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Abstract

Abstract

This Thesis focuses on the preparation of stimulus-responsive nano-objects prepared by
polymerisation-induced self-assembly using reversible addition-fragmentation chain
transfer aqueous dispersion polymerisation. Firstly, an experimental phase diagram has
been constructed for the reproducible synthesis of
poly(N,N-dimethylacrylamide)-poly(diacetone acrylamide) (PDMAC-PDAAM) diblock
copolymer spheres, worms and vesicles. Dynamic light scattering (DLS) indicates that,
in most cases, these PDMAC-PDAAM nano-objects are surprisingly resistant to changes
in either solution pH or temperature. However, PDMAC4-PDAAMgg worms do undergo
partial dissociation to form a mixture of relatively short worms and spheres on adjusting
the solution pH from pH 2-3 to around pH 9 at 20 °C. Moreover, a change in copolymer
morphology from worms to a mixture of short worms and vesicles is observed on heating
this worm dispersion to 50 °C. Post-polymerisation cross-linking of concentrated aqueous
dispersions of PDMAC-PDAAM nano-objects has been performed at 20 °C using adipic
acid dihydrazide (ADH).

A new amphiphilic diblock copolymer that can form spheres, worms, vesicles or lamellae
in aqueous solution simply by raising the solution temperature from 1 °C (spheres) to
25 °C (worms) to 50 °C (vesicles) to 70 °C (lamellae) has been synthesised by chain
extension of a PDMAC precursor with 4-hydroxybutyl acrylate (HBA) (80 mol%) and
DAAM (20 mol%). The first two transitions exhibit excellent reversibility as judged by
rheology studies but the lamellae-to-vesicle transition shows hysteresis on cooling. A
statistical copolymer of HBA and DAAM was used for the nanoparticle core to enable
ADH crosslinking of this hydrophobic block, thus facilitating TEM analysis of the four
nanoparticle morphologies.

Chain extension of a cationic poly(2-(acryloyloxy)ethyl trimethylammonium chloride)
(PATAC) precursor with DAAM produces cationic spherical nanoparticles whose size
can be adjusted by systematic variation of the mean degree of polymerisation (DP) of the
PDAAM block. Remarkably, PATAC100-PDAAM1500 spheres remain colloidally stable
in the presence of either 4 M KCI or 3 M ammonium sulfate for at least 115 days at 20 °C.
Moreover, these nanoparticles also remain stable in 3 M KCl at 90 °C for six days. Using
binary mixtures of PATAC and PDMAC precursors enables the cationic character of such
spheres to be tuned. DLS analysis shows that a PATAC-rich stabiliser layer is required
for high salt tolerance. Moreover, cationic diblock copolymer worms and vesicles can be
prepared by utilising a relatively low mole fraction of the PATAC block in the stabiliser
layer. These latter dispersions also exhibit reasonably good salt tolerance: the worms
remained colloidally stable in the presence of up to 2 M KCI while vesicles resisted
flocculation up to 1 M KCI.

Finally, PATAC100-PDMACy diblock copolymer nanoparticles have been prepared at
10 % wi/w solids in 2 M ammonium sulfate, with DLS studies indicating relatively large
sphere-equivalent diameters. DLS and *H NMR spectroscopy analysis indicate that a
four-fold dilution of such dispersions with water results in nanoparticle dissociation to
afford molecularly-dissolved copolymer chains. For a PDMAC DP of 2000 or above,
such dissociation leads to a significant increase in solution viscosity. A monomer-starved
feed protocol has been used to prepare a low-viscosity dispersion of
PDMAC100-PDMAC10000 nanoparticles at 40 % w/w solids. Dilution-triggered
dissociation of this dispersion results in the formation of a transparent, free-standing gel.

\Y
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1.1 General Concepts of Polymer Science

In 1920 Staudinger first suggested that polymers were high molecular weight, long-chain
macromolecules. Before this, it was thought that very large covalently-bonded molecules
could not exist.2 However, it wasn’t until a series of experiments were conducted by
Carothers in 1929 that Staudinger’s concept was finally accepted by the wider scientific
community.? It is now well-established that polymers are long-chain molecules formed
from many repeat units which are known as monomers. The range of monomers that can
be used to synthesise polymers is extensive. Consequently, polymers with a vast range of
properties can be designed. Over 80% of global polymer production comprises
commodity polymers such as polyethylene, polypropylene, poly(ethylene terephthalate),
polystyrene, poly(vinyl chloride) and polyurethane which are used in applications such
as packaging, building and construction, the automotive industry, electrical insulation and
appliances, household products, agriculture, drug excipients and medical devices.
However, speciality polymers with specific architectures, properties and functionality are
becoming more prevalent as we move into an era of targeted drug delivery, implantable
medical devices, 3D printing, electric vehicles, renewable energy and enhanced oil

recovery.

1.2 Polymer Architectures

Polymers prepared from a single type of monomer are termed homopolymers. However,
more complex architectures can be obtained by copolymerisation of two or more different
monomers. A copolymer is a polymer containing two or more different monomers.
Copolymers composed of two chemically different monomers can be categorised as
block, gradient, alternating, statistical (for which random copolymers are a specific case)

or graft copolymers (Figure 1.1).
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@ Monomer A
@ Monomer B
2 00000000000000000000000000000000 Block copolymer
b 00000000000000000000000000000000 Gradient copolymer
c 0000000000000 0000000000000000000 Alternating copolymer
d 00000000000000000000000000000000 Random copolymer

®
c 00000000000000000000000000000000 Grait copolymer

Fig.1.1. Schematic representation of (a) a block copolymer (b) a gradient copolymer, (c)
an alternating copolymer, (d) a random copolymer and (e) a graft copolymer formed

from monomers A and B.

Sequential polymerisation of monomer A followed by monomer B results in an AB
diblock copolymer. Gradient copolymers exhibit a gradual change in composition from
monomer A to monomer B. An alternating copolymer is composed of strictly alternating
monomer units of A and B in an equimolar ratio. Statistical copolymers have
compositions that depend on the relative reactivities of the respective comonomers. A
random copolymer is a statistical copolymer in which the probability of finding monomer
A or B at a particular point in the chain are independent of each other. A copolymer is
known as a graft copolymer when monomer B forms branches from the main polymer

backbone composed of monomer A4

This Thesis focuses exclusively on the synthesis and characterisation of AB diblock
copolymers and A(B-stat-C) block copolymers (where the second block is a statistical

copolymer composed of monomers B and C).
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1.3 Polymer Classification

In 1929, Carothers classified polymers into condensation and addition polymers.*
Condensation polymers are formed from monomers with the elimination of a small
molecule during the reaction. Conversely, addition polymers are formed without the
elimination of small molecules during polymerisation. The polymerisation of vinyl
monomers (i.e. those which contain a carbon-carbon double bond) produces addition
polymers since the chains are formed by reaction of the vinyl groups to form saturated
C=C backbones without the loss of a small molecule. For addition polymers, the repeat
unit has the same elemental composition as the corresponding monomer. However, this
early classification of polymers is now considered outdated because there are some
polymers such as polyurethanes that would be classified incorrectly according to these

simple guidelines.*

In 1953, Flory noted the various mechanisms by which polymers are built up from
monomers.® His observations led to a new classification system: either step or chain
polymerisation. In a step polymerisation, monomers first react to form dimers. These
dimers can react with another monomer unit or with another dimer to form trimers or
tetramers, respectively. These trimers and tetramers can then react further with monomer,
dimers or other trimers and tetramers. This slow, stepwise build-up of molecular weight
continues throughout the polymerisation. High molecular weight polymers are not formed
until near the end of the polymerisation reaction, see Figure 1.2. It is noteworthy that this
nomenclature does not make the distinction between step polymerisations which proceed
with the formation of a small molecule by-product and those that do not. IUPAC
encourages the use of the terms polycondensation to describe the former and polyaddition

for the latter.
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In a chain polymerisation, an initiator or catalyst is used to produce an active site that
reacts rapidly with one monomer unit at a time, with the regeneration of the active site
after each monomer addition. Propagation ceases when the active centre is destroyed in a
termination reaction. Unlike step polymerisation, high molecular weight polymers are
produced even at low monomer conversions. The average molecular weight decreases
slightly towards the end of the reaction as the reaction becomes starved of monomer
resulting in shorter polymer chains, see Figure 1.2. Chain polymerisations are exclusively

discussed throughout this Thesis.

p
Chain polymerisation
=)
)
(] a{\°°
2 0o
& 3«
3 S
@ r{,\oq’
© '\(‘Q
£ &
(<)) 0
2 W
2
< ..
Step polymerisation
T |
0 1

Extent of reaction, p

Fig. 1.2. Schematic representation of the average molecular weight against the extent of
reaction, p for a chain polymerisation, a step polymerisation and a non-terminating
polymerisation.

In both step and chain polymerisation, the final polymer comprises chains of varying
lengths. Hence, the resulting polymer does not possess a unique molecular weight but
rather a molecular weight distribution (MWD). Therefore, an average molecular weight

must be used to describe the polymer. There are several different average molecular
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weights that can be used. In this Thesis, the number-average molecular weight (M,) and
the weight-average molecular weight (Mw) will be used to describe the polymers. These

parameters can be calculated using Equations 1.1 and 1.2 below.

X niM;
M, = 1.1
" xn;
2
M, = LM 1.2
xn M;

Here n; is the number of molecules of a given species and M; is the molecular weight of a

given species. Consequently, Mw is always greater than M.

Ideally, the whole MWD should be determined because, in principle, two polymers with
the same My could possess different MWDs. IUPAC recommends using the term molar
mass dispersity (Pwm), for which molecular weight dispersity or dispersity are acceptable
synonyms, to describe the breadth of the MWD. D is expressed in terms of Mw and Mn
according to Equation 1.3. If every polymer chain had exactly the same chain length then
DPwm would be equal to unity. [IUPAC recommends that such polymers are called ‘uniform
polymers’. Polymers for which Pm exceeds unity are to be called ‘non-uniform
polymers’. To avoid confusion, Mw/Mn will be used as a measurement of the width of the

MWD of the polymers synthesised in this thesis.

M,
P, = — 1.3
M~ M
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1.4 Polymerisation Techniques

1.4.1 Living Anionic Polymerisation

In 1956, Szwarc introduced the concept of ‘living polymerisation’ through the anionic

polymerisation of styrene in THF using a sodium-naphthalene complex.® In the first step

of the reaction, naphthalide undergoes an electron transfer reaction with styrene to

produce a negative monomer ion (1) or (2) in Figure 1.3. Either end of species (1) and (2)

can propagate with further monomer, one end growing as a radical, the other as a

carbanion to produce either species (3) or (4). The radicals do not live long and quickly

undergo dimerisation to produce species such as (5). (5) continues to propagate with

further monomer units from either end of the species until all the monomer is consumed.

Initiation

Naphthalene™ + ZHC——=CH, —> Naphthalene +

Propagation

LT
+ ZHC=——=CH, —> —:c|:—c|:—T—C-
Z H zZ

@)

H

H

N—O—I
|
I—O—I
2
N—O—I
|
I—O—I

LT
or ‘:C—C—C—C|:-
Y4

Z H H
(4)

H H H H H H H T T T T T
—J:—(L%(L—i%!)—(') - + nZHC==CH, —> - c|;—(|:~éc|;—c|; (|:—T -
SRR AR LN

Fig. 1.3. The mechanism for the anionic polymerisation of styrene using a

sodium-naphthalene complex initiator. Z = CsHs.”
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For a polymerisation to be termed ‘living’ it must possess no intrinsic termination
reactions. This is indeed the case with anionic polymerisation since the propagating

carbanions cannot react with each other.

Once the supply of monomer is exhausted the polymer chains stop growing. However,
the living carbanion chain-ends remain intact. Further polymerisation can be achieved by
the addition of a second charge of monomer. Szwarc demonstrated this through the
addition of isoprene to living polystyrene chains that had been initiated with a
sodium-naphthalene complex. This resulted in a
polyisoprene-b-polystyrene-b-polyisoprene triblock copolymer being formed.” Using
n-butyllithium as an initiator for anionic polymerisations results in the formation of
monofunctional propagating species of the form shown in Figure 1.4 which can be used
to produce AB-type block copolymers.®?

(Li*) =

—C4Hg

N—O—I
I—O—I

Fig. 1.4. Monofunctional propagating species formed when n-butyllithium is used as an

initiator for anionic polymerisations.®*®

For such polymerisations the final degree of polymerisation (DP) of the polymer can be
calculated using Equation 1.4 where [M] is the concentration of monomer, [I] is the

concentration of the initiator and c is the fractional monomer conversion.°

DP = — X¢ 1.4

In an ideal anionic polymerisation, initiation is essentially complete before any
propagation occurs. Thus, all chains grow uniformly throughout the reaction. This results

8
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in a linear increase in My with conversion, see Figure 1.2. Moreover, Schulz demonstrated
that polymers with very narrow MWDs can be produced using living anionic

polymerisation (Mw/M, ~ 1.06).1°

However, living anionic polymerisation has some intrinsic drawbacks: it cannot be
conducted in protic solvents or non-polar solvents that do not solvate the ions that are
formed. Rigorous and exhaustive removal of monomer impurities, moisture and oxygen
is essential to avoid premature termination. Lastly, it is particularly difficult to polymerise
polar monomers or those containing acidic or electrophilic substituents.®”1%! Even with
such drawbacks, the technology was quickly adopted by industry to produce well-defined

block copolymers which can be used as thermoplastic elastomers.*

1.4.2 Free Radical Polymerisation

Free radical polymerisation (FRP) is an example of a chain polymerisation. It is a versatile
method that allows polymerisation of many functional monomers including those
containing acid and hydroxyl groups.**3 Although in most cases FRP must be conducted
under an inert atmosphere, FRP is not hindered by water or protic solvents and minimal

purification of monomers and solvents is required.*3

The FRP mechanism consists of three elementary steps: initiation, propagation, and

termination, Figure 1.5.44

— —2 = 2 Decomposition o
k; Initiation
'+ M — M Initiation
k, .
IM™ + LM — Pret } Propagation
P, + Py — P, Combination o
kg _ . _ Termination
P, + Pm — P, + P,, Disproportionation

Fig. 1.5. Three elementary steps in free radical polymerisation.*
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Initiation begins with the production of free radicals (I') by decomposition of a radical
source (I). Figure 1.5 depicts the polymerisation mechanism when two radicals are
produced from the decomposition of a radical source which is the most common outcome.
However, this may not be the case for all initiators. For example, some redox couples
decompose with the formation of only one radical.® Decomposition of the initiator is
usually the rate-determining step for the polymerisation, with typical values for the rate

constant kq being of the order of 10° s

Once radicals are formed, they react rapidly with monomer (M) to form an adduct with
an active centre (IM-). The rate constant for initiation, ki, is of the order of 10* M s,
The rate of initiator decomposition is relatively slow compared to the rate of reaction of
radicals with monomer. Therefore, the rate of initiation, R;, is given by Equation 1.5,
where f is the initiator efficiency (which is the fractional probability that the radical
actually initiates monomer).

d[IM]
dt

R; = = 2fk4[I] 1.5

The active centres propagate quickly by reaction with monomer units (propagation rate
constant, kp ~ 10?2 - 10* Mt ). This results in high molecular weight polymer chains
being formed early in the reaction. The rate of propagation, Rp, is assumed to be

independent of the polymer chain length.® Consequently, Ry can be expressed as:

=~ = gy [M][P ] L6

Propagation continues until termination occurs by either recombination or
disproportionation with another propagating active centre (Pm'). Termination is relatively
fast with the termination rate constant approaching the diffusion-controlled limit,

ke ~ 108 M1 5113 The overall rate of termination is given by:

10
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Rt = Zkt[Pn.]z 17
The instantaneous concentration of free radicals is small and becomes constant within a
very short time scale. Therefore, the steady-state approximation can be applied, such that

Rt = Ri, Equation 1.8.

2fky[I] = 2k,[P,]? 1.8

Rearranging Equation 1.8 gives Equation 1.9.

[F,]= /fk: ] 1.9

The overall rate of polymerisation, Rpoly Can be expressed by Equation 1.10

d[M]

Footy = =g

= R, +R, 1.10

Since Rpis much faster than R;, it can be assumed that the number of monomers consumed
during initiation is negligible compared to the number of monomers consumed during

propagation, therefore Ri + Rp = Rp, S0 Rpoly Can be expressed by Equation 1.11.

Fhall] 1.11

R
ke

[M]

poly =

The kinetic chain length (Dx) is the average number of monomer units consumed by each

radical and is defined by Equation 1.12.

Ry Ry  kplMI[R]  kplM] ey [M] 1.12

Dk=

P

R. R 2()[BT 2dUMT " 2 [Fhyleoll]

From Equation 1.11, it is clear that the rate of polymerisation can be increased by
increasing either the monomer or initiator concentration. However, high molecular weight
polymers are only produced when low initiator concentrations are used. Therefore, it is

difficult to produce high molecular weight polymers using solution-based FRP.
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Usually, various chain transfer side reactions also occur during FRP, whereby the active
centre can react with either monomer, solvent, initiator or polymer. Combined with the
slow rate of initiator decomposition which results in the generation of new active centres
throughout the polymerisation, this produces polymers with broad MWDs
(Mw/M; > 1.50). Moreover, the relatively short lifetime of the propagating polymer
radical prevents the synthesis of block copolymers and other complex polymer
architectures.'? Nevertheless, FRP is widely used in industry for the synthesis of polymers
such as polyethylene, polystyrene, poly(vinyl chloride), poly(meth)acrylates,

polyacrylamides and poly(vinyl alcohol).*3

1.4.3 Reversible-Deactivation Radical Polymerisation

Reversible-deactivation radical polymerisation (RDRP), often referred to in the literature
as controlled radical polymerisation, combines the versatility of FRP with some of the
advantages of living anionic polymerisation. Like FRP, RDRP can be carried out in the
bulk (i.e. in the absence of any solvent) or in a range of solvents (including protic solvents
such as water) under a range of conditions and temperatures.>1"?2 RDRPs are pseudo
living polymerisations which means that termination events are not removed entirely but
their frequency is significantly reduced. This is achieved by reversibly trapping the
growing polymer radicals as dormant species.?® Since the chains remain active after all
of the monomer is consumed, block copolymers and complex copolymer architectures

can be prepared.

The three main RDRP techniques are nitroxide-mediated polymerisation (NMP), atom
transfer radical polymerisation (ATRP) and reversible addition-fragmentation
chain-transfer/macromolecular design by the interchange of xanthates (RAFT/MADIX)

polymerisation.

12
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1.5 RAFT/MADIX Polymerisation

Of the three RDRP techniques, RAFT/MADIX is the most versatile in terms of monomer
choice and solvent selection. RAFT polymerisation was developed by CSIRO scientists
in Melbourne, Australia in the late 1990s.2* Concurrently, Rhodia scientists utilised
xanthates to produce polymers with pseudo-living characteristics via MADIX
polymerisation.?>? The RAFT and MADIX polymerisation mechanisms are essentially
identical (Figure 1.6).2” MADIX involves the use of xanthate-based CTAs, which are not
the focus of this work. Instead, trithiocarbonate RAFT CTAs have been used throughout

this Thesis.

