PHEAC216-PNAMeooo
copolymer. As a fully non-ionic system, its one-pot aqueous synthesis in the presence of just

0.60 M ammonium sulfate shows how such formulations can be devised even if the steric
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stabiliser block is not particularly salt-tolerant. The low salt concentration is more cost-
effective and also made such formulations amenable to transmission electron microscopy
studies, which are problematic for higher salt concentrations. Nonetheless, highly viscous
copolymer solutions were obtained after a two-fold dilution with water. Future work on this
system could involve using a higher reaction temperature, which should enable even lower salt
concentrations to be used. This is because PNAM exhibits inverse temperature solubility
behaviour at 32 — 36°C in the presence of 0.30 M ammonium sulfate, which is only 2 — 6°C
higher than the current synthesis temperature. It is well-known that the critical solution
temperature (or LCST) of thermoresponsive polymers is typically lower in the presence of salt;

for example, Cremer et al. reported such observations for PNIPAM.*®

Further GPC characterisation of each system using a multi-angle laser light scattering
(MALLYS) detector would be useful. Most of the aqueous GPC results in this Thesis are reported
relative to PEG calibrants using an RI detector, which inevitably introduces a systematic error.
Obtaining absolute My values via MALLS is more likely to be useful for predicting the

copolymer solution viscosity after dissolution of the initial low-viscosity particles.

Preliminary results of the all-cationic formulations; PATACx-PBzDAy, PMETACx-PBzDAy
and PMETACx-PBzDMA, indicate high conversions and free-flowing turbid dispersions when
prepared in the presence of 3.0 M ammonium sulfate. The difficulty with such formulations is
the GPC analysis. Initial characterisation using aqueous GPC protocols led to no copolymer
elution: this observation is attributed to their irreversible adsorption onto the GPC columns.
Thus, if such systems are to be further investigated, a suitable hydrolysis/methylation protocol
should be developed (such as that reported by North et al.®) to enable GPC analysis in a
suitable organic solvent (e.g. THF, DMF or chloroform). On the other hand, MALLS could be
used in its offline mode to determine absolute My values (although no MWD information is

obtained from such measurements).
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The use of alternative steric stabilisers for either PNAM or PAM core-forming blocks could

also be considered. Suitable electrosteric stabilisers could be PATAC, PAMPS or PMPC while

the ammonium sulfate concentration could be maintained at either 0.60 M or 3.0 M

respectively. Gel polymerisation methods, as reported by Destarac?®® and Sumerlin?t, for the

production of UHMW polymers have been discussed in Chapter 1. Low-temperature RAFT

solution polymerisations using either redox initiator or UV light respectively apparently lead

to efficient syntheses with minimal chain transfer. No free-flowing low-viscosity copolymer

particles have been prepared using such techniques, but M, values greater than 1 MDa have

been reported for PAM and PDMAC homopolymers.
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