According to the RAFT mechanism, initiation and termination occur just like FRP.%’
After initiation, a propagating radical is formed, Py, that can continue to propagate by
reaction with monomer, (M), or react reversibly with a CTA, (1), to produce a radical
intermediate, (2). Fragmentation of this intermediate either reforms the propagating
radical (Pn) or a new radical, (R*) and a dormant thiocarbonylthio species, (3). If a new
radical is formed (R") this can reinitiate polymerisation to form a new propagating radical,
Pm. The CTA R group is chosen so that fragmentation favours the formation of the
propagating radical however, new radicals are still formed which rapidly converts the
original CTA into a polymeric CTA, (4). In an effective system, addition-fragmentation
is faster than propagation so there is on average less than one monomer unit added per
addition-fragmentation cycle. This rapid equilibrium ensures that chains grow with equal
probability. Importantly this enables the mean DP and M, to be calculated using
Equations 1.13 and 1.14 respectively. Here [M] and [CTA] are the concentrations of
monomer and CTA respectively, MW(M) and MW(CTA) are the molecular masses of

the monomer and CTA respectively and c is the fractional conversion.
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DP = V] X c
[CTA]
M, = Ml X MW (M) x c| + MW (CTA)
" l[CTA]

1.13

1.14

The mechanism outlined in Figure 1.6 represents the ideal case where the CTA behaves

as a perfect chain transfer agent. In reality, a number of undesirable chain transfer

reactions also occur. Despite such side reactions and some background termination

reactions, judicious choice of the CTA and optimised reaction conditions enables the

synthesis of low dispersity polymers via RAFT polymerisation (Mw/Mn < 1.30).28

Initiation

iy .M M .
Initiator —— | —— —> P,

Reversible chain transfer/propagation

®+ SYS—R_; Pn—SYS—R —_— Pn—S\’/S + R
M z z

M (2)

Reinitiation
R —» R—M —» —» Pm

Chain equilibration/propagation

S G G G
M
M VA VA
(3)

4)

Termination

P, + P;, —> Dead Polymer

4

()

Pn

4
()

Fig. 1.6. RAFT polymerisation mechanism according to Moad, Rizzardo and Thang.?’

1.5.1 Choice of RAFT CTA

The general structure for the CTA used in a RAFT polymerisation is given in Figure 1.7.

Such polymerisations can be optimised by carefully selecting the R and Z groups on the

CTA to suit the monomer type and the reaction conditions.
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S
Reactive double bond —»

R
Stabilising group —» Z S/ <+— Weak single bond

Fig. 1.7. Generic chemical structure of a RAFT CTA indicating its key components.

The R group should be a suitable radical leaving group that can reinitiate
polymerisation.?®3® The Z group influences the stability of the radical intermediates (2)
and (4) shown in Figure 1.6 and dictates the reactivity of the C=S bond towards radical
attack.?” General guidelines for selection of the R and Z groups have been provided by

Moad, Rizzardo and Thang and are reproduced in Figure 1.8.21:3!

0]
IS
Z: Ph>>SCHj3 > CH; ~ HN >>HN > OPh > OEt ~ N(Ph)(CH3) > N(Et),
=
MMA

VAc, NVP
_______________ >
S, MA, AM, AN
CH; CH; H CHj CH; CH;  CH, H CHj H
R: CN~}—Ph> Ph>}—COOEt>>}—C~‘—CH3~ CN ~}—Ph> CH3~}—Ph
CH; CHy CN  CH, CH; CH; H CH;  CHj H
____________ >
MMA
S, MA, AM, AN
D >
VAc, NVP

Fig. 1.8. Guidelines for the selection of the R and Z groups in the CTA for RAFT
polymerisation according to Moad, Rizzardo and Thang. Solid lines indicate good

control, while dashed lines indicate limited control.?%3!

The solid lines shown in Figure 1.8 represent good RAFT control, whereas dashed lines
represent poor or limited control, resulting in polymers with broad MWDs and/or

retardation of the polymerisation. Less activated monomers (LAMS) possess an
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electron-rich double bond and lack a radical-stabilising functional group.®? Examples of
LAMs include vinyl acetate (VAc) and N-vinyl pyrrolidone (NVP). Such propagating
radicals are highly reactive and are relatively poor leaving groups. Consequently, they
react rapidly with C=S bonds such as those found in trithiocarbonates (Z = alkylthio) and
dithioesters (Z = aryl or alkyl) CTAs.>® However, the radical intermediate (2) in
Figure 1.6 is relatively stable towards fragmentation.* This inhibits or retards the

polymerisation of LAMs.

According to the general guidelines for R and Z group selection (shown in Figure 1.8)
RAFT control over the polymerisation of LAMs such as VAc can be achieved when OZ’
or N’Z groups are used which are known as xanthates or dithiocarbamates respectively.
Fragmentation is favoured for xanthates or dithiocarbamates as the oxygen or nitrogen
atoms stabilise the intermediate radicals (2) and (4) (see Figure 1.6) to a lesser extent than
the sulfur atom in trithiocarbonates or the carbon atom in dithioesters.3* Furthermore, the
reactivity of the C=S bond is reduced via delocalisation, lowering the rate of radical
addition.?***% Thus, xanthates and dithiocarbamates can control the polymerisation of
LAMSs.%%42 However, xanthates are often used preferentially owing to their convenient

synthesis, often from cheap commodity chemicals.?®

More activated monomers (MAMS) possess radical-stabilising substituents adjacent to
the vinyl group. Examples of MAMs include (meth)acrylates, (meth)acrylamides and
(meth)acrylnitriles. Using xanthates to polymerise such monomers leads to poor control
and broad MWDs owing to their relatively low transfer constants.** However, MAMSs can
be polymerised using either dithioester (Z = aryl) or trithiocarbonate-based (Z = S-alkyl)
CTAs. Such CTAs have relatively high chain transfer constants and have been shown to

confer excellent control over MAMSs.?” However, trithiocarbonates are more stable than
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dithioesters with respect to hydrolytic degradation and, in general, the former can be more

readily synthesised.?!

This Thesis focuses on the RAFT polymerisation of the following acrylates and
acrylamides: N,N-dimethylacrylamide (DMAC), diacetone acrylamide (DAAM),
4-hydroxybutyl acrylate (HBA) and 2-(acryloyloxy)ethyl trimethylammonium chloride

(ATAC), as shown in Figure 1.9.

ST ST SR
—N\ HN o

DMAC DAAM HBA ATAC

Fig. 1.9. Chemical structures of N,N-dimethylacrylamide (DMAC), diacetone
acrylamide (DAAM), 4-hydroxybutyl acrylate (HBA) and
2-(acryloyloxy)ethyl trimethylammonium chloride (ATAC).

There are numerous literature examples of the use of
2-(dodecylthiocarbonothioylthio)-2-methylpropionic acid (DDMAT) to polymerise
acrylates and acrylamides with good RAFT control (see Figure 1.10.for the chemical

structure of DDMAT).#3-51

AL o

o
DDMAT

Fig. 1.10. Chemical structure of 2-(dodecylthiocarbonothioylthio)-2-methylpropionic
acid (DDMAT).
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For example, Lai et al. polymerised either ethyl acrylate (EA) or acrylic acid (AA) in the
bulk or in solution in the presence of DDMAT.* In each case, excellent RAFT control
was achieved for these homopolymers (Mw/Mn= 1.07 - 1.15). Moreover, a PAA-PEA
diblock copolymer was synthesised in solution with an Mw/M, of 1.12. Siitekin and Giiven
used DDMAT for the RAFT solution polymerisation of AA in an acetone/water mixture
with initiation via gamma radiation.*> PAA homopolymers with narrow MWDs were

produced (Mw/Mn < 1.37) with DPs < 600.

Very recently, Deane et al. studied the RAFT aqueous solution polymerisation of
2-(N-acryloyloxy)ethylpyrrolidone (NAEP) with DDMAT.® High monomer conversions
and good RAFT control (Mw/Mi < 1.20) were reported for PNAEP DPs up to 400. Good
RAFT control was also achieved for the synthesis of double hydrophilic block
copolymers formed by chain extension of a PNAEP precursor with either 2-hydroxyethyl
acrylate (HEA) or oligo(ethylene glycol) methyl ether acrylate (Mw/Ms < 1.31). DDMAT
and its methylated analogue, 2-(dodecylthiocarbonothioylthio)-2-methylpropionate

(Me-DDMAT) have been exclusively used as RAFT CTAs throughout this Thesis.

One drawback of RAFT polymerisation is that the sulfur-based CTAs are often coloured,
malodorous and can be cytotoxic. However, a number of effective CTA removal methods
have now been established. For example, Shen et al. prepared a series of polymers using
four different CTAs.>? Each polymer was exposed to excess hydrazine in either DMF or
THF at room temperature. Rapid aminolysis occurred in each case, resulting in end-group
removal within <5 minutes. Matioszek et al. used ozonolysis for the removal of xanthate
end-groups from two low molecular weight poly(n-butyl acrylate) latexes.>®> Complete
end-group removal was achieved in 1 hour. However, specialist apparatus was required

to maintain latex stability. Jesson et al. used H.O> to remove 2-cyano-2-propyl

18



Chapter 1

dithiobenzoate (CPDB) end-groups from a 7.5 % w/w aqueous dispersion of worm-like
poly(glycerol ~monomethacrylate)-poly(2-hydroxypropyl —methacrylate) (PGMA-
PHPMA) diblock copolymer nanoparticles.>* More than 90 % of the CPDB end-groups
were removed after 2.5 h using H2O./CPBD at a molar ratio of 5 at 70 °C. Transmission
electron microscopy (TEM) and rheology studies confirmed that end-group removal had
minimal effect on the copolymer morphology and gelation behaviour. Essentially the
same PGMA-PHPMA worms were also prepared using a trithiocarbonate-based CTA. It
was found that the trithiocarbonate end-groups were significantly more difficult to
remove with only 76 % end-group removal being achieved after 8 h at a H20»/
trithiocarbonate CTA molar ratio of 5 at 70 °C. End-group removal can also be achieved

by addition of excess initiator,>>° thermolysis®"*® and UV light-mediated removal.*®

1.5.2 Choice of Initiator

The CTA guidelines provided by Moad, Rizzardo and Thang provide useful assistance in
choosing a suitable CTA for a given monomer. However, other parameters such as
temperature, solvent, initiator choice and [CTA]/[initiator] molar ratio usually require
optimisation to achieve the best results in terms of narrowv MWDs, high monomer

conversion etc.

The choice of a radical source for a polymerisation is dependent on the solvent, monomer,
the desired reaction temperature and properties that the initiator end-groups may confer
on the final polymer. Radicals can be generated by using either heat, electromagnetic
radiation or redox chemistry. In rare cases, such as for the polymerisation of styrene,

auto-initiation can occur.5°

One of the most common and extensively studied methods for generating radicals is the

thermal decomposition of azo initiators by thermal decomposition. The decomposition
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rate of azo initiators is largely independent of the solvent. They also tend to have low
rates of hydrogen abstraction and hence produce linear polymers. Polymerisations are
usually conducted at around the temperature corresponding to the 10-hour half-life (ti, =
10 h) of the initiator to ensure a continuous supply of radicals during the course of the
reaction. See Figure 1.11 for the chemical structures and t;» = 10 h of the azo initiators

used within this Thesis.

o]
HO _N _ _ —
\H/\XN/ K\/U\OH N_C%—N—N%C—N
(o]

ACVA AIBN
t,, = 10h = 69°C t,, = 10h = 65°C
NH N N
HZN\H><N¢N>%NH2 SHEl [NWN_N%(NJ 2HCI
NH H H
AIBA VA-044
t,, =10h =56°C t,, = 10h = 44°C

Fig. 1.11. The chemical structures and 10-hour half-life (t12 = 10h) of the azo-initiators
used in this Thesis: 4,4’-azobis(4-cyanovaleric acid) (ACVA), azobisisobutyronitrile
(AIBN), 2,2"-azobis(2-methylpropionamidine) dihydrochloride (AIBA) and
2,2’-azobis[2-(2-imidazolin-2-yl)propane] dihydrochloride (VA-044).

Another important class of initiators are redox couples. Redox reactions involve an
oxidant and a reducing agent which undergo an electron transfer process followed by
bond dissociation to produce radicals. The low energy of activation required for redox
initiation allows polymerisations to be carried out at around ambient temperature.*® For
example, the Destarac group polymerised NVP in water at 25 °C using a
tert-butyl hydroperoxide/ascorbic acid redox initiator.52 PNVP homopolymers with

relatively narrov MWDs (Mw/Mn < 1.3) were produced. In further work, the Destarac
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group polymerised NVP with a tert-butyl hydroperoxide/sodium sulfite redox initiator.®?
They found faster rates of NVP polymerisation with sodium sulfite compared to ascorbic
acid whilst maintaining narrow MWDs. Recently, Deane et al. polymerised NAEP using
a potassium persulfate/ascorbic acid (KPS/AscAc) redox couple at 30 °C with high NAEP
conversions (> 99%) and good RAFT control (Mw/Mn < 1.20). A KPS/Ascorbic acid
redox couple has been used for some of the RAFT polymerisations conducted in this
Thesis as it allows such polymerisations to be conducted at low temperatures. This can
limit the chain-transfer/branching side reactions that can occur in the polymerisation of

acrylate monomers at elevated temperatures.

The [CTA]/[initiator] molar ratio must be optimised to achieve good RAFT control as the
number of termination reactions that occur directly corresponds to the number of radicals
in the system.®* Therefore, the livingness of the polymerisation can be maximised by
using minimal initiator. However, reducing the initiator concentration can reduce

monomer conversion and the polymerisation rate.

1.6 Polymerisation Methods

As previously noted, radical polymerisations can be conducted either in the bulk or a
range of solvents. Many industrially relevant polymerisations are conducted in aqueous
media since water is a non-toxic, non-flammable and an inexpensive solvent. Aqueous
polymerisations can be conducted under various physical conditions including solution,
emulsion, dispersion, precipitation and suspension. In the next section bulk, solution and
dispersion polymerisations are discussed in more detail as these techniques are relevant

for the work conducted in this Thesis.
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1.6.1 Bulk Polymerisation

Bulk polymerisation is the simplest polymerisation method with only monomer and an
initiator (or catalyst) involved. This method produces polymers with minimal
contamination. However, the reaction becomes highly viscous even at low conversions,

which makes heat dissipation and stirring difficult.*

1.6.2 Solution Polymerisation

Solution polymerisation involves the polymerisation of a soluble monomer to produce a
soluble polymer. Solution polymerisation overcomes some of the disadvantages of bulk
polymerisation. Conducting the polymerisation in a suitable solvent produces
lower-viscosity reaction solutions, resulting in more efficient heat dissipation and easier

stirring.

1.6.3 Aqueous Dispersion Polymerisation

Aqueous dispersion polymerisation involves the polymerisation of a water-soluble
monomer that produces a water-insoluble polymer in the presence of a suitable stabiliser
that prevents macroscopic precipitation.®® Such polymerisations result in low viscosity,

colloidally stable latexes.

The mechanism for FRP-mediated aqueous dispersion polymerisation comprises Six
stages, see Figure 1.12. In the first stage, all of the components are soluble in the initial
aqueous solution. In the second stage, free radicals are produced by decomposition of the
initiator. These radicals react with monomer to produce oligomers. Propagation continues
until a critical DP is achieved when the growing polymer chains become insoluble in
water resulting in the formation of nascent particles (stage 3). In stage 4, these nuclei
aggregate and adsorption of the soluble polymer stabiliser occurs. New particle formation

may also occur. By stage 5, all the particles are coated with sufficient stabiliser to confer
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colloidal stability via steric or electrosteric stabilisation. In the final stage, the monomer-
swollen particles act as loci for further polymerisation until, ideally, all of the monomer

is consumed.5°
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Fig. 1.12. Schematic representation of the six stages of FRP-mediated aqueous

dispersion polymerisation using a suitable water-soluble polymer as a steric stabiliser.

There are relatively few literature examples of latex particles prepared by free-radical
aqueous dispersion polymerisation. This is because there are relatively few suitable
monomers. Armes and co-workers prepared colloidally stable polypyrrole latexes in the
presence of various polymeric stabilisers including poly(vinyl alcohol) (PVA),%®
poly(VA-co-VAc) poly(2-vinyl pyridine-co-butyl methacrylate),®” poly(ethylene oxide)
(PEO)®” and PNVP.®” Moreover, they reported the first examples of
(i) surfactant-stabilised polypyrrole particles prepared using sodium
dodecylbenzenesulfonate®® and (ii) polypyrrole-silica nanocomposite particles using
ultrafine silica sols.%® In 2007, Ali et al. described the preparation of PHPMA latexes
using PNVP as the steric stabiliser.”® The mean particle diameter could be varied between
350 nm and 1190 nm by systematically changing the synthesis parameters, with good

control over the particle size distribution being achieved.
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1.7 Hydrophobic Effect and Amphiphile Self-Assembly

Self-assembly in solution is ubiquitous throughout Nature. It is the process by which
organised structures are built up from smaller, disorganised components. This includes
the formation of the DNA double helix structure, the self-assembly of proteins into
complex quaternary structures and the self-assembly of lipids to form membranes. One
contributing factor to this spontaneous self-assembly is unfavourable interactions with

water.’?

Water is anomalous in the sense that it is a low molecular weight molecule (18 g mol™)
yet it exists as a liquid at room temperature and atmospheric pressure. This is because of
its extensive intermolecular hydrogen bonding. These are weak, directional bonds that
cause water to adopt a tetrahedral coordination structure. All water molecules have at
least one hydrogen bond so there are essentially no free water molecules throughout the
liquid. Water is capable of dissolving many different ionic and polar solids as H2O
molecules are able to form favourable interactions, such as hydrogen bonds, with such
substrates. In contrast, hydrophobic substrates are incapable of forming hydrogen bonds
with water. When a small hydrophobic molecule is added to water, the H,O molecules
rearrange around the substrate to form a cage structure, which maximises the number of
hydrogen bonds. This rearrangement is known as the hydrophobic effect.”>? The
rearrangement of water molecules around a hydrophobic substrate can, in some cases, be
enthalpically favourable.” However, the increase in the order of the system caused by the
hydrophobic effect is entropically unfavourable. As the surface area of the hydrophobic
substrate increases so does the entropic penalty, hence adding a hydrophobic substrate

such as oil to water normally results in phase separation.
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The hydrophobic effect is responsible for the spontaneous self-assembly of amphiphiles
in water. Amphiphiles consist of a hydrophilic head group and a hydrophobic tail group.
Amphiphilic substrates exist as unimers in solution until a critical micelle concentration
(CMC) is reached. At the CMC, the unimers spontaneously self-assembly to form
aggregates with the hydrophilic head-groups located at the surface and the hydrophobic
chains buried within the cores, see Figure 1.13. This self-assembly satisfies the need for
the head group to be solvated by water and for the hydrophobic tails to avoid contact with
water. The CMC depends mainly on the size of the amphiphile.”? Increasing the
amphiphile concentration beyond the CMC results in an increase in the aggregation
number; the concentration of unimers in solution remains relatively constant, see
Figure 1.14. The aggregates are held together by weak interactions such as van der Waal
interactions and electrostatic interactions. Since these weak forces are easily broken and
reformed, the aggregates are fluid-like with rapid exchange of unimers between

aggregates occurring under normal conditions.

Amphiphile
P PP
/Vlfl/l. § Hydrophobic Hydrophilic
tail head

.\'\N\'
%W\% Mg

Aggregate (micelle)

Fig.1.13. Schematic representation of an amphiphilic molecule and its self-assembly to

form aggregates (micelles) from unimers in aqueous solution.
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cMC

Concentration of
molecules in aggregates

Concentration of
molecules as unimers

Total concentration

Fig. 1.14. Graphical representation of the concentration of amphiphilic molecules as
unimers and the concentration of amphiphilic molecules in aggregates against the total
concentration of the amphiphilic substrate. The dashed line represents the critical
micelle concentration (CMC).”2

1.8 The Packing Parameter

Only spherical micelles have been considered so far but amphiphiles such as surfactant
molecules can self-assemble to form a range of dynamic structures, transforming from
one to another when the solution conditions are changed.’? Intermolecular forces, entropy
and the geometry of the amphiphile govern the aggregate structure formed in aqueous
solution.” The geometry of an amphiphile can be described in terms of the surface area
occupied by the hydrophobic component (ao), the volume occupied by the hydrophobic
chains (V) and the effective length of the hydrophobic chains (lc), see Figure 1.15. The

dimensionless fractional packing parameter (P) can be defined by Equation 1.15.

1.15
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Typical values for P for various morphologies are given in Figure 1.15. The packing
parameter can be used to rationalise and, in some cases, predict the structure that will be

formed when small molecule surfactants self-assemble in aqueous solution.”

P < 1/5 = Spherical micelles
1/, < P <1/, = Non-spherical micelles
1/, < P <1 = Vesicles or bilayers

P > 1 = Inverted structures

Fig. 1.15. Schematic illustration of a micelle with an expanded amphiphilic molecule
showing how ao, Ic and V are defined. Typical values for P for various micelle

morphologies.” ™

1.9 Colloidal Stability
A stable collodial dispersion remains suspended and is resistant to aggregation or
sedimentation. Two common methods used to stabilise colloidal dispersions are (i) charge

stabilisation and (ii) steric stabilisation.

An electrical double layer (EDL) is formed around charged colloidal particles due to the
attraction of oppositely-charged ions from bulk solvent to the charged groups present at
the particle surface. Hamaker sketched potential curves as a function of particle separation
to show how the dispersion stability of charged colloidal particles depends on the
interplay between two counteracting forces: the attractive van der Waals force and the

repulsive force arising when the particle EDLs overlap, see Figure 1.16.”>7® Quantitative
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theories of these interactions were described by Derjaguin, Landau, Verwey, and
Overbeek.””"® Their combined work forms what is now known as the DLVO theory of
colloid stability. The interaction of the EDLs for two particles on close approach
represents an energy barrier that has to be overcome for aggregation to occur (AE).
Therefore, the particles remain ‘stable’ unless this energy barrier can be overcome.
Aggregation occurs if the particles have sufficient kinetic energy such that keT > AE. The
energy barrier can be lowered by changing the pH or increasing the electrolyte

concentration.”? Charge stabilisation is only effective in polar solvents such as water.
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Fig. 1.16. Graphical representation of interaction energy against particle-particle

distance for charge-stabilised colloidal particles.”

Covering the surface of colloidal particles with a suitable polymeric stabiliser confers
steric stabilisation. When two polymer-coated particles approach each other and begin to
overlap, they experience repulsive forces owing to the unfavourable entropy arising from
the compression of polymer chains at the particle surface and the osmotic effect generated

by the local increase in polymer concentration. The extent of steric stabilisation depends

28



Chapter 1

on many factors, including the particle surface coverage and whether the polymer is
merely physically adsorbed onto the surface or covalently bound.’? High surface coverage
and covalently-bound stabiliser chains are desirable for robust steric stabilisation. Steric
stabilisation is less sensitive to the addition of electrolyte than charge stabilisation and

can be used in non-polar solvents.

1.10 Self-Assembly of Diblock Copolymers

1.10.1 Self-Assembly of Diblock Copolymers in the Bulk

Self-assembly is not limited to small amphiphilic molecules. Well-defined amphiphilic
block copolymers can also self-assemble either in the bulk or in a solvent which is
selective for one of the blocks. Consider the case of self-assembly in the bulk for a linear
AB diblock copolymer. If the two blocks are chemically different, then their enthalpic
incompatibility can drive microphase separation to form various copolymer

morphologies.’

The equation for the thermodynamics of mixing for small molecules can be applied to the

microphase separation of diblock copolymers, Equation 1.16.

AGmix = AHmix - TASmix 116
Polymer blends tend to form non-ideal solutions where both AH and AS deviate from
their ideal values. This is attributed to both the heat of mixing and the large difference in

size between the polymer chains and the solvent molecules.

In 1942, Flory and Huggins independently presented a lattice model that can be used to
determine AGmix for either mixing of a polymer in solution or two distinct polymers in

the solid-state using Equation 1.17.8%81
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AGmix _ (fAlan) N (fBlnfB
kgT N, Ng

)+ fafoitas 147
Here fa and fg are the relative volume fractions of the A and B blocks respectively and Na
and Np are their respective DPs and yas IS the Flory-Huggins parameter. The

Flory-Huggins parameter specifies the degree of incompatibility between blocks A and B

and can be determined using Equation 1.18.

Z

1
kB_T) [EAB 3 (e4a + €gB) 118

XAB=(

Here z is the lattice coordination number and €ag, eaa and egg are the interaction energies

between monomer units A and B.

Inspecting Equation 1.17, the entropic contribution to AGmix depends on the volume
fraction of each block and also on the DP of each block. There is usually a small entropic
penalty to microphase separation as the polymer chains become stretched.”® This is
reduced as the DP is increased. The enthalpic contribution depends on the relative volume
fractions of each block and also the Flory-Huggins parameter. For spontaneous
microphase separation to occur, the Flory-Huggins parameter must be positive i.e. the
interaction energy between A and B must be higher than between A and A and B and B.
Very small differences in the structures of the two blocks in an AB diblock copolymer
can result in microphase separation.”” According to Equation 1.18, yag is inversely
proportional to temperature. Therefore, there is a critical temperature above which mixing

is favoured. This is known as the order-disorder transition (ODT) temperature.

Several theories have developed to predict the morphologies formed by diblock
copolymers. One of the most successful is self-consistent mean-field theory.8287 Matsen
and Bates used this approach to produce a theoretical phase diagram obtained by varying

xN (the product of the Flory-Huggins interaction parameter and the total DP) and fa for a
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given diblock copolymer, Figure 1.17.8” This phase behaviour has been confirmed

experimentally using a polyisoprene-polystyrene diblock copolymer system.”®8

The weak segregation limit occurs when yn < 10. This means that disordered structures
are formed. When yN >> 10, then microphase-separated copolymer morphologies can be
formed. This is called the strong segregation limit (SSL). Above the SSL, the morphology
transforms from close-packed spheres (CPS) to body-centered cubic (S) to
hexagonally-packed cylinders (C) to bicontinuous gyroids (G) and finally lamellae (L)

with fa increasing from 0.0 to 0.5 at a fixed ¥N, Figure 1.17.
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Fig.1.17. (a) Schematic representation of body-centered cubic (S), hexagonally-packed
cylinders (C), bicontinuous gyroid (G), lamellae (L) and the corresponding inverse
structures that are formed by an AB diblock copolymer in the bulk. (b) Theoretical
phase diagram for fa against yN. (c) Experimental phase diagram constructed for a

series of a polyisoprene-polystyrene diblock copolymers.87:8
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1.10.2 Self-Assembly of Block Copolymers in Aqueous Solution

Diblock copolymers can be classified as amphiphilic, double-hydrophilic or
double-hydrophobic depending on their aqueous solubility. In terms of self-assembly,
amphiphilic diblock copolymers are the most extensively studied and are discussed
exclusively in this section. Amphiphilic diblock copolymers can be considered to be
analogous to the small molecule amphiphiles discussed in Section 1.7. As such, they
self-assemble in water to minimise unfavourable interactions between water and the

hydrophobic block.

Traditionally, block copolymer self-assembly was conducted via post-polymerisation
processing. This was achieved by firstly dissolving the block copolymer in a good solvent
for both blocks. This was followed by addition of a second solvent that is selective for
only one of the blocks. For example, the Eisenberg group used a solvent switch to prepare
poly(4-vinylpyridinium methyl iodide)-polystyrene diblock copolymer crew-cut
micelles.®® The diblock copolymer was first prepared in THF using anionic
polymerisation. It was then dissolved in DMF followed by addition of water (a bad
solvent for polystyrene) to induce self-assembly. In later work, the same group showed
that rods, vesicles and lamellae could also be produced using the same
post-polymerisation processing approach but by using poly(AA)-polystyrene diblock

copolymers of varying DPs.%192

With the development of controlled radical polymerisation techniques, many
well-defined, functional diblock copolymers have now been prepared.
Post-polymerisation self-assembly techniques have been used to form a wide range of
morphologies.®*1% However, the diblock copolymer nanoparticles are almost invariably

prepared at rather low concentrations (< 1.0 % w/w solids).
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1.11 Polymerisation-Induced Self Assembly

Over the last ten years, another route for preparing diblock copolymer nanoparticles has
been developed. Polymerisation-induced self-assembly (PISA) allows diblock copolymer
nanoparticles to be prepared in situ in the form of highly concentrated dispersions (up to
50 % wi/w solids).}%112 Typically, a soluble homopolymer precursor is chain-extended

with a second monomer, which forms an insoluble polymer at a critical DP. This drives

in situ self-assembly to produce diblock copolymer nanoparticles.!'® The PISA process is

shown in Figure 1.18.

Spheres

Monomer Monomer
— —
RAFT PISA Worms
Solvent-miscible
stablliser biock Solvent-miscible AB ‘
diblock copolymer

Vesicles

Fig.1.18. Schematic representation of the synthesis of diblock copolymer nanoparticles

via polymerisation-induced self-assembly (PISA).

The first block is usually prepared by solution polymerisation or occasionally bulk
polymerisation. The second block is prepared by either emulsion polymerisation (where
the second monomer is immiscible in the chosen solvent) or dispersion polymerisation
(where the second monomer is miscible in the chosen solvent). PISA can be conducted
in a wide range of solvents using any living or pseudo living polymerisation method.3-12
However, the work conducted in this Thesis focuses on PISA syntheses conducted using

RAFT aqueous dispersion polymerisation.
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1.12 PISA using RAFT Aqueous Dispersion Polymerisation

The first example of PISA using RAFT aqueous dispersion polymerisation was reported
by Rieger et al. in 2009.°! They chain-extended a hydrophilic PEG block with varying
amounts of DMAC in order to produce a series of water-soluble PEG-PDMAC precursors
of increasing chain length. These PEG-PDMAC precursors were the chain-extended with
N,N-diethylacrylamide (DEAAM) to produce a series of thermoresponsive spherical
nanoparticles in situ. A bisacrylamide crosslinker was required to produce stable

nanoparticles at room temperature.

In 2010, Li et al. demonstrated the synthesis of vesicles via PISA in aqueous media
through the chain extension of a PGMAgs precursor with HPMA (target DP = 300).12
Electron microscopy images showed that vesicles could be produced by either a two-stage
synthesis or a one-pot protocol, see Figure 1.19. This was the first example of vesicles
produced at high copolymer concentrations (20 % w/w solids) with high monomer

conversion (> 99%).

Fig. 1.19. Representative electron microscopy images of PGMAgs-PHPMA300 vesicles
prepared by a two-stage synthesis protocol at 10 % w/w solids (left image) or a one-pot

protocol at 20 % wi/w solids (right image).!??

Since this first example from Li et al., the Armes group have conducted extensive research

on the PGMA-PHPMA PISA system. Blanazs et al. offered important mechanistic
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insights into the self-assembly process during RAFT aqueous dispersion polymerisation
by monitoring the evolution of the copolymer morphology for the chain extension of a
PGMA precursor with HPMA.'?®> TEM analysis enabled various intermediate

morphologies to be identified including branched worms, “octopi” and “jellyfish”.

Blanzas et al. expanded on this earlier work by producing a series of post-mortem
experimental phase diagrams. By systematically varying the PGMA DP, the PHPMA DP
and the total copolymer concentration they were able to produce phase diagrams allowing
the efficient, facile and reproducible synthesis of pure diblock copolymer spheres, worms
and vesicles, see Figure 1.20.1%* The final diblock copolymer morphology was found to
be dependent on the DP of both the core-forming and stabilising blocks and the total

solids concentration of the aqueous dispersion reaction.

Pure sphere, worm and vesicle morphologies could be synthesised if a sufficiently short
stabiliser block was used (PGMA4; and PGMAvg). However, the phase diagrams
constructed for these two PGMA precursors showed remarkable differences, see Figure
1.20. For the PGMA7 precursor, there seemed to be no concentration dependence for the
final copolymer morphology. However, for the PGMAG7g precursor, the final copolymer
morphology was highly dependent on total solid concentration with only spheres being
formed at 10 % w/w solids even at high PHPMA DPs. An increase in the copolymer
concentration to 17 % wi/w solids was required to produce pure spheres, worms and
vesicles with this PGMA-7s precursor. It is clear that these morphologies represent kinetic
morphologies as opposed to equilibrium morphologies since the PGMA7s-PHPMAs0
diblock copolymer can form both spheres at 10 % w/w solids and vesicles at 25 % w/w
solids even though they are essentially the same diblock copolymer. The copolymer

morphology concentration dependence is attributed to the steric stabilisation imposed by
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the longer PGMA7g precursor which is sufficient to prevent sphere fusion events at low

copolymer concentrations.

The phase diagram constructed for PGMAu12 largely consists of spheres even at high
copolymer concentrations and long PHPMA blocks. It seems that the steric stabilisation
imposed by the long PGMAu112 precursor is difficult to overcome even at high solid
concentrations and hence the morphology becomes kinetically trapped in the sphere phase
space. They showed a monotonic increase in sphere diameter with increasing PHPMA

DP for these kinetically trapped spheres produced at 10 % w/w solids as determined by

TEM analysis.
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Fig. 1.20. Predictive phase diagrams for a series of PGMA-PHPMA diblock

copolymers.t?*

Due to multiple inter-worm contacts, the PGMA-PHPMA worms form soft, free-standing
gels at room temperature.'? Blanazs et al. found that cooling a PGMAss-PHPMA 149 10
% w/w worm dispersion to 4 °C resulted in gel dissolution. This reversible physical
transformation was found to be due to a worm to sphere morphology transition. Variable
temperature *H NMR spectroscopy was used to probe the nature of this transition. They
found that the PHPMA pendent methyl group became much more apparent on decreasing

the dispersion temperature suggesting surface plasticisation of the PHPMA core chains.
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This increase in hydration of the core decreases the interfacial tension between the two
blocks resulting in a decrease in the core volume and an associated decrease in the packing

parameter, see Figure 1.21.

20°C

Fig. 1.21. Digital images, representative TEM images and a schematic representation of
the worm to sphere transition that occurs on cooling a PGMAs4-PHPMA 140 diblock

copolymer from 20 °C to 4 °C.1%

A convenient one-pot formulation was developed by Ratcliffe et al.!?’ First, the
commodity monomer, glycidyl methacrylate (GlyMA) was converted to the speciality
monomer GMA. GMA was then polymerised to produce a water-soluble PGMA
precursor. Chain extension of the PGMA precursor with HPMA directly produced

spheres, worms or vesicles in concentrated aqueous media.

Lovett et al. synthesised PGMAss-PHPMA1ss worms at 10 % w/w solids using a
carboxylic acid terminated CTA.1% Like Blanazs et al. they found that spheres were
produced on cooling the worm dispersion. However, they also found that a worm to
sphere transition could be induced simply by increasing the dispersion pH from pH 3.5
to pH 6.0. This reversible morphological transition was attributed to ionisation of the
terminal carboxylic acid group on the CTA which causes an increase in hydration of the
PGMA block resulting in a decrease in the packing parameter. In the same work,

Lovett et al. also reported the synthesis of pH-responsive PGMAu43-PHPMA2qo diblock
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copolymer vesicles that formed worms on increasing the pH from pH 3.5 to pH 6.0 at
ambient temperature. In a second publication, they demonstrated that an irreversible
vesicle to sphere transition occurs for a PGMA43-PHPMA:75 diblock copolymer on
increasing the dispersion pH, see Figure 1.22 for a schematic diagram.?® A critical DP
was reached at DP =225 for the PHPMA block above which no pH-responsive behaviour
was seen. However, a pH switch immediately followed by cooling to 5 °C was sufficient
to induce an irreversible vesicle to sphere transition for the PGMA43-PHPMA225 and

PGMAu43-PHPMA:s50 diblock copolymers.

Fig. 1.22. Schematic diagram for the vesicle to worm transition on the increasing the
dispersion pH from pH 3.5 to pH 6.0 for a PGMA43-PHPMA75 diblock copolymer. 2

In contrast, Penfold et al. produced pH-responsive PGMAso-PHPMA14 diblock
copolymer worms using a morpholine-functionalised CTA.**° The worms were prepared
at pH 7, subsequent acidification resulted in protonation of the end-group which induced

a reversible worm to sphere transition, see Figure 1.23 for a schematic representation.
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Fig. 1.23. Schematic diagram for the worm to spheres transition on decreasing the
dispersion pH from pH 7.0 to pH 4.0 for a PGMAso-PHPMA 140 diblock copolymer.13

In other work, PGMA-PHPMA diblock copolymer spheres and worms have been used as
Pickering emulsion stabilisers.’31132 The PGMA-PHPMA worm gels are biocompatible
and can be used for stem cell storage!®® and silica and bovine serum albumin have been

encapsulated in PGMA-PHPMA diblock copolymer vesicles. 3413

The Armes group have also investigated a range of other water-soluble precursors for the
polymerisation of HPMA including poly(2-(methacryloyloxy)ethylphosphorylcholine)
(PMPC),'% PEG,3"138 poly(N-(2-methacryloyloxy)ethyl pyrrolidone) (PNMEP),'*
poly(L-cysteine-based methacrylate),**® poly((2-methacryloyloxy)ethyl dimethyl-(3-
sulfopropyl) ammonium hydroxide),*** poly(potassium 3-sulfopropyl methacrylate)
(PKSPMA),**2 and  poly([2-(methacryloyloxy)ethyl]trimethylammonium  chloride)

(PMATAC).143-145

PISA conducted using a charged stabiliser block generally results in the formation of
spherical nanoparticles.**?1%° This due to the high charge densities on the nanoparticles
which prevent sphere-sphere fusion events. Sphere-sphere fusion is thought to be the
mechanism by which worms are formed during PISA and is therefore a requirement for

morphological evolution.?

39



Chapter 1

In order to obtain worms and vesicles using a charged stabiliser block it is necessary to
reduce the charge density. This can be achieved by: (1) adding salt to screen the charge
(2) copolymerisation of charged and neutral monomers to form a copolymer stabiliser
block or (3) simultaneous chain extension of a binary mixture of charged and neutral
stabiliser blocks. Semsarilar et al. studied a PISA system composed of a PHPMA core
stabilised by either a PKSPMA stabiliser block, a PKSPMA-PGMA copolymer stabiliser
block or a binary mixture of PKSPMA and PGMA.}* The PISA syntheses were
conducted in the presence of a low concentration of background salt to aid nanoparticle
formation (0.1 - 0.3 M NaCl). They found that higher-order morphologies, in this case
vesicles, could only be produced by simultaneous chain extension of a binary mixture of
PGMA and PKSPMA homopolymers with HPMA. Building on this previous work,
Semsarilar et al. produced cationic spheres, worms and vesicles by chain extension of a
binary mixture of PMATAC and PGMA with HPMA in the presence of a low
concentration of background salt (0.1 — 0.3 M NaCl).}* Williams et al. conducted a more
extensive study using PMATAC, PGMA and HPMA..1*3 They constructed a post-mortem
phase diagram to allow reproducible synthesis of spheres, worm and vesicles using a
binary mixture of PGMA and PMATAC, see Figure 1.24. The phase diagram was
constructed by varying the mole fraction of the cationic MATAC homopolymer and the
DP of the core-forming PHPMA block at a fixed concentration of 20 % w/w solids.
Penfold et al. chain extended a binary mixture of PEG and PGMA with HPMA using a
cationic CTA to form cationic spheres and worms.'** Interestingly, vesicles could not be

formed using this system.
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PHPMA DP

0.2 0.3
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Fig. 1.24. Post-mortem experimental phase diagram and representative TEM images for
([1-n] PGMAg, +[n] PMATACes) — PHPMAx diblock copolymer nanoparticles where n

is the mole fraction of PMATAC in the stabiliser.1*

There are relatively few examples of work published by other groups in which PISA is
conducted in entirely aqueous media using RAFT dispersion polymerisation. Most of the
work which has been conducted focuses on acrylate and acrylamide monomers. Recently,
DAAM has been explored in the context of PISA using RAFT aqueous dispersion
polymerisation.2#¢1%  For example, the Cia group chain extended a
poly(2-hydroxypropylmethacrylamide) (PHPMAC) stabiliser block with DAAM and a
minimal amount of 2-aminoethylacrylamide hydrochloride (AEAM) as a comonomer to
produce PHPMAC-P(DAAM176-AEAM;5) diblock copolymer nanoparticles with NHs*
decorated core-shell interfaces.!*® In the same year, they prepared PHPMAC-PAEAM
diblock  copolymer  nanoparticles  using  poly(sodium  2-acrylamido-2-
methylpropanesulfonate) (PAMPS) as a polyion complexation template.’®® PAEAM
forms a water-soluble homopolymer, however its complexation to PAMPS drives

self-assembly. In other work, they synthesised PHPMAC-PDAAM nano-objects using
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visible-light mediated RAFT aqueous dispersion polymerisation.*®® They reported
unusual silk/film, flexible/curled/interlocked ribbon and interlinked vesicle
morphologies. This was attributed to the formation of these unusual higher-order

nano-objects to hydrogen bonding.

An and co-workers reported the formation of well-defined spherical and vesicular
nano-objects using a PDMAC stabiliser block.*” Both the PDMAC-PDAAM spheres and
vesicles could be fluorescently labelled using fluorescein-5-thiosemicarbazide via the
ketone moiety in the DAAM residues. The same team prepared vesicles via the RAFT
aqueous dispersion copolymerisation of DAAM with allyl acrylamide using a PDMAC
stabiliser block. Comparable acrylamide comonomer reactivities enabled vesicle
formation via PISA, followed by latent cross-linking within the vesicle membranes via

the less reactive pendent allyl groups.4°

Poly(N-isopropylacrylamide) (PNIPAM) can also act as a suitable core-forming block in
PISA formulations. PNIPAM exhibits a lower critical solution temperature (LCST) at
32 °C.1B71% Hence, for nanoparticles to be formed during the polymerisation then the
reaction must be conducted above this temperature. Moreover, for the nanoparticles to
remain intact on cooling to room temperature, a suitable crosslinking mechanism is
required. In 2015, the Sumerlin group presented polymerisation-induced thermal
self-assembly (PITSA) in which judicious choice of the reaction temperature allows
nanoparticles to be produced in-situ using a second block that displays LCST or upper
critical solution temperature (UCST) behaviour.2®® They showed that chain extension of
a PDMAC/PAA precursor with NIPAM at 70 °C produced spheres, worms and vesicles,
see Figure 1.25. Crosslinking of the acid groups in the PAA was required prior to cooling

the dispersions to room temperature in order for the nanoparticles to remain intact.
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Fig. 1.25. TEM images of spheres, worms and vesicles formed from the chain extension
of a PDMACzs-b-P(DMAC14-co-AAgs) precursor with PNIPAM. The nanoparticles were

crosslinked with ethylenediamine to allow imaging at ambient temperature. '

In a recent publication, the O’Reilly group presented a method for predicting suitable
core-forming monomers for PISA in water.’®! They evaluated the variance in polymer
hydrophobicity with increasing chain length for various monomers which they predicted
to be a key feature. First, they determined a general trend for monomers that have
previously been used as core-forming blocks in PISA. From this trend, they identified
several new suitable monomers. They conducted experiments on the newly identified
monomers to prove that they could indeed be used for the core-forming block in PISA
systems. Such in silico methods could prove useful for identifying suitable monomers for
PISA in the future. However, at the current time in lab experiments are still required to

evaluate monomers for PISA and to assess their stimulus-responsive behaviour.
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1.13 Thesis Aims and Outline

The overall aims of this Thesis are: (i) to identify new combinations of
acrylate/acrylamide monomers that enable the synthesis of diblock copolymer nano-
objects using RAFT aqueous dispersion polymerisation and (ii) to evaluate their stimulus-
responsive behaviour in aqueous solution. DAAM and HBA monomers are examined in
turn for producing the hydrophobic, core-forming block, while a cationic acrylate
monomer, ATAC, is explored as a potential hydrophilic stabiliser block. Chapter 2 reports
the use of DAAM for the chain extension of a series of PDMAC homopolymers using
aqueous PISA. An experimental phase diagram is constructed with the aim of identifying
the elusive worm phase, which had not been previously reported for this PISA system. In
addition, a potentially facile nanoparticle crosslinking mechanism is explored using ADH
as a water-soluble crosslinker. In Chapter 3, a highly convenient one-pot protocol is
developed for the synthesis of PDMAC-PHBA and PDMAC-P(HBA-DAAM) diblock
copolymer nanoparticles at either pH 3 or pH 7. Their remarkable thermoresponsive
character is investigated in detail. The ability of (n PATAC + (1-n) PDMAC)-PDAAM
diblock copolymer nano-objects to withstand aggregation on dilution into concentrated
aqueous solutions of either KCI or ammonium sulfate is explored in Chapter 4. One
objective here was to identify the maximum salt concentration at which colloid stability
is retained for spheres, worms and vesicles. In Chapter 5, high molecular weight PATAC-
PDMAC diblock copolymer nanoparticles are synthesised in highly salty aqueous media.
In this case, the aims were (i) to identify the maximum PDMAC DP that can be achieved
while maintaining high monomer conversion and (ii) to establish the maximum

copolymer concentration at which such PISA syntheses could be performed.
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2.1 Introduction

The RAFT aqueous dispersion polymerisation of DAAM to prepare spheres and vesicles
via PISA has been reviewed in Chapter 1. However, when the work presented in this
present Chapter was conducted in 2017, there were no reports of PDAAM-based block
copolymer worms. This omission was perhaps not too surprising given that numerous
PISA studies have shown that worms typically occupy a relatively narrow phase space.
3 However, it is this narrow phase space that makes these nanoparticles interesting for
stimulus-responsive studies since a small perturbation in the nanoparticle core-hydration

or stabiliser volume can result in a stimulus-induced morphological transition.*

When Blanazs et al. monitored the evolution of copolymer morphology during the PISA
synthesis of PGMA47-PHPMAqo diblock copolymer nano-objects using TEM the worm
phase was shown to be one of several intermediate states between spheres and vesicles.
Similar findings have been reported for other PISA formulations, suggesting that this is
generic behaviour.'®” Thus, if both spheres and vesicles can be produced using a
PDMAC-PDAAM PISA formulation, worms should also be accessible if appropriate

conditions can be identified.

Since the publication of this work, a number of research groups have now reported the
formation of pure worm-like nanoparticles using DAAM as the core-forming block.
Firstly, Figg et al. copolymerised DMAC and DAAM from a PDMACe stabiliser block
under aqueous dispersion conditions at 70 °C.8 They found a surprisingly large worm
phase space (total core DP = 110 — 176) when a 75:25 DAAM/DMAC molar ratio was
used for the second block. Furthermore, worms were also synthesised when an 80:20
DAAM/DMAC molar ratio was used when the PDAAM/PDMAC DP = 87. Interestingly,

only spheres were produced when pure DAAM was used as the core-forming block.
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Wang et al. used a bifunctional PEGa13 stabiliser block which was chain extended with
DAAM (total PDAAM DP = 140) under aqueous dispersion conditions at 70 °C to
produce ABA triblock copolymer worms.® Biais et al. used a PDMAC bifunctional
trithiocarbonate stabiliser block which was chain extended with DAAM (target DP = 181)
at pH 4.2 to produce ABA triblock copolymer worms stabilised by PDMAC loops.°
Moreover, Ma et al. used PITSA to chain extend a PHPMACsg stabiliser block with
DAAM (target DP = 100).!! Vesicles were formed at the reaction temperature (70 °C)
however, on cooling to 25 °C for two days a vesicle to worm transition took place, as

determined by cryo-TEM.

Until the work in this Chapter was conducted, the ketone moiety within the DAAM
residues had not yet been exploited for covalent stabilisation of diblock copolymer nano-
objects. Typically, cross-linking is achieved via the addition of a bifunctional vinyl
monomer such as ethylene glycol dimethacrylate to form a third, hydrophobic block.1%6
This approach works well for spheres and vesicles, but can be problematic for worms.*2
This is because even minor perturbations to the copolymer composition can lead to the
formation of mixed phases (e.g. worms plus spheres or worms plus vesicles). However,
reaction of the pendent ketone groups within the PDAAM block with a suitable
bifunctional hydrazide could offer a simple crosslinking mechanism for PDAAM core

nano-objects.

In this Chapter, RAFT aqueous dispersion polymerisation has been used to prepare
PDMAC-PDAAM diblock copolymer spheres, worms and vesicles via PISA and a
morphology phase diagram has been constructed to facilitate reproducible syntheses of
such pure phases. Additionally, the stimuli response of the PDMAC-PDAAM

nano-objects has been investigated. Finally, the cross-linking of such nano-objects via the
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ketone group in the DAAM moiety was explored by post-polymerisation modification
using a commercial water-soluble adipic acid dihydrazide (ADH) reagent at ambient

temperature.

2.2 Results and Discussion

2.2.1 Homopolymerisation of DMAC

The RAFT solution polymerisation of DMAC was performed in dioxane at 70 °C using
DDMAT as the CTA is outlined in Figure 2.1. A *H NMR spectrum of DDMAT is

provided in Figure 2.2.

\NJv/

| 0

[o}
s s DMAC s s
~ ~
s 30 % w/w dioxane,
~

[CTA]/[AIBN] = 10 N 0
DDMAT N,, 70 °C, 25 min |

Fig. 2.1. Reaction scheme for the synthesis of the PDMAC homopolymer precursors by
RAFT solution polymerisation of DMAC using a DDMAT CTA.
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Fig. 2.2. *H NMR spectrum recorded for DDMAT in CD3OD.

A Kinetic study of the synthesis of PDMAC100 showed that the DMAC polymerisation

proceeded to ~98 % conversion within 90 minutes (see Figure 2.3).
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Monomer conversions were calculated from *H NMR spectra by comparing the integrated
DMAC vinyl signals between 5.5 and 7.0 ppm to the combined polymer/monomer signals
in the region from 2.3 to 3.25 ppm (Figure 2.4). A linear semi-logarithmic plot indicated
pseudo first-order Kkinetics with respect to DMAC as determined using *H NMR
spectroscopy (see Figure 2.3). The linear evolution of M, with conversion was

accompanied by low dispersities throughout (Mw/Mn < 1.12), which indicates a well-

H H 17-19
controlled RAFT polymerisation.
(a) 100 - ra (b) 14 - - 2.0
' 12 :
¥ 80 » . L 18
c r3 = 104
S - s 2 .
@ 2
G 50 1 S w8 F16 3
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Fig. 2.3. (a) DMAC conversion vs. time plot and corresponding semi-logarithmic plot
and (b) evolution of M, and Mw/Mn vs. DMAC conversion for the RAFT solution
polymerisation of DMAC using DDMAT at 30 % w/w in dioxane at 70 °C. DMAC
target DP = 100. GPC analyses were performed in DMF eluent using a series of near-

monodisperse poly(methyl methacrylate) calibration standards.
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Fig. 2.4. 'H NMR spectrum recorded in CDsOD for PDMACo stabiliser block (see
entry 1 in Table 2.1).
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Subsequently, a range of PDMAC precursors were prepared with number-average mean
DPs of 40, 46 58, 68 or 77, as determined by end-group analysis using UV spectroscopy
(see Figure 2.5 for a Beer-Lambert plot obtained for DDMAT at its absorption maximum
of 311 nm). GPC analysis indicated low dispersities (Mw/Mn = 1.09 — 1.12) for all five
PDMAC stabiliser blocks used in this work (see Figure 2.6). Characterisation data for

these stabiliser blocks are summarised in Table 2.1.
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Fig 2.5. (a) UV/visible absorption spectra recorded in methanol for DDMAT at
concentrations ranging from 5.5 pmol dm to 54.9 umol dm. (b) Beer-Lambert
calibration plot constructed for DDMAT to calculate the molar extinction coefficient (g)

at the absorption maximum at 311 nm.

PDMAC,,
M, = 3200 g mol?
M, /M, =1.12
PDMAC,,
M, = 4600 g mol™?
M, /M, =1.09
PDMAC;g
M, = 5100 g mol*
M, /M, =1.09
PDMAC,,
M, =5700 g mol*
M, /M, =1.12
PDMAC,,
M, = 7100 g mol?
M, /M, =1.11

r T T T
14 15 16 17 18
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Figure 2.6. DMF GPC chromatograms for a series of PDMACx homopolymers where
X =40to 77.
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Table 2.1. Summary of conversion and molecular weight data obtained for PDMAC
homopolymers prepared via RAFT solution polymerisation of DMAC at 30 % w/w in
dioxane at 70 °C.

Entry horzggf)ﬁ/?ner TaDrI\g/Ie/?([:)P DMAC conv.2/ % | Actual DP® | Mnepct/ g molt | Muw/Mn®
1 PDMAC 40 60 60 40 3200 1.12
2 PDMAC4s 55 87 46 4600 1.09
3 PDMAC:ss 50 96 58 5100 1.09
4 PDMACss 60 95 68 5700 1.12
5 PDMAC; 70 93 77 7100 1.11

3 Determined using *H NMR spectroscopy in CD3sOD, ? UV spectroscopy analysis in
methanol “Mpn = (([DMAC]O/[DDMAT]O) X DMAC conversion X MDMAC) +
Mppmart, ¢ Determined by DMF GPC using a series of near-monodisperse poly(methyl
methacrylate) calibration standards.

2.2.2 RAFT Aqueous Dispersion Polymerisation of DAAM

The PDMAC precursors were chain extended with DAAM using RAFT aqueous

dispersion polymerisation at 70 °C and 20 % w/w solids (see Figure 2.7).

(o]
S S
o ° 20 % w/w H,0/HCl pH 2.5
| [CTA]/[ACVA] = 10
N,, 70°C,4 h
PDMAC,
0

PDMAC,-PDAAM,

Fig. 2.7. Chain extension of the PDMAC precursor with DAAM using RAFT aqueous
dispersion polymerisation at pH 2.5 to produce PDMACx-PDAAMy diblock copolymer
nano-objects.

Recently, Lovett and co-workers have shown that ionisation of CTA-derived carboxylic

acid end-groups can influence the morphology of diblock copolymer nano-objects
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prepared via PISA.2%?! Thus HCI was used to lower the solution pH to pH 2.5 so as to
ensure that the terminal carboxylic acid groups located on the PDMAC stabiliser chains

remained in their neutral acid form during the PISA synthesis.

A kinetic study of the chain extension of PDMACsg with DAAM when targeting a DP of
120 for the core-forming block confirmed that ~99 % conversion occurred within 90
minutes (see Figure 2.8a). DAAM conversions were determined by comparison of the
residual vinyl signals at 5.4 - 6.4 ppm to the PDAAM methyl signal labelled ‘I’ in Figure
2.9. The semi-logarithmic plot (Figure 2.8a) indicated more than a five-fold increase in
the rate of polymerisation after approximately 25 minutes, which coincided with the
reaction solution becoming distinctly turbid. This indicates the onset of micellar
nucleation, with the immediate formation of monomer-swollen particles resulting in a
relatively high local DAAM concentration.>?? A linear evolution of M, with DAAM
conversion was observed (see Figure 2.8b), which is consistent with a controlled radical
polymerisation. However, there was also a modest increase in the Mw/Mn with conversion,

resulting in a final Mw/M, of 1.33.

(@) 100 5 (b) 3 - - 2.0
R
= 807 -4 z 2 L@ 1.8
5 = © R
5 2 E 20 .
§ 60 - 3 S @ . F16
c ~ 15 H
S 40 2 2 s 14 2
s = 10 ° 4
g 0 .
g 20 | 1 5 J . . L 12
L ]
0 0 0 1.0

R s S AW comversion %
Fig. 2.8. (a) Monomer conversion vs. time curve and corresponding In[M]o/[M] plot and
(b) evolution of M, and Mw/M, with DAAM conversion for the RAFT aqueous
dispersion polymerisation of DAAM at 70 °C and pH 2.5 using a PDMACsg stabiliser

block targeting a PDMACsg-PDAAM 120 diblock copolymer.
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c+ CHD,0D

& /ppm

Fig. 2.9. 'H NMR spectrum recorded in CDsOD for the PDMAC0-PDAAMsgs diblock
copolymer (see entry 3 in Table 2.2).

Following this kinetic study, a series of PDMACx-PDAAMy diblock copolymers was
prepared by systematically varying the target PDAAM DP (y), for each of the five
PDMAC precusors (where x = 40, 46, 58, 68 or 77). Monomer conversions exceeding
98 % were achieved for all such PISA syntheses within 4 h at 70 °C (Table 2.2). All GPC
chromatograms were unimodal. A series of representative GPC chromatograms obtained

for the PDMAC77-PDAAMy diblock copolymers are provided in Figure 2.10.

y =300 y =200
M, =37,100 g mol* M, = 26,500 g mol*!
M,,/M,=1.52 ' M, /M, = 1.47
y =400 \ y=150
M, = 47,900 g mol* M, = 20,400 g mol*
M, /M, =1.53 M, /M, =1.41
y =500 y =100
M, =58,200 g mol! M, = 15,000 g mol?
M, /M, =157 M, /M,=1.35
y =600 3 PDMAC;,
M, = 66,600 g mol! N M, =7,100 g mol!
M, /M, =1.56 ~ - M, /M, =111
T T T 1
12 13 14 15 16 17 18

Retention time / min

Fig. 2.10. DMF GPC chromatograms recorded for a series of PDMAC77-PDAAMy
diblock copolymers where y = 100 to 600.
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Table 2.2. Characterisation data for all of the PDMACx-PDAAM, compositions.

Entry = PDMAC Target Conv.2/ % Actual GPC M, My/M," DLS Diameter Assigned
DP DAAM DP DAAM DP / nm (PDI)® morphology*
1 40 50 100 50 8900 1.13 144 (0.62) S+W
2 40 70 100 70 10800 1.24 125 (0.56) S+W
3 40 85 100 85 12700 1.20 352 (0.55) S+W
4 40 90 100 90 14800 1.27 - S+W
5) 40 95 100 95 14900 1.25 - S+W
6 40 100 99 99 14000 1.28 403 (0.45) W
7 40 105 100 105 16200 1.26 - W+V
8 40 110 100 110 16900 1.30 - W+V
9 40 115 100 115 17000 1.30 - W+V
10 40 120 100 120 16300 1.22 432 (0.27) W+V
11 40 140 100 140 18600 1.20 467 (0.23) \Y
12 40 150 100 150 18200 1.38 560 (0.25) \%
13 40 200 99 198 23700 1.43 559 (0.16) \Y
14 46 54 100 54 10600 1.14 41 (0.23) S+W
15 46 65 100 65 11800 1.15 49 (0.16) S+W
16 46 76 100 76 13000 1.16 95 (0.19) S+W
17 46 87 100 87 14100 1.27 127 (0.40) S+W
18 46 98 100 98 15200 1.20 188 (0.37) W+V
19 46 109 100 109 16400 1.20 168 (0.19) W+V
20 46 131 100 131 19100 1.22 332 (0.20) W+V
21 46 176 98 172 23100 1.27 452 (0.17) \Y%
22 46 218 99 216 28900 1.27 453 (0.16) \Y%
23 58 57 100 57 9700 1.27 31 (0.04) S+W
24 58 69 100 69 10900 1.28 37 (0.05) S+W
25 58 80 100 80 12000 1.30 48 (0.08) S+W
26 58 92 99 91 14600 1.28 75 (0.16) S+W
27 58 92 100 92 13400 1.33 49 (0.06) S+W
28 58 103 100 103 14500 1.34 58 (0.09) S+W
29 58 109 98 107 17200 1.22 95 (0.09) W+V
30 58 126 100 126 18700 1.30 81 (0.09) W+V
31 58 138 100 138 20000 1.29 96 (0.05) W+V
32 58 144 99 143 18000 131 96 (0.08) W+V
33 58 149 100 149 21000 1.30 117 (0.07) \Y%
34 58 161 100 161 22200 1.33 128 (0.08) \Y%
35 58 172 99 170 23600 1.39 397 (0.17) \Y%
36 58 172 100 172 22200 1.33 157 (0.11) \Y
37 58 201 100 201 24500 1.38 279 (0.28) \Y%
38 58 207 100 207 26300 1.38 248 (0.19) \Y%
39 58 218 100 218 27300 1.37 337 (0.13) \Y%
40 58 230 98 225 27100 154 412 (0.11) \Y
41 58 230 99 228 25900 1.37 360 (0.15) \Y%
42 58 230 100 230 28500 1.37 373 (0.13) \Y%
43 58 230 100 230 31100 1.39 402 (0.19) \Y%
44 58 345 99 342 34600 1.44 410 (0.12) \Y
45 68 78 100 78 14400 1.21 40 (0.09) S
46 68 104 100 104 17400 1.24 47 (0.08) S
47 68 157 100 157 23400 1.32 53 (0.09) S
48 68 209 99 207 26300 1.56 65 (0.05) S
49 68 417 99 413 46400 1.68 - S
50 68 626 99 620 60300 1.80 150 (0.03) S
51 77 75 100 75 14700 1.21 38 (0.05) S
52 77 100 100 100 17400 1.25 46 (0.14) S
53 77 150 99 149 20400 1.41 53 (0.06) S
54 77 200 99 198 26500 1.47 60 (0.05) S
55 77 300 99 297 37100 1.52 75 (0.02) S
56 77 400 99 396 47900 1.53 87 (0.03) S
57 77 500 99 495 58200 18517 100 (0.03) S
58 77 600 98 588 66600 1.56 113 (0.03) S

2 Determined by *H NMR spectroscopy in CDsOD,? Determined by DMF GPC vs. PMMA standards ©
Determined by dynamic light scattering on 0.1 % w/v dispersions in pH 2.5 water ¢ Determined by TEM
studies of 0.1 % w/v aqueous dispersions at pH 2.5. S = pure spheres, S+W = mixed phase of spherical
micelles and worms, W = pure worms, W+V = mixed phase of worms and vesicles and V = pure vesicles.
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2.2.3 PDMAC-PDAAM Nano-object Characterisation

The resulting PDMAC-PDAAM diblock copolymer nano-objects were characterised
using TEM. The assigned morphologies were used to construct a phase diagram at a fixed
copolymer concentration of 20 % w/w solids. This is shown in Figure 2.11, along with

representative TEM images of the pure spheres, worms and vesicles.
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Fig. 2.11. Representative TEM images showing pure sphere, worm and vesicle
morphologies obtained for 0.1 % w/w aqueous dispersions of PDMACx-PDAAMy
diblock copolymer nano-objects at pH 2.5: (a) PDMACss-PDAAM207; () PDMAC0-
PDAAMgg; () PDMACss-PDAAM:01. Phase diagram constructed for a series of
PDMACx—PDAAMy diblock copolymer nano-objects. S = spheres, S+W = mixed

spheres and worms, W = worms, W+V = mixed worms and vesicles and V = vesicles.
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Only spheres could be accessed when using a relatively long PDMAC stabiliser block
(DP > 68), because such formulations favour elastic collisions between nascent spheres
rather than the stochastic 1D sphere-sphere fusion events that lead to the formation of
worms. Hence spheres represent a kinetically-trapped phase when targeting highly
asymmetric diblock compositions.? For example, increasing the PDAAM DP from 78 to
620 when using a PDMACsg stabiliser block only resulted in a monotonic increase in
mean sphere diameter from 40 to 150 nm, as determined by dynamic light scattering
(DLS) analysis. In contrast, worms and vesicles could be accessed when using shorter
PDMAC stabiliser blocks (DP < 58). For example, targeting PDMACx-PDAAMy where
x =40, 46 and 58 and y > 150 gave pure vesicles. The phase space for pure worms was
extremely narrow and was bounded by sphere/worm and worm/vesicle mixed phases.
Similar observations have been reported by Blanazs et al. for an alternative RAFT
aqueous dispersion polymerisation formulation.? Indeed, pure worms were only attained
for PDMAC40-PDAAMgg. This composition resulted in a free-standing gel, most likely
as a result of multiple inter-worm contacts.?*?* Nevertheless, the phase diagram shown in

Figure 2.11 enables the pure worm phase to be reproducibly targeted.

Lovett et al. reported that PGMA—PHPMA diblock copolymer nano-objects prepared by
RAFT aqueous dispersion polymerisation using a carboxylic acid-functionalised CTA
exhibit pH-responsive behaviour.2%?! More specifically, worm-to-sphere and vesicle-to-
worm transitions were observed on increasing the solution pH from 3.5 to 6.0. Such
morphological transitions were attributed to ionisation of the carboxylic acid end-groups
on the PGMA chains, which increases the effective volume fraction of this hydrophilic
stabiliser block. In the present study, the PDMAC stabiliser blocks also contain a terminal
carboxylic acid group, so similar pH-responsive behaviour was anticipated. To examine

this hypothesis, DLS and aqueous electrophoresis measurements were recorded for a
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series of 0.1 % w/w PDMAC-PDAAM aqueous dispersions as a function of solution pH

(see Figure 2.12).
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Fig. 2.12. Variation of intensity-average hydrodynamic particle diameter (measured by
DLS) and zeta potential with pH recorded at 25 °C for 0.1 % w/w aqueous dispersions
of (a) a PDMACsg-PDAAMo; worm/sphere mixed phase (b) a PDMACsg-PDAAM 107
worm/vesicle mixed phase (c) PDMACsg-PDAAM17o vesicles (d) PDMACo-
PDAAM 140 vesicles and (€) PDMAC4-PDAAMgg worms. (f) TEM images obtained for
a 0.1 % w/w aqueous PDMAC0-PDAAMgg dispersion at pH 2.5 and pH 9.
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In each case, the zeta potential became more negative at higher pH as a result of
deprotonation of the carboxylic acid end-groups on the PDMAC chains originating from
the DDMAT CTA. However, the original sphere-equivalent particle diameter remained
essentially unchanged over the entire pH range studied for PDMA-PDAAM nano-objects
synthesised using a relatively long PDMAC stabiliser block (DP > 58) or containing a
PDAAM block with a mean DP of at least 140 (see Figure 2.12). Clearly, end-group
ionisation is insufficient to induce a morphology transition for such copolymers. In
contrast, PDMAC40-PDAAMgg worms proved to be weakly pH-responsive: their sphere-
equivalent particle diameter was reduced from 403 nm at pH 2.6 to 208 nm at pH 9.6 (see
Figure 2.12e). TEM studies indicated that this is the result of a transition from pure worms

to a mixed phase comprising relatively short worms and spheres (Figure 2.12f).

There are numerous literature examples of thermoresponsive diblock copolymer nano-
objects prepared by RAFT aqueous dispersion polymerisation. Such behaviour has been
reported for relatively weakly hydrophobic core-forming blocks such as PHPMA,
PNIPAM and poly(2-methoxyethyl acrylate) (PMEA).#1620.2526 Gjyen that the DAAM
monomer is fully miscible with water, the corresponding PDAAM block might be
expected to be weakly hydrophobic and partially hydrated, as previously reported for
PHPMA.* For PDMACss-PDAAMy nano-objects, no change in either solution viscosity
or turbidity was observed when cooling 20 % w/w aqueous dispersions of spheres, worms
or vesicles to below 5 °C, or on heating up to 50 °C. DLS studies confirmed that no
discernible change in hydrodynamic diameter occurred on either heating or cooling a 0.1
% wi/w aqueous dispersion of PDMACsg-PDAAM ;7o vesicles at pH 2.5 (Figure 2.13a). In
contrast, a modest reduction in the sphere-equivalent particle diameter from
approximately 360 nm to around 300 nm was observed for a 0.1 % w/w aqueous

dispersion of PDMAC40-PDAAMge worms on heating from 20 °C to 50 °C (see Figure
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2.13b). TEM studies indicate that this is due to a morphological transition from worms to

a mixture of short worms and vesicles (see Figure 2.13c). This transition is believed to be

related to the relatively narrow phase space occupied by these pure worms.
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Fig. 2.13. Variation of intensity-average hydrodynamic particle diameter and

polydispersity (determined by DLS) with temperature on heating a 0.1% w/w aqueous
dispersion of (a) PDMACss-PDAAM170 vesicles and (b) PDMAC40-PDAAMgg worms
from 5 °C to 50 °C followed by cooling from 50 °C to 25 °C at 5 °C intervals, allowing

15 min for thermal equilibrium at each temperature. (¢) TEM images obtained for a
0.1 % w/w agqueous PDMAC40-PDAAMOyg dispersion at 20 °C and 50 °C.

In summary, PDMACx-PDAAMy diblock copolymer nano-objects with x >58 or y > 140

prepared herein proved to be neither pH-responsive on raising the solution pH to pH 10

nor thermoresponsive on lowering the solution temperature to 5 °C or heating to 50 °C.
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In contrast, PDMAC40-PDAAMg worms proved to be weakly responsive with respect to
changes to either solution pH or temperature. However, it is perhaps noteworthy that,

unlike the observations made by Lovett and co-workers,?!

no additional change in
copolymer morphology was observed when subjecting these PDMAC4-PDAAMog
worms to a dual stimulus-response (i.e. switching the solution pH to pH 9 while

simultaneously cooling to 5 °C, or heating to 50 °C).

Since this work was conducted in 2017, there are now reports of thermoresponsive
nano-objects being prepared using PDAAM as the core-forming block. For example, the
An group have reported the synthesis of PDMAC3z0-PDAAMy lamellae (where x = 60 -
90).2" It was found that these lamellae underwent a lamella to sphere/worm morphological
transition on cooling. The Cai group prepared thermoresponsive PDMACzs-PDAAMgo
and PDMAC33-PDAAMigo Vesicles.!! They found that on cooling these vesicle
dispersions from the reaction temperature (70 °C) to 25 °C for two days a reversible
vesicle to lamellae or a vesicle to worm transition occurred for the PDMAC3s-PDAAMoo
and PDMAC3s-PDAAM 1o Vesicles respectively. It is still unclear why the nano-objects

produced in this work were not particularly thermoresponsive.

2.2.4 Covalent Stabilisation of PDMAC-PDAAM Diblock Copolymer Nano-objects
All PDMAC-PDAAM syntheses were conducted at an initial solution pH of 2.5.
However, for the 20 % w/w formulations reported herein, the solution pH had risen in
each case to approximately pH 4.0 after DAAM polymerisation. Fortuitously, this is the
optimum pH for subsequent cross-linking using ADH, as reported by Kessel et al.?® The
hydrazide groups present on ADH can react with the pendent ketone groups on the

PDAAM chains via nucleophilic substitution to form hydrazone linkages (Figure 2.14).
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In principle, this should result in covalent stabilisation of these nano-objects. All such

cross-linking reactions were conducted at 25 °C using various ADH/DAAM molar ratios.

Fig. 2.14. Reaction scheme illustrating the acid catalysed nucleophilic attack of
PDAAM pendent ketone groups by ADH. If the pendent hydrazine group then reacts
with a ketone group on a second PDAAM chain, this leads to cross-linking.

Spectroscopic evidence for the proposed cross-linking reaction was obtained from
Fourier-transform infrared spectroscopy (FT-IR) studies. First, a model reaction was
conducted whereby a stirred 20 % w/w aqueous solution of DAAM monomer was reacted

with ADH using an ADH/DAAM molar ratio of 0.50 at 25 °C. This reaction mixture
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gradually became turbid and after 6 h the crude product was isolated by freeze-drying
overnight. FT-IR spectra recorded for ADH alone, the DAAM monomer and the freeze-

dried crude product are shown in Figure 2.15.

(a)

(b)

1716 cm N -
(c)
HN (o] (o] NH
H H

ADH/DAAM hydrazone product

1900 1800 1700 1600 1500 1400 1300
Wavenumber / cm™!

Fig. 2.15. FT-IR spectra recorded for (a) ADH, (b) DAAM and (c) the freeze-dried
product obtained from the reaction of ADH with DAAM at 25 °C for 6 h using an
ADH/DAAM molar ratio of 0.50. Conditions: 20 % w/w solution, pH 2.5.

The DAAM monomer spectrum has a strong ketone band at 1716 cm™. This characteristic
feature is absent in the product, indicating loss of the ketone moiety. Complete attenuation
of this ketone band indicates efficient reaction of the ADH with DAAM monomer within

6 hat25°C.

Following this successful model reaction, an FT-IR study of the addition of ADH to an

aqueous dispersion of PDMACss-PDAAM23 Vesicles was undertaken, see Figure 2.16.
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Fig. 2.16. FT-IR spectra recorded for: (a) ADH, (b) a freeze-dried 20 % w/w agqueous
dispersion of PDMACsg-PDAAM:30 vesicles; (c) the freeze-dried product of the
reaction of a 20 % w/w aqueous dispersion of PDMACsg-PDAAM23 vesicles with
ADH. Conditions: ADH/DAAM molar ratio = 0.50, 6 h, 25 °C, pH 4.

The pendent ketone groups in the PDAAM chains exhibit a characteristic band at
1707 cm™, which is close to that observed for DAAM monomer (1716 cm™). After cross-
linking with ADH for 6 h at 25 °C, this spectral feature became substantially attenuated
relative to the other IR bands. The remaining shoulder observed for the cross-linked
PDMAC-PDAAM vesicles suggests that cross-linking remained incomplete after 6 h. It
is also worth emphasising that reaction of the ADH with the pendent ketone groups on
the PDAAM chains does not necessarily guarantee that an intermolecular crosslink is
obtained. It is likely that at least some of the ADH is consumed in the formation of

intramolecular cycles via reaction with two ketones located on the same PDAAM
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chain.?®3! Moreover, it is also possible that the ADH might only react once, with its
second hydrazide group being unable to react with another ketone group because of steric
congestion. This latter problem is more likely to occur at higher degrees of cross-linking

as the PDAAM cores become more solid-like.

FT-IR spectra recorded when cross-linking PDMACsg-PDAAM230 Vvesicles using
ADH/DAAM molar ratios of 1.00, 0.50, 0.25 or 0.10 indicated that greater attenuation of

the ketone band occurred at higher ADH concentrations, see Figure 2.17.

V' ADH/DAAM = 1.00
V ADH/DAAM = 0.50
ADH/DAAM = 0.25

ADH/DAAM = 0.10
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Fig. 2.17. FT-IR spectra recorded for the freeze-dried copolymer products arising from
the reaction of a 20 % w/w aqueous dispersion of PDMACss-PDAAM230 vesicles with
ADH at 25 °C for 6 h using ADH/DAAM molar ratios of 1.00, 0.50, 0.25 or 0.10. The

arrow indicates the carbonyl band assigned to the DAAM residues.

The effect of varying the ADH concentration on the extent of cross-linking (and hence
the degree of covalent stabilisation of the nano-objects) was studied using DLS.

Accordingly, ADH was added to a 20 % w/w aqueous dispersion of

76



Chapter 2

PDMACsg-PDAAM230 Vvesicles at ADH/DAAM molar ratios of 0.010, 0.025, 0.050,
0.075, 0.100, 0.150 or 0.200 and allowed to react at 25 °C with continuous stirring for 24
h. Aliquots taken at various time intervals were diluted to 0.1 % wi/v in methanol, which
is a good solvent for both PDMAC and PDAAM. Thus, if no cross-linking had occurred,
then molecular dissolution would be expected in this solvent. All these dilute methanolic
dispersions were analysed by DLS to establish the minimum time required for sufficient
covalent stabilisation to preserve the original nano-objects. As ADH cross-linking
progressed, the vesicles became gradually more resistant to methanol dissolution. For
each ADH concentration, the scattered light intensity (or derived count rate) and the
sphere-equivalent particle diameter were monitored as a function of time, see Figure 2.18.
The former parameter increased up to approximately 6 h, after which plateau values were
observed (Figure 2.18a). This suggests that cross-linking is close to completion on this
time scale. Moreover, maximum covalent stabilisation is achieved for ADH/DAAM

molar ratios > 0.075.

The DLS diameter for a dilute aqueous dispersion of PDMACss-PDAAM:30 vesicles
(0.1 % wi/w at pH 2.5) prior to cross-linking was 402 nm. Figure 2.18b indicates that
larger particle diameters were observed for all ADH concentrations after 24 hours as a
result of swelling of the cross-linked vesicles when diluted in methanol. Substantial
swelling was observed for the lightly cross-linked vesicles in the presence of methanol.
In contrast, much less swelling occurred for ADH/DAAM molar ratios > 0.050, because
more extensive cross-linking was obtained under these conditions. TEM studies of the
linear PDMACsg-PDAAM:230 vesicles and a series of vesicles cross-linked by reaction
with various ADH/DAAM molar ratios for 24 h are shown in Figure 2.19. Retention of
the copolymer morphology after dilution in methanol confirms covalent stabilisation of

the original vesicle morphology.

77



Chapter 2

(a) 80000

70000

Derived Count Rate / kcps
[ w =3 v L=
[=] [=] (=] [=] [=}
e 8 8 8 8
[=] [=] (=] o [=]

DLS Diameter/ nm
=9
=]
e

Chi IS LT
PR

ADH/DAAM

_---~g 0.200
o 0.150

o

i

8

T
10 12 14 16
Reaction Time/ h

T T
18 20 22 24

ADH/DAAM

[=)]

8

10 12 14 16
Reaction Time / h

18 20 22 24

Fig. 2.18. Time dependence for (a) scattered light intensity count rate and (b) DLS

diameter when cross-linking a 20 % w/w aqueous dispersion of PDMACss-PDAAM230
vesicles at pH 4 using ADH at ADH/DAAM molar ratios of 0.200, 0.150, 0.100, 0.075,
0.050, 0.025 or 0.010 at 25 °C. Aliquots were extracted from the reaction solution at

regular time intervals prior to quenching via dilution to 0.1 % w/v solids using

methanol.
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(a) PDMACsg-PDAAM,3,

(b) ADH/DAAM = 0.200 (c) ADH/DAAM = 0.150 (d) ADH/DAAM = 0.100

(e) ADH/DAAM = 0.075 || (f)ADH/DAAM = 0.050

Fig. 2.19. TEM images obtained for (a) a 0.1 % w/w aqueous dispersion of linear
PDMACsg-PDAAM:30 vesicles at pH 2.5 and (b-h) a series of 0.1 % w/w methanolic
dispersions of PDMACsg-PDAAM:30 vesicles crosslinked using ADH/DAAM molar

ratios of 0.200, 0.150, 0.100, 0.075, 0.050, 0.250 or 0.010, respectively, reaction

conditions: 20 % w/w solids, 24 h.

Cross-linking was also conducted on aqueous dispersions of PDMACes-PDAAM207
spheres and PDMAC4-PDAAMg worms, respectively (ADH/DAAM molar
ratio = 0.100; 6 h at 25 °C). In both cases, the original copolymer morphology was
retained on exposure to methanol as determined by TEM analysis (Figure 2.20). Swelling
of the cross-linked PDMACes-PDAAM207 Spheres in methanol resulted in a larger DLS
diameter of 77 nm (compared to 65 nm measured at pH 2.5 prior to cross-linking).
Conversely, the sphere-equivalent diameter obtained for the cross-linked
PDMAC40-PDAAMgg worms was lower than that determined prior to cross-linking (317
nm vs. 403 nm). Given that the TEM images shown in Figure 2.20 confirm retention of

the worm morphology, one possible explanation for these DLS observations is that
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insufficient worm crosslinking may result in partial worm fragmentation on exposure to

methanol.

Before Cross-linking After Cross-linking
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Fig. 2.20. TEM images and DLS measurements recorded for 0.1% aqueous dispersions
of (a) linear PDMACes-PDAAM207 spheres and (b) linear PDMAC40-PDAAMgg Worms
at pH 2.5; 0.1% methanolic dispersions of (c) cross-linked PDMACgs-PDAAM 207
spheres and (d) cross-linked PDMAC40-PDAAMg worms after reacting with ADH at an
ADH/DAAM molar ratio of 0.10 for 6 h at 25 °C.

2.2.5 Rheological Studies

The storage modulus, G’, of a 20 % w/w PDMAC40-PDAAMgs worm gel was determined
by oscillatory rheology before and after ADH cross-linking for 6 h at 25 °C using an
ADH/DAAM molar ratio of 0.10. At a fixed angular frequency of 1.0 rad s and a
constant strain of 1.0 %, G’ increased from 2370 Pa to 10330 Pa at 25 °C (see

Figure 2.21). Similar enhancements in gel strength after cross-linking were also reported
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by both Lovett et al.*? and Won et al..® This has been attributed to worm stiffening, which

leads to an increase in the worm mean persistence length.
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Fig. 2.21. Variation of gel moduli (G, red circles and G”, blue squares) with frequency
at an applied strain of 1.0 % and variation of gel moduli (G, red circles and G”, blue
squares) with strain at an applied frequency of 1 rad s for (a) linear PDMAC -
PDAAMgg diblock copolymer prepared at 20 % w/w solids in water at pH 2.5 and (b)
cross-linked PDMAC40-PDAAMgg diblock copolymer prepared at 20 % w/w solids in
water at pH 2.5 with subsequent cross-linking at 25 °C for 6 h (ADH/DAAM molar
ratio = 0.10).

The linear and crosslinked PDMAC4-PDAAMgy worm gels were also analysed by
shear-induced polarised light imaging (SIPLI).3**® SIPLI combines rotational rheology
with a reflection polariscope in order to study the birefringence from an aligned sample.
In the SIPLI technique polarised light is passed through a sample, it is then reflected from
the polished steel top plate of the rheometer towards the detector. If the particles within

the sample are aligned the sample will act as a grating and will change the orientation of
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the polarised light allowing it to pass through the analyser which is orthogonal to the axis

of polarised light. This results in a characteristic Maltese cross pattern.

As expected, the SIPLI images obtained at a shear rate of 10 s for both the linear and
crosslinked PDMAC40-PDAAMgy worm gels show the characteristic Maltese cross
pattern associated with alignment, see Figure 2.22. However, the Maltese cross for the
crosslinked worm gel appears more pronounced than the linear worm gel which could be
a result of the increase in the worm mean persistence length allowing for easier worm

orientation.

(a) Before crosslinking (b) After crosslinking

Fig. 2.22. Shear-induced polarised light images obtained at a constant shear rate of
10 st at 20 °C for (a) linear PDMAC40-PDAAMygg diblock copolymer prepared at 20 %
w/w solids in water at pH 2.5 and (b) cross-linked PDMAC4-PDAAMgg diblock
copolymer prepared at 20 % wi/w solids in water at pH 2.5 with subsequent cross-
linking at 25 °C for 6 h (ADH/DAAM molar ratio = 0.10).

2.3 Conclusions

In summary, a series of well-defined hydrophilic PDMAC homopolymer precursors
(mean DPs = 40, 46, 58, 68 or 77) were prepared using DDMAT and subsequently chain
extended with DAAM using a RAFT aqueous dispersion polymerisation formulation. The

resulting amphiphilic diblock copolymers formed a range of nano-objects via PISA. A
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phase diagram was constructed for various diblock copolymer compositions at 20 % w/w
solids. Pure spheres, worms and vesicles were identified by TEM studies. The worm
phase space was extremely narrow, which no doubt explains why this copolymer

morphology had not been previously identified for this particular PISA formulation.3®

Remarkably, most of these PDMAC-PDAAM nano-objects reported herein proved to be
insensitive to changes in both solution temperature and pH. This behaviour is atypical
compared to other RAFT aqueous dispersion polymerisation formulations based on
HPMA, NIPAM or MEA*162025 \where such water-miscible monomers normally
produce rather weakly hydrophobic structure-directing blocks with significant degrees of
plasticisation.3” However, the PDMAC0-PDAAMgg worms did prove to be both weakly
pH-responsive and thermosensitive: this is attributed to the extremely narrow phase space

occupied by the worm phase, and perhaps also the relatively low mean DP for each block.

Concentrated aqueous dispersions of covalently-stabilised diblock copolymer
nano-objects could be prepared at ambient temperature using ADH, which reacts
selectively with the pendent ketone groups on the hydrophobic PDAAM chains to form
hydrazone moieties. FT-IR studies provided direct spectroscopic evidence for this
cross-linking chemistry, while DLS measurements performed in methanol (a good
solvent for the PDMAC and PDAAM blocks) confirmed that covalent stabilisation could
be achieved within 6 h at 25 °C using ADH/DAAM molar ratios as low as 0.075. Finally,
rheological studies indicated a four-fold increase in worm gel strength when using a
DAAM/ADH molar ratio of 0.10, presumably because cross-linking leads to an increase

in the worm persistence length.
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2.4. Experimental

2.4.1 Materials

DDMAT (98 %) and DMAC (> 98.5 %) were purchased from Sigma-Aldrich. AIBN
(98 %) was purchased from Molekula. DAAM 99 %), ADH (> 98 %) and ACVA (98 %)
were purchased from Alfa Aesar. All chemicals were used as received Deuterated
methanol (99 %) was purchased from Cambridge Isotope Laboratories. Dioxane was
purchased from Sigma-Aldrich UK and diethyl ether was purchased from Fisher

Scientific. All solvents were HPLC-grade.

2.4.2 Synthesis of PDMAC Homopolymers via RAFT Solution Polymerisation

A typical protocol for the synthesis of a PDMACes stabiliser block was conducted as
follows. DDMAT (0.613 g, 1.68 mmol), AIBN (27.0 mg 0.17 mmol, CTA/AIBN molar
ratio = 10.0) and DMAC (10.0 g, 0.101 mol) were weighed into a 100 mL round-bottomed
flask. Dioxane (24.8 mL) was added to produce a 30 % w/w solution, which was purged
with nitrogen for 30 min. The sealed flask was immersed into an oil bath set at 70 °C for
25 min (final DMAC conversion = 89 %, as judged by *H NMR spectroscopy) and the
polymerisation was subsequently quenched by immersing the flask in ice, followed by
exposure to air. Dioxane (50 mL) was added to the reaction solution, followed by
precipitation from a ten-fold excess of diethyl ether (1 L). The precipitate was redissolved
in dioxane and precipitated once more from excess diethyl ether. The crude stabiliser
block was dissolved in deionized water, any residual diethyl ether/dioxane was removed
under reduced pressure, and the resulting aqueous solution was freeze-dried for 48 h. The
purified PDMAC homopolymer was obtained as a yellow solid. End-group analysis using
UV spectroscopy indicated a mean degree of polymerisation of 68 and the M» and Mw/M
were 5700 g mol™ and 1.12, respectively, as determined by DMF GPC. The same

protocol was used to synthesise a PDMAC4o stabiliser block, which had an My of
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3200 gmol™ and an Mw/M, of 1.12, a PDMAC4s stabiliser block with an M, of
4600 g mol™ and an Mw/M, of 1.09, a PDMACss stabiliser block with an M, of
5100 g mol™* and an Mw/Mn of 1.09 and a PDMAC+; stabiliser block with an My, of

7100 g mol™* and Mw/M;, of 1.11.

2.4.3 Synthesis of PDMACss-PDAAM-230 Diblock Copolymer Vesicles by RAFT
Aqueous Dispersion Polymerisation at pH 2.5

The typical protocol for the synthesis of PDMACsg-PDAAM:30 Vvesicles at 20 % w/w
solids was as follows. PDMACsg precursor (0.136 g, 0.022 mmol), ACVA (0.6 mg,
0.002 mmol, CTA/ACVA molar ratio = 10), and DAAM monomer (0.864 g, 5.1 mmol;
target DP = 230) were weighed into a 14 mL vial. Deionized water adjusted to pH 2.5
with HCI (4.0 mL) was then added to give a 20 % w/w aqueous solution, which was
degassed for 15 min at 4 °C prior to immersion in an oil bath set at 70 °C. This reaction
solution was stirred for 4 h and then quenched by exposure to air. The DAAM monomer
conversion was greater than 98 % as judged by *H NMR spectroscopy, while the My and
Mw/Mn were 27100 g mol™ and 1.54, respectively, as judged by DMF GPC. All other

PISA syntheses were conducted at the same initial volume (5.0 mL) at 20 % w/w solids.

2.4.4 Post-polymerisation Cross-linking Using ADH

A typical protocol for cross-linking PDMACss-PDAAM230 vesicles is as follows. A
20 % w/w dispersion of PDMACsg-PDAAM:30 vesicles (2.5 g) prepared using the
previously stated protocol and ADH (ADH; 0.045 g, 0.26 mmol, DAAM/ADH molar

ratio = 10.0) were added to a 14 mL vial. The reaction solution was stirred at 25 °C for 6 h.
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2.4.5 Polymer Characterisation

'H NMR spectroscopy

'H NMR spectra were recorded using a 400 MHz Bruker Avance 111 HD 400 spectrometer
in deuterated methanol at 25 °C (64 scans were averaged to ensure high-quality spectra)

and were analysed using MestraNova software.
UV-visible absorption spectroscopy

UV/visible absorption spectra were recorded between 200 and 800 nm using a
PC-controlled UV-1800 spectrophotometer at 25 °C using a 1 cm path length quartz cell.
A Beer-Lambert curve was constructed using a series of ten DDMAT solutions in
methanol. The absorption maximum at 311 nm assigned to the trithiocarbonate group®®
was used for this calibration plot and DDMAT concentrations were selected such that the
absorbance always remained below unity. The mean DP for each of the five PDMAC
homopolymers was determined using the molar extinction coefficient of 16 300 *

160 mol* dm® cm™ determined for the DDMAT.
Gel permeation chromatography (GPC)

Copolymer MWDs determined using DMF GPC. The set-up comprising two Agilent PL
gel 5 um Mixed-C columns and a PL-gel guard column connected in series to a Agilent
1260 Infinity GPC system equipped with both refractive index and UV-visible detectors
(only the refractive index detector was used) operating at 60 °C. The GPC eluent was
HPLC-grade DMF containing 10 mM LiBr at a flow rate of 1.0 mL min~t. DMSO was
used as a flow-rate marker. Calibration was achieved using a series of ten near-
monodisperse poly(methyl methacrylate) standards (ranging in M, from 625 to

618 000 g mol™1). Chromatograms were analysed using Agilent GPC/SEC software.

86



Chapter 2

Dynamic Light Scattering (DLS)

The intensity-average sphere-equivalent diameters of the diblock copolymer nano-objects
were determined at 25 °C by DLS using a Malvern Zetasizer NanoZS instrument via the
Stokes-Einstein equation, which assumes perfectly monodisperse, non-interacting
spheres. All measurements were made on 0.1 % w/w copolymer dispersions in either
acidic aqueous solution (pH 2.5) or methanol using disposable plastic cuvettes. Data were
averaged over three consecutive runs consisting of 10 sub-runs. For variable temperature
DLS studies, 0.1 % w/w aqueous copolymer dispersions were heated from 5 °C to 50 °C,
followed by cooling to 25 °C, at 5 °C intervals with 15 min thermal equilibriation at each
temperature. In this case, copolymer dispersions were analysed using a glass cuvette, and

data was averaged over three consecutive runs at each temperature.

Aqueous Electrophoresis

Zeta potential measurements were performed using a Malvern Zetasizer Nano ZS
instrument on 0.1 % w/w aqueous copolymer dispersions at 25 °C in the presence of
1 mM KCI. The initial copolymer dispersion was acidic (pH 2.5) with the solution pH
being adjusted by addition of dilute NaOH with 5 min equilibriation at each pH. Zeta
potentials were calculated from the Henry equation using the Smoluchowski
approximation. Hydrodynamic DLS diameters were also recorded during these pH

experiments. All data were averaged over three consecutive runs.

Transmission Electron Microscopy (TEM)

Copper/palladium TEM grids (Agar Scientific, UK) were coated in-house with a thin film
of amorphous carbon. The grids were then subjected to a glow discharge for 30 s.
Individual 10.0 uL droplets of 0.1 % w/w aqueous copolymer dispersions were placed on

freshly-treated grids for 1 min and then carefully blotted with filter paper to remove
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excess solution. To ensure sufficient electron contrast, uranyl formate (9.0 uL of a 0.75%
w/w solution) was absorbed onto the sample-loaded grid for 20 s and then carefully
blotted to remove excess stain. Each grid was then dried using a vacuum hose. Imaging
was performed using a FEI Tecnai Spirit 2 microscope fitted with an Orius SC1000B

camera operating at 80 kV.
Rheology

An AR-G2 rheometer equipped with a variable temperature Peltier plate and a 40 ml 2°
aluminium cone was used for all experiments. Percentage strain sweeps were conducted
at 25 °C using a fixed angular frequency of 1.0 rad s™. Angular frequency sweeps were

conducted at 25 °C using a constant percentage strain of 1.0 %.
FT-IR spectroscopy

FT-IR spectra were recorded for solid samples using a Thermo Scientific Nicolet iS10
FT-IR spectrometer fitted with a Golden Gate Diamond ATR accessory. Each spectrum

was averaged over 500 scans at a resolution of 4 cm™.
Shear-Induced Polarised Light Imaging (SIPLI)

SIPLI experiments were conducted using a mechano-optical rheometer (Anton Paar
Physica MCR301 with SIPLI attachment). Measurements were performed using a
plate-plate geometry composed of a 25 mm polished steel plate and a fused quartz plate
connected to a variable temperature Peltier system. The gap between plates was set at
0.5 mm for all experiments. An additional Peltier hood was used to ensure good control
of the sample temperature. Sample illumination was achieved using an Edmund Optics
150 W MI-150 high-intensity fiber- optic white light source with a constant light intensity

maintained for all measurements. The polariser and analyser axes were crossed at 90° in
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order to obtain polarised light images (PLIs), which were recorded using a colour CCD

camera (Lumenera Lul65c).
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Aqueous Self-assembly Behaviour of a

Thermoresponsive Diblock Copolymer

Reproduced in part with permission from [Byard, S. J.; Brien, C. T. O.; Derry, M. J.;
Williams, M.; Mykhaylyk, O. O.; Armes, S. P. Unique Aqueous Self-Assembly
Behaviour of a Thermoresponsive Diblock Copolymer. Chem. Sci. 2020, 11, 396-402.]
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3.1 Introduction

In recent years there has been a growing interest in stimulus-responsive polymers or
‘smart polymers’ i.e. those polymers which undergo a chemical or physical change due
to an applied stimulus. For aqueous systems, temperature is one of the most extensively
explored stimuli for various applications, for example, ultrafiltration,® cell storage

mediums,? bioseparation and drug delivery mechanisms.®

One of the most widely studied monomers for the preparation of thermo-responsive
polymers is NIPAM. PNIPAM exhibits LCST at 32°C.*® At this temperature, phase
separation occurs due to entropic effects which makes mixing unfavourable. This causes
a transition from a coil structure to a globular structure. The LCST of PNIPAM is close
to human physiological conditions and can be tuned by functionalisation or
copolymerization with other monomers.”® Other polymers that exhibit LCST behaviour
include derivatives of poly(2-oxazoline),'®** natural polymers synthesised from cellulose
derivatives,”> PDEAAM,*® poly(methyl vinyl ether),}” poly(N-vinylcaprolactam),®

PEG!*? and poly(N-ethylacrylamide).?*

There are far fewer examples of homopolymers that exhibit sharp UCSTs in aqueous
media i.e at low temperatures the polymers are phase-separated and once a critical
temperature is reached the polymer dissolves.?? One UCST polymer is
poly(N-acryloylglycinamide) (PNAGA). Glatzel et al. synthesised a series of PNAGA
homopolymers with protein-like gelation behaviour. The homopolymers were prepared
by RAFT polymerisation with target DPs from 100 to 500. They found that the longest
homopolymer had a gel-sol transition at 27 °C however, no precise UCST temperature
was reported.?® Seuring et al. conducted a more in-depth study into PNAGA.?* They

synthesised a PNAGA homopolymer by FRP. The phase transition temperature of a
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1 % w/w PNAGA solution in pure water was determined to be 22°C - 23°C on heating.
However, significant hysteresis was seen on cooling. Moreover, rigorous purification of
the monomer and judicious choice of the reaction conditions was required to limit ionic

groups which prevent globule formation.

The incorporation of polymers that exhibit LCST or UCST behaviour into PISA
formulations is not trivial. A careful choice of the reaction temperature is required to
ensure particle formation during the reaction and an efficient particle stabilised technique,
such as covalent cross-linking, must be used in order for the nanoparticles to be stable

below the LCST or above the UCST.

In order to avoid this drawback, recent research has been focused on hydrophobic
thermoresponsive polymers which possess LCST-like or UCST-like behaviour. Rather
than precipitating at a critical temperature, subtle changes in the polymer hydration occur
on heating or cooling. These changes in hydration are significant enough to cause
nanoparticle morphological transitions. The Armes group first reported this phenomenon
when they prepared a thermoresponsive PGMAss-PHPMA 140 diblock copolymer worm-
gel which, on cooling to 5°C, formed spheres with concomitant degelation.! The change
in morphology was rationalised in terms of surface plasticisation of the PHPMA core by
water on cooling.?>2" Such behaviour could be described as ‘LCST-like’ since the

PHPMA core becomes more soluble on cooling.

In recent work, the Cai group reported the thermoresponsive behaviour of
PHPMAC-PDAAM diblock copolymer nanoparticles prepared via photo-PISA at 70 °C
in water.?® They reported vesicle to worm and vesicle to lamellae transitions on cooling

PHPMAC33—PDAAMzi0 and PHPMAC33—PDAAMago diblock copolymer nanoparticles
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from 70 °C to 25 °C respectively. They found that the morphological transitions were

reversible in concentrated dispersions but the transitions were slow (2 days).

The Armes group have also prepared dual stimuli-responsive diblock copolymer nano-
objects. Lovett et al. prepared PGMA43-PHPMA 175 diblock copolymer vesicles by RAFT
aqueous dispersion polymerisation using a carboxylic acid terminated CTA.?® They
demonstrated that upon cooling the turbid, free-flowing vesicle dispersion from 25 °C to
5 °C a free-standing worm gel was formed. A vesicle to sphere transition could also be
induced by switching the dispersion pH from pH 3 to pH 6.2° This morphology transition
was attributed to the ionisation of the single, terminal carboxylic acid group on the PGMA
stabiliser block. This ionisation increases the hydrophilic character of the PGMA block

which lowers the packing parameter for the copolymer chains.

Kim et al. also demonstrated a dual response diblock copolymer namely,
monomethoxy-poly(ethylene glycol)-b-poly(trimethylene carbonate).®® This diblock
copolymer can undergo either a sphere to worm transition on heating in water or a vesicle
to sphere transition on increasing the copolymer concentration. However, this diblock

copolymer was prepared via ring-opening polymerisation in toluene rather than PISA.

There is only one report of a diblock copolymer that can cross two major phase boundaries
simply by wvarying the temperature®® The Lodge group prepared a
poly(styrene-b-dimethylsiloxane) diblock copolymer by anionic polymerisation.*® They
observed a vesicle to worm to sphere transition on heating the dilute dispersion in diethyl

phthalate from ambient temperature to 180 °C.

So far there have been no reports of a single (i.e. fixed composition) diblock copolymer
in any solvent that is capable of crossing three phase boundaries to form either spheres,

worms, vesicles or lamellae by simply varying the dispersion temperature. Moreover,
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there are no reports of a thermoresponsive diblock copolymer that can undergo
morphological transitions reversibly at low copolymer concentrations (< 0.1 % w/w

solids).

In this chapter, 4-hydroxybutyl acrylate (HBA) has been investigated as a thermo-
responsive core-forming block. Given that HBA is isomeric with HPMA it was expected
to have interesting thermoresponsive properties. A series of new PDMAC-PHBA and
PDMAC-P(HBA-stat-DAAM) amphiphilic diblock copolymers were prepared by a one-
pot PISA protocol in aqueous solution at pH 3 using a carboxylic acid terminated CTA.
The unprecedented thermo-responsive nature of these diblock copolymers has been
examined. Moreover, the pH-responsive nature of these copolymers is demonstrated.
Finally, a thermoresponsive PDMAC-P(HBA-stat-DAAM) diblock copolymer has been

prepared using a neutral CTA at pH 7.
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3.2 Results and Discussion

3.2.1 PDMAC-PHBA Synthesis

All of the diblock copolymers used in this study were prepared via PISA using a highly
convenient one-pot RAFT aqueous dispersion polymerisation formulations. Initially,
three PDMAC-PHBA diblock copolymers were synthesised at pH 3, the reaction scheme
is given in Figure 3.1. First, DMAC was polymerised in an 80 % w/w aqueous solution
at 30 °C using a trithiocarbonate-based CTA combined with a low-temperature redox
initiator. The initial highly concentrated aqueous solution was required to ensure the
solubility of the DDMAT CTA. After 30 min, the reaction mixture was diluted to
20 % w/w to lower the solution viscosity. After 4 h, a small aliquot of the resulting
water-soluble PDMAC precursor was removed for analysis. This one-pot synthesis was
conducted three times to produce three PDMAC precursors. *H NMR spectroscopy
studies confirmed that more than 99 % DMAC conversion had been achieved for each
PDMAC synthesis by comparison of the integrals of the residual DMAC vinyl signals in
the 5.0 — 7.0 ppm region to the polymer signal at 3.0 ppm, see Figure 3.2. DMF GPC
analysis demonstrated the reproducibility of the precursor synthesis, Figure 3.3a. For each
of the three PDMAC precursors, the DP was determined to be 54 by end-group analysis

using UV spectroscopy, Figure 3.3b.
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Fig. 3.1. Reaction scheme for the synthesis of the PDMACs4 precursors via RAFT
solution polymerisation of DMAC at 30°C using a DDMAT CTA and a redox initiator,
KPS plus AscAc. Subsequent PDMACs4 chain extension with HBA via RAFT aqueous

dispersion polymerisation at pH 3 produced PDMACss—PHBA, diblock copolymers.
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Fig. 3.2. 'H NMR spectra recorded in CD3sOD for the three PDMACs4 precursors
prepared using the synthesis method outlined in Figure 3.1.
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Fig. 3.3. (&) DMF GPC chromatograms recorded for the PDMACs4 precursors prepared
using the one-pot protocol outlined in Figure 3.1. (b) Calibration plot for determining
the mean DP of the PDMAC precursors. M, (determined by DMF GPC analysis using a
refractive index detector) vs. PDMAC DP (determined by UV/visible spectroscopy
using the Beer-Lambert calibration plot constructed for DDMAT in Chapter 2) for a
series of PDMAC homopolymers synthesised by RAFT solution polymerisation of
DMAC in dioxane using DDMAT and purified by precipitation (open black circles).
Black squares: M, for the PDMACs4 precursors synthesised by RAFT solution
polymerisation of DMAC in pH 3 water using DDMAT at 30°C via the one-pot
protocol given in Figure 3.1.

These three PDMACs4 precursors were then chain-extended with HBA at 20 % w/w
solids to produce PDMACs4-PHBA, diblock copolymers, where the subscript y refers to
the mean DP of the PHBA block. *H NMR spectroscopy studies confirmed essentially
full conversion for the HBA monomer by comparison of the HBA vinyl signals in the
5.0- 7.0 ppm region to the polymer signal at 2.3 ppm, Figure 3.4. The final PHBA DPs (y)
were determined by *H NMR spectroscopy to be 218, 244 and 269. DMF GPC analysis
indicated high blocking efficiencies and a relatively narrowv MWDs (Mw/Mn < 1.29) for

the final diblock copolymers (see Figure 3.5).
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Fig. 3.4. Assigned *H NMR spectra recorded in CD30D for the PDMACs4-PHBA 15
diblock copolymer (red data), the PDMACs4-PHBA244 diblock copolymer (black data)
and the PDMACs4-PHBA269 diblock copolymer (blue data) prepared using the one-pot

protocol shown in Figure 3.1.
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Fig. 3.5. DMF GPC chromatograms recorded for the PDMACss-PHBA:1s diblock
copolymer (red data), the PDMACss-PHBA244 diblock copolymer (black data) and the
PDMACs4-PHBA69 diblock copolymer (blue data) prepared by the one-pot protocol

shown in Figure 3.1.
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3.2.2 PDMAC-PHBA Nanoparticle Characterisation

Rheology studies were conducted on the 20 % w/w aqueous dispersions of
PDMACs4-PHBAy nano-objects as a function of temperature (Figure 3.6 and Figure 3.7).
For each dispersion, low-viscosity fluids were formed at 1 °C. Warming to ambient
temperature caused an increase in dispersion viscosity with the maximum viscosity
obtained at 25 °C, 21 °C and 17 °C fory = 218, 244 and 269, respectively. Further heating
led to firstly, a significant reduction in dispersion viscosity followed by a second increase

in viscosity at 48 °C, 46 °C and 42 °C for y = 218, 244 and 269 respectively.
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Fig. 3.6. Temperature-dependent rheological studies for 20 % w/w aqueous dispersions
of PDMACs4-PHBAy nano-objects at an applied strain of 1.0 % and an angular
frequency of 1.0 rad st The dispersions were equilibrated at 1 °C for 15 minutes prior
to a thermal cycle from 1 °C to 50 °C to 1 °C at 1 °C min™t. Complex viscosity (jn*|) vs.
temperature data for (a) the PDMACss-PHBA:215 dispersion (b) the PDMACss-PHBA244
dispersion and (c) the PDMACs4-PHBA 69 dispersion.
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Fig. 3.7. Temperature-dependent rheological studies for 20 % w/w aqueous dispersions
of PDMACs4-PHBA, nano-objects at an applied strain of 1.0 % and an angular
frequency of 1.0 rad s*. The dispersions were equilibrated at 1 °C for 15 min prior to a
thermal cycle from 1 °C to 50 °C to 1 °C at 1 °C min. G’ and G” vs. temperature for
(a) the PDMACs4-PHBA 18 dispersion (b) the PDMACss-PHBA244 dispersion and (c)
the PDMACss-PHBA69 dispersion.

The transitions seen during heating proved to be remarkably reversible on cooling, with
relatively little hysteresis being observed at heating/cooling rates of 1 °C min™t. Moreover,

the temperature at which the transitions occur is dependent on the PHBA DP.

Unfortunately, the nature of these transitions could not be investigated using conventional
TEM imaging due to the relatively low glass transition temperature of the PHBA block.
Cryo-TEM was attempted on these dispersions but proved inconclusive. In order to
overcome this drawback a third, crosslinkable monomer, namely DAAM, was

copolymerised with HBA within the nano-object core.
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3.2.3 Synthesis of PDMAC-P(HBA-stat-DAAM) diblock copolymers at pH 3

A PDMAC-P(HBA-stat-DAAM) diblock copolymer was prepared by the one-pot RAFT
aqueous dispersion polymerisation protocol shown in Figure 3.8. As before, DMAC was
polymerised in an 80 % w/w aqueous solution at 30 °C using DDMAT with a KPS/AscAc
redox initiator. After 30 min, the reaction mixture was diluted to 20 % w/w to lower the
solution viscosity. After 4 h, a small aliquot of the resulting water-soluble PDMAC
precursor was removed for analysis. *H NMR spectroscopy studies confirmed that more
than 99 % DMAC conversion had been achieved (Figure 3.9). DMF GPC analysis
indicated a relatively narrow MWD (Mw/M, = 1.23, see Figure 3.10a). The PDMAC
precursor DP was determined to be 56 by end-group analysis using UV spectroscopy (see

Figure 3.10b).
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Fig. 3.8. Reaction scheme for the synthesis of a PDMACsg precursor via RAFT solution
polymerisation of DMAC at 30°C using a DDMAT CTA and a redox initiator,
KPS/AscAc. Subsequent PDMACss chain extension with a binary mixture of HBA
(80 mol%) and DAAM (20 mol%) via RAFT aqueous dispersion copolymerisation at
pH 3 produced a PDMACss—P(HBA-stat-DAAM)264 diblock copolymer.
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This PDMACsg precursor was then chain-extended by statistical copolymerisation of a
mixture of HBA (80 mol%) and DAAM (20 mol%) at 20 % w/w solids to produce a
PDMACss-P(HBA-stat-DAAM)2e4 diblock copolymer. H NMR spectroscopy studies
confirmed essentially full conversion for the HBA and DAAM comonomers (> 99%); see
Figure 3.9) and the expected core-forming block composition (78 = 2 mol % HBA) was
obtained within experimental error. DMF GPC analysis indicated a high blocking
efficiency and a relatively narrowv MWD (Mw/Mn < 1.20) for the final diblock copolymer

(see Figure 3.10).
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Fig. 3.9. Assigned H NMR spectra recorded in CD3OD for (a) the PDMACss precursor
and (b) the PDMACss—P(HBA-stat-DAAM)264 diblock copolymer prepared in the
one-pot protocol outlined in Figure 3.8.
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Fig. 3.10. (a) DMF GPC chromatograms recorded for the PDMACse precursor (blue
trace) and the final PDMACss-P(HBA-stat-DAAM)264 diblock copolymer (red trace)
prepared in the protocol outlined in Figure 3.8. (b) Calibration plot for determining the
mean DP of the PDMAC precursor prepared during the one-pot protocol given in
Figure 3.8. Mpvs. PDMAC DP (determined by UV/visible spectroscopy using a
previously published Beer-Lambert calibration plot constructed for DDMAT in Chapter
2) for a series of PDMAC homopolymers synthesised by RAFT solution polymerisation
of DMAC in dioxane using DDMAT and purified by precipitation (open black circles).
Black square: M, for the PDMACsg precursor prepared via the one-pot protocol given in

Figure 3.8.

3.2.4 Characterisation of PDMAC-P(HBA-stat-DAAM) Nanoparticles Prepared at
pH 3

The 20 % w/w dispersion of PDMACse-P(HBA-stat-DAAM)264 diblock copolymer
nano-objects prepared using this aqueous PISA formulation formed a free-standing gel at
25 °C (Figure 3.11). On cooling to 1 °C, immediate degelation occurred to produce a
transparent free-flowing dispersion. On heating to 50 °C, a turbid, free-flowing dispersion
was formed, while a turbid paste was formed at 70 °C. To examine the copolymer
morphologies associated with these thermal transitions, TEM studies were performed on
the PDMACse-P(HBA-stat-DAAM)2e4 diblock copolymer nano-objects. Cross-linking of

the P(HBA-stat-DAAM)264 block was conducted at the desired temperature using ADH
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at pH 3, as previously reported in Chapter 2 and reference 32. Cross-linking eliminated
the thermoresponsive behaviour of this diblock copolymer, hence preserving the
copolymer morphology at any desired temperature. Thus this cross-linking protocol
enabled visualisation of pure spheres, worms, vesicles or lamellae after covalent

stabilisation at 1 °C, 25 °C, 50 °C or 70 °C, respectively (Figure 3.11f-i).

1°C

25°C

70°C

Fig. 3.11. (a) Schematic representation of the reversible morphological transitions that
occur for a 20 % w/w aqueous dispersion of PDMACse-P(HBA-stat-DAAM)2e4 diblock
copolymer nano-objects on varying the temperature from 1 °C to 70 °C. Digital images
show the physical appearance of this aqueous dispersion: (b) on cooling to 1 °C for 30
minutes, (c) at ambient temperature (25 °C), (d) on heating to 50 °C for 30 minutes and

(e) on heating to 70 °C for 30 minutes. TEM images recorded for 0.1 % w/w aqueous

dispersions of PDMACss—P(HBA-stat-DAAM)2s4 after covalent stabilisation at the
desired temperature using ADH at a DAAM/ADH molar ratio of 1.0: (f) spheres
(crosslinked at 1 °C), (g) worms (crosslinked at 25 °C), (h) vesicles (crosslinked at

50 °C) and (i) lamellae (crosslinked at 70 °C).
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Rheology studies were conducted on a 20 % w/w aqueous dispersion of
PDMACse-P(HBA-stat-DAAM)26s4 nano-objects as a function of temperature
(Figure 3.12). As expected, a low-viscosity fluid was formed at 1 °C owing to the
presence of free-flowing spherical nano-objects (see Figure 3.12a). Warming to ambient
temperature-induced a sol-gel transition, producing a soft, transparent free-standing gel
(Figure 3.12b). This indicates the formation of highly anisotropic worms, with multiple
inter-particle contacts producing a 3D network.>® The storage modulus (G') exceeds the
loss modulus (G") at 17 °C, which corresponds to the critical gelation temperature (CGT).
A maximum gel viscosity was observed at 25 °C (Figure 3.12a). Further heating led to a
significant reduction in viscosity (and a concomitant increase in turbidity) owing to the
formation of vesicles. These sphere-to-worm and worm-to-vesicle transitions proved to
be remarkably reversible, with relatively little hysteresis being observed at

heating/cooling rates of 1 °C min™.

Heating the turbid, free-flowing vesicular dispersion above 50 °C initially caused a
further reduction in the complex viscosity (see Figure 3.12c). However, the dispersion
became a turbid paste between 63 °C and 70 °C and the complex viscosity increased by
approximately two orders of magnitude, which corresponds to the formation of lamellae.
Significant hysteresis was observed for the lamellae-to-vesicle transition on cooling but

fairly good reversibility was observed below approximately 22 °C.
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Fig. 3.12. Temperature-dependent rheological studies for a 20% w/w aqueous
dispersion of PDMACse-P(HBA-stat-DAAM)264 nano-objects at an applied strain of
1.0 % and an angular frequency of 1.0 rad s™*. The dispersion was equilibrated at 1°C
for 15 min prior to a thermal cycle at 1 °C min™. (a + ¢) Complex viscosity (|n*|) vs.

temperature data for a thermal cycle from either 1 °Cto 50 °Cto 1 °C or 1°C to 70 °C
to 1 °C. (b +d) G’ and G” as a function of temperature for a thermal cycle from either
1°Cto50°Ctol°Corl°Cto70°Ctol°C. The black dashed lines indicate the sol-

gel transitions observed on heating as determined from the G’ and G” values.

Small-angle X-ray scattering (SAXS) studies were conducted on a 1.0 % w/w aqueous
dispersion of PDMACse-P(HBA-stat-DAAM)2s nano-objects as a function of
temperature at pH 3 (Figure 3.13). The gradient in the low g region of an 1(q) vs. g plot
(where 1(q) is the scattering intensity and q is the scattering vector) is characteristic of the
predominant copolymer morphology.3* This gradient is close to zero at 1 °C, which
suggests the presence of spheres. At 25 °C, the gradient shifts towards -1, indicating the

formation of highly anisotropic worms.> On raising the temperature to 50 °C, the low q
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gradient increases to -2, which is characteristic of bilayer (or vesicle) formation. At 70 °C,
the structure factor observed at g = 0.019 A indicates stacked lamellae sheets. These

SAXS observations are fully consistent with the nano-object morphologies observed by

TEM.
0.01 0.1
(a) (b)
, ~
3
T . AT
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Fig. 3.13. (a) Representative double-logarithmic plot of SAXS patterns recorded for a
1.0 % w/w aqueous dispersion of thermoresponsive PDMACss—P(HBA-stat-DAAM)264
nano-objects at 3 °C (blue data), 25 °C (red data), 50 °C (green data) and 70 °C (purple
data). For guidance, black dashed lines indicate zero, -1 and -2 gradients, while the blue,

green and purple data are offset by arbitrary factors to aid clarity. (b) SAXS patterns
recorded for the same 1.0 % w/w aqueous dispersion of thermoresponsive
PDMACss—P(HBA-stat-DAAM)264 nano-objects between 1 °C and 70 °C using a
heating rate of 1 °C min*. For guidance, black dashed lines indicate zero, -1 and -2

gradients.

Figure 3.13b shows a series of SAXS patterns recorded for a 1.0 % w/w aqueous
dispersion of PDMACss—P(HBA-stat-DAAM)264 nano-objects on heating from 1 °C to
70 °C at a heating rate of 1 °C min’. Clearly, there is a gradual increase in the low g
gradient as the initial spheres are converted into first worms and then vesicles. A structure

factor indicating stacked lamellae is observed at 64 °C and 70 °C. This data set confirms
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that the interconversion between these four copolymer morphologies occurs rapidly on

relatively short time scales even at low copolymer concentration.

DLS was used to determine the sphere-equivalent diameter for a 0.10 % w/w
PDMACss—P(HBA-stat-DAAM)2s4 aqueous dispersion during a thermal cycle from 2 °C
to 50 °C to 2 °C (Figure 3.14). These DLS data suggest that both the sphere-to-worm and
worm-to-vesicle thermal transitions occur rapidly and reversibly, with minimal hysteresis
being observed even at copolymer concentrations as low as 0.10 % w/w. The excellent
reversibility observed under these conditions is attributed to the relatively high mobility

of the acrylic-rich core-forming block, which has a relatively low glass transition

temperature.
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Fig. 3.14. Apparent intensity-average diameter as a function of temperature as
determined by DLS studies of a 0.1% w/w aqueous dispersion of PDMACss-P(HBA-
stat-DAAM)264 at pH 3. This dispersion was heated from 1 °C to 50 °C (red data)
followed by cooling from 50 °C to 1 °C (blue data). The dispersion was equilibrated at
each temperature for 10 min prior to DLS measurements to ensure thermal

equilibration.
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Variable temperature *H NMR spectroscopy studies were conducted to examine the
mechanism for the wunique thermoresponsive behaviour observed for this
PDMACss-P(HBA-stat-DAAM)264 diblock copolymer. Accordingly, a 20 % w/w
aqueous copolymer dispersion was heated from 5 °C to 70 °C with spectra being recorded
at 5 °C intervals and normalised relative to an external standard (pyridine). Partial

'H NMR spectra are shown in Figure 3.15 (see Figure 3.16 for the full spectra).

'H NMR signals assigned to the core-forming P(HBA-stat-DAAM) chains become more
prominent at higher temperature, indicating progressively greater hydration for this
weakly hydrophobic structure-directing block. Such spectral changes can be quantified
by normalising the integrated intensity of the two CH>-OH protons assigned to the HBA
repeat units relative to that of the external standard. This approach enables the apparent
degree of hydration of the HBA repeat units within the P(HBA-stat-DAAM)264
core-forming block to be calculated at any given temperature. This parameter is expressed
as a percentage of the maximum value determined by *H NMR spectroscopy using
CD30D (the PDMACs6-P(HBA-stat-DAAM)264 chains are molecularly dissolved in this
solvent); it increases from 62 % to 83 % on heating a 20 % w/w aqueous copolymer

dispersion from 5 °C to 70 °C (Figure 3.15b).
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Fig. 3.15. (a) Normalised *H NMR spectra recorded for a 20% w/w aqueous dispersion
of PDMACss—P(HBA-stat-DAAM)2s4 nano-objects on heating from 5 °C to 70 °C. For

clarity, only partial spectra in the 1-6 ppm range are shown (see Figure 3.16 for the full

spectra). The signal marked with an asterisk is assigned to the two CH>-OH protons on

the HBA residues. (b) Apparent degree of hydration of the hydrophobic

P(HBA-stat-DAAM)264 block as a function of temperature (with 100% hydration

corresponding to the true diblock composition calculated by *H NMR spectroscopy for

the molecularly-dissolved copolymer chains in CD30D).
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Fig. 3.16. Assigned 500 MHz *H NMR spectra recorded from 5 °C to 70 °C for a
20 % wi/w aqueous dispersion of PDMACss—P(HBA-stat-DAAM)264 nano-objects. This
dispersion was equilibrated at each temperature for 10 min to ensure thermal
equilibrium. All spectra were normalised relative to proton signal 1 assigned to the

external standard (pyridine).

Clearly, the P(HBA-stat-DAAM)264 block is partially hydrated at all temperatures and its
degree of hydration increases at higher temperatures. As the hydrophobic
P(HBA-stat-DAAM) block becomes progressively more hydrated, its volume fraction
increases relative to that of the hydrophilic PDMAC stabiliser block, which leads to a
subtle increase in the fractional packing parameter, P, for the copolymer chains, see

Figure 3.17 for a schematic representation.?>2® This accounts for the observed evolution
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in morphology from spheres to worms to vesicles to lamellae that occurs on heating.
Interestingly, such thermoresponsive behaviour has been recently predicted recently for
a single diblock copolymer composition by Rumyantsev et al..*® Such behaviour can be
characterized as ‘UCST-like’, as opposed to the ‘LCST-like’ behaviour previously
reported for an analogous amphiphilic thermoresponsive diblock copolymer,
PGMA-PHPMA, that exhibited a worm-to-sphere transition on cooling from 20 °C to
5 °C.! This behaviour is even more unusual given that HPMA and HBA are isomeric.

Uniform core hydration, P increases
Uniform core dehydration, P decreases
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Fig. 3.17. A schematic representation of the change in the hydration of the core, and

v

hence the packing parameter (P), on changing the dispersion temperature.

Lovett et al. demonstrated that deprotonation of a single carboxylic acid group located on
the end of the PGMA block in a PGMA-PHPMA diblock copolymer was sufficient to
allow a change in nanoparticle morphology.?®3’ Similarly, raising the solution pH of a
1 % w/w solids dispersion of the PDMACss—P(HBA-stat-DAAM)264 nano-objects at 20
°C from pH 3 to pH 7 caused a reversible reduction in sphere-equivalent particle diameter
from 333 nm (worms) to 38 nm (spheres) as judged by DLS (see Figure 3.18). This
transition is attributed to deprotonation of the single carboxylic acid group located at the
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end of each PDMAC steric stabiliser chain. Thus, this thermoresponsive diblock

copolymer also exhibits reversible pH-responsive behaviour.
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Fig. 3.18. (a) Schematic representation of the worm to sphere transition that occurs on
increasing the dispersion pH from 3 to 7 at 20 °C. (b) DLS diameter recorded for a
0.10 % wi/w aqueous dispersion of PDMACse-P(HBA-stat-DAAM)264 Nano-objects on
increasing the PDMACss-P(HBA-stat-DAAM)264 dispersion pH from pH 3 to pH 7
(filled circles) followed by returning the dispersion pH to pH 3 (empty circles) at 25 °C.
The dispersion was equilibrated at each pH for 10 min. (c) Zeta potentials recorded for a
0.10 % wi/w aqueous dispersion of PDMACse-P(HBA-stat-DAAM)264 Nano-objects on
increasing the PDMACss-P(HBA-stat-DAAM)264 dispersion pH from pH 3 to pH 7
(filled squares) followed by returning the dispersion pH to pH 3 (empty squares). The

dispersion was equilibrated at each pH for 10 min.

Preliminary studies suggest that hydroxyl-functional silica nanoparticles can be readily

encapsulated within such vesicles at elevated temperature (see Figure 3.19). In principle,
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such payloads can be readily released on cooling to around ambient temperature because

this induces a vesicle-to-worm (or vesicle to-sphere) transition.

a Before Centrifugation b After Centrifugation

Fig. 3.19. TEM images obtained for 12 nm silica nanoparticles encapsulated within
PDMACss-P(HBA-stat-DAAM)264 vesicles at pH 3 (a) before centrifugation and (b)
after six centrifuge cycles to remove most of the excess silica nanoparticles.

3.2.5 Synthesis of PDMAC-P(HBA-stat-DAAM) diblock copolymers at pH 7

In order for the PDMAC-P(HBA-stat-DAAM) thermoresponsive nano-objects to be
suitable for biological-based applications, the synthesis method was modified to allow
the nano-objects to be synthesised at pH 7. As previously stated, ionisation of the single
carboxylic acid group located at the end of each PDMAC steric stabiliser chain caused a
worm to sphere transition on increasing the solution pH from 3 to 7. Hence, esterification
of the DDMAT carboxylic acid groups was necessary to directly produce higher-order
morphologies, such as worms and vesicles, during the diblock copolymer synthesis at

pH 7.

The esterification of DDMAT to produce Me-DDMAT was conducted in DCM using

methanol as the methylating agent, see Figure 3.20.
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Fig. 3.20. Esterification of DDMAT using methanol as the methylating agent to produce
Me-DDMAT.

The crude product was purified by column chromatography. The degree of DDMAT
functionalisation was determined to be 98 % by comparison of the integrals for the
dodecyl chain methyl proton signal to the methyl ester proton signal (protons a and b

respectively, Figure 3.21).
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Fig. 3.21. *H NMR spectrum recorded in deuterated methanol for Me-DDMAT after
purification by column chromatography. The signals labelled a and b were used to

determine the degree of esterification.
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The synthesis scheme for the preparation of the PDMAC-P(HBA-stat-DAAM) diblock
copolymer at pH 7 using Me-DDMAT as the CTA is outlined in Figure 3.22. First,
DMAC was polymerised in bulk (i.e. no solvent) because Me-DDMAT is insoluble even
in highly concentrated aqueous solution. Due to the absence of water, ACVA was used
as the initiator rather than the KPS/AscAc redox couple. The synthesis temperature was

increased to 70 °C to achieve efficient decomposition of ACVA.
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Fig. 3.22. Reaction scheme for the synthesis of the PDMACss precursor via RAFT
solution polymerisation of DMAC at 70 °C using a Me-DDMAT CTA and ACVA as
the initiator. Subsequent PDMACsg chain extension with a binary mixture of HBA (80
mol%) and DAAM (20 mol%) via RAFT aqueous dispersion copolymerisation at pH 7
produced a PDMACss—P(HBA-stat-DAAM)2g7 diblock copolymer.

After 30 min, the reaction mixture was diluted to 20 % w/w with pH 7 water to lower the
solution viscosity. After 4 h, a small aliquot of the resulting water-soluble PDMAC
precursor was removed for analysis. *H NMR spectroscopy studies confirmed that more
than 99 % DMAC conversion had been achieved, see Figure 3.23. GPC analysis indicated
a relatively narrov MWD (Mw/M, = 1.16, see Figure 3.24). The PDMAC precursor DP
was determined to be 56 by end-group analysis using UV spectroscopy using the

calibration plot given in Figure 3.10.
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Fig. 3.23. Partially assigned *H NMR spectra recorded in CD3OD for the PDMACss

precursor prepared at pH 7.

The 20 % wi/w solution of the PDMACsg precursor was chain extended with HBA (80
mol%) and DAAM (20 mol%) at 20 % w/w solids to produce a
PDMAC-P(HBA-stat-DAAM) diblock copolymer with total core target DP of 250. High
HBA and DAAM conversions were achieved and the final diblock composition was
determined by 'H NMR spectroscopy to be PDMACss-P(HBA-stat-DAAM)zs7,
Figure 3.25. DMF GPC analysis showed good blocking efficiency of the PDMAC:s
precursor and a narrow MWD (Mw/M, = 1.24) for the final diblock copolymer (see

Figure 3.24).
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Fig. 3.24. DMF GPC chromatograms recorded for the PDMACsg precursor (black
dashed trace) and the PDMACse-P(HBA-stat-DAAM)2g7 diblock copolymer (black

trace) prepared at pH 7.
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Fig. 3.25. Assigned *H NMR spectra recorded in CD3OD for the
PDMACss—P(HBA-stat-DAAM)2¢7 diblock copolymer prepared in the one-pot protocol

outlined in Figure 3.22.
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3.2.6 Characterisation of PDMAC-P(HBA-stat-DAAM) Nanoparticles Prepared at
pH 7

Images of the as-prepared 20 % w/w PDMAC:se-P(HBA-stat-DAAM)2g7 diblock
copolymer dispersion at 25 °C and on heating and cooling are provided in Figure 3.26.
At 25 °C the dispersion formed a transparent, free-standing gel. On cooling to 1 °C, a

transparent, free-flowing dispersion was formed. On heating to 50 ° C a free-flowing

turbid dispersion was formed.

Fig. 3.26. Digital images showing the physical appearance of the
PDMACse-P(HBA-stat-DAAM)2g7 aqueous dispersion at 1 °C, 25 °C and 50 °C after 30

minutes equilibrium at each temperature.

Rheology studies were conducted on the 20 % w/w aqueous dispersion of
PDMACss-P(HBA-stat-DAAM)2g7 nano-objects as a function of temperature (see Figure
3.27). A low-viscosity fluid was formed at 1 °C suggesting the presence of spheres.
Warming the dispersion induced a sol-gel transition at 24 °C owing to the formation of
worms. Further heating to 29 °C led to degelation and a significant reduction in viscosity

due to a worm to vesicle transition.
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Fig. 3.27. Temperature-dependent rheological studies for 20 % w/w aqueous dispersion
of PDMACss-P(HBA-stat-DAAM)2g7 nano-objects at an applied strain of 1.0 % and an
angular frequency of 1.0 rad s The dispersions were equilibrated at 1 °C for 15 min
prior to a thermal cycle from 1 °C to 50 °C to 1 °C at 1 °C min™™. (a) Complex viscosity
(m*] vs. temperature (b) G’ and G” vs. temperature. The black dashed lines indicate the

sol-gel and gel-sol transitions.

For biologically relevant applications it is important to consider the properties of the
diblock copolymer nano-objects when dispersed in a biological culture medium such as
NutriStem. The PDMACse-P(HBA-stat-DAAM)2g7 20 % wi/w solids aqueous dispersion
was freeze-dried and then redispersed at 20 % w/w solids in NutriStem by gently stirring
overnight at 3 °C. This temperature was chosen to aid re-dispersion as demonstrated by

Canton et al..?

After re-dispersion in NutriStem and heating to room temperature, a free-standing gel
was formed, see Figure 3.28a. Rheological studies were conducted on this NutriStem
dispersion, see Figure 3.28. The rheology results for PDMACss-P(HBA-stat-DAAM)2g7
dispersed in NutriStem are summarised in Table 3.1 along with the rheology results for

the aqueous PDMACss-P(HBA-stat-DAAM)2g7 dispersion for comparison.
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Fig. 3.28. (a) Digital image of the PDMACss-P(HBA-stat-DAAM)2g7 nano-objects at
20 °C after re-dispersion in NutriStem. Temperature-dependent rheological studies for a
20 % wi/w aqueous dispersion of PDMACse-P(HBA-stat-DAAM)2s7 nano-objects
dispersed in NutriStem at an applied strain of 1.0 % and an angular frequency of 1.0 rad
s The dispersion was equilibrated at 1 °C for 15 minutes prior to a thermal cycle from
1°Cto37°Cto1°Catl°Cmin? (b) Complex viscosity (n*|) vs. temperature data (C)

G’ and G” as a function of temperature.

Table 3.1. Rheology data for 20 % w/w dispersion of the

PDMACse-P(HBA-stat-DAAM)2g7 nano-objects dispersed in either water or NutriStem.

Water NutriStem
G'1°C 0.05 Pa 0.09 Pa
G"1°C 0.80 Pa 0.27 Pa
Viscoelastic region [ 25-29°C | 15-34°C
Max G’ 41.3 Pa 25.6 Pa
T at Max G’ 29°C 25°C

On cooling to 1 °C, low viscosity fluids were formed for both dispersions. On heating,
both dispersions underwent sol-gel transitions. However, in NutriStem there is a broader

gel region with the CGT occurring at 15 °C and the CDT occurring at 34 °C as opposed
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to 25 °C and 29 °C respectively when dispersed in water. Despite the broader gel region
for NutriStem a lower maximum G’ was observed compared to water, 25.6 Pa and 41.3
Pa respectively. A high worm-gel viscosity is preferable for certain potential biological
applications such as cell storage as it allows less polymer to be used.? However, the
unprecedented  reversible  morphological  transitions  witnessed  for  this
PDMACs4-P(HBA-stat-DAAM)2g7 dispersion could be useful in encapsulation and

release applications.

3.3 Conclusions

In  summary, a series of new amphiphilic PDMAC-PHBA and
PDMAC-P(HBA-stat-DAAM) diblock copolymers nano-objects have been reported. All
the diblock copolymers were prepared by highly convenient, one-pot aqueous protocols.
In all syntheses, high monomer conversions were achieved and efficient chain extension
of the PDMAC precursors with HBA and DAAM was demonstrated by DMF GPC

analysis.

Rheological studies conducted on the PDMACs4-PHBAy diblock copolymer nano-objects
prepared at pH 3 showed that cooling the dispersions induced a gel-sol transition whilst
heating the dispersions initially resulted in a gel-sol transition but further heating induced
a second sol-gel transition. These transitions were reversible in all cases however, some
hysteresis was seen which became more prominent on increasing the total core DP.
Furthermore, it was found that the transition temperatures were dependent on the total
core DP. Unfortunately, due to the low glass transition temperature of the PHBA block

TEM wasn’t possible on these dispersions and cryo-TEM studies proved inconclusive.

In order to allow imaging of the dispersions by TEM, DAAM was introduced into the

core by copolymerisation with HBA. These PDMACss-P(HBA-stat-DAAM)264 diblock
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copolymer nano-objects were successfully crosslinked with ADH. TEM imaging showed
the formation of spheres, worms, vesicles or lamellae at 1 °C, 25 °C, 50 °C and 70 °C
respectively. Rheology, DLS and SAXS showed that these morphology transitions occur
rapidly and reversibly in aqueous solution at copolymer concentrations as low as
0.10 % w/w. Moreover, it was found by variable temperature *H NMR spectroscopy that
these morphological transitions occur due to uniform swelling of the nano-object core
with water on heating. Furthermore, it was demonstrated that these nano-objects undergo
a reversible pH-induced transition. Finally, initial encapsulation studies were conducted

to show that silica nanoparticles can be readily encapsulated within the vesicle core.

The diblock copolymer synthesis was repeated at pH 7 using Me-DDMAT as the CTA to
produce PDMACss-P(HBA-stat-DAAM)2g7 diblock copolymer nano-objects. Rheology
showed a reversible sol-gel-sol transition on heating from 1 °C to 50 °C followed by
cooling back to 1 °C. The dispersion was successfully freeze-dried and redispersed in a

biological growth medium, NutriStem. The resulting free-standing gel was found to degel

on cooling and heating.

These new systems could provide excellent models for studying the kinetics and
mechanism(s) of block copolymer self-assembly in solution and such dispersions could

be used for encapsulation studies.
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3.4 Experimental

3.4.1 Materials

DMAC (>98.5 %), L-ascorbic acid (AcsAc) (=98 %), KPS (> 99 %), pyridine (99.8 %),
DDMAT (98 %), ACVA (98 %) and KCI (> 99 %) were purchased from Sigma-Aldrich
(UK). 4-dimethylaminopyridine (DMAP) (= 99 %), N,N'dicyclohexylcarbodiimide
(DCC) (99 %), DAAM (99 %) and ADH (> 98 %) were purchased from Alfa Aesar (UK).
All chemicals were used as received. Methanol was purchased from Fisher Scientific
(UK). Hexane, HCI and DMF were purchased from VWR chemicals (UK). Anhydrous
DCM was obtained from an in-house Grubbs purification system. All solvents were
HPLC-grade. HBA was kindly donated by Scott Bader Ltd. (Wollaston, UK) and was
purified by solvent extraction before use (see below for further details). CD3OD was
purchased from Cambridge Isotope Laboratories (UK). 1,1,2,2-Tetrachloroethane-d; was
purchased from Goss Scientific Ltd (UK). Deionized water was adjusted to pH 3 using

HCI and used for all experiments.

3.4.2 Purification of HBA

HBA (100 g) was washed with n-hexane (20 x 100 mL) to remove diacrylate impurities.
Residual solvent was removed by rotary evaporation to yield purified HBA (70 g, 70%)
as a viscous, colourless fluid. TH NMP (400 MH(, WA3O0A) § 6.37 (1H, 88), 6.15 (1H, 85),

5.87 (1H, 83), 4.18 (2H, 1), 3.59 (2H, 1), 1.67 (4H, p).

3.4.3 One-pot Synthesis of PDMACss-PHBA244 Diblock Copolymer Nano-Objects by
RAFT Aqueous Dispersion Polymerisation at pH 3

Step 1 Synthesis of PDMAC precursor

KPS (11.1 mg 0.04 mmol, CTA/KPS molar ratio = 4.0) and AscAc (7.2 mg 0.04 mmol,

CTAJ/AscAc molar ratio = 4.0) and acidified water (0.19 mL, adjusted to pH 3 with HCI)
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were added to a 50 mL round-bottomed flask. DDMAT (0.06 g, 0.16 mmol) and DMAC
(0.70 g, 7.1 mmol, target DP = 43) were weighed into a 14 mL vial. Both the round bottom
flask and vial were purged with nitrogen gas for 15 min to remove oxygen. The
DMAC/DDMAT solution was then added to the round bottom flask to produce an 80%
w/w aqueous solution. The sealed flask was immersed into an oil bath set at 30 °C for 30
min with continuous stirring. The sealed reaction vessel was removed from the oil bath
and a further portion of degassed acidified water (2.9 g, pH 3 adjusted to pH 3 with HCI)
was added. The flask was agitated for 30 minutes to produce a 20% w/w aqueous solution,
which was stirred for a further 3 h at 30 °C. A 0.1 mL aliquot was removed for *H NMR

spectroscopy and GPC analysis.

'H NMR spectroscopy studies indicated that > 99% DMAC conversion was achieved
within 4 h, as determined by comparing the DMAC vinyl proton signals at 5.5-7.0 ppm
to that of the PDMAC methyl protons signal at 2.8-3.2 ppm. A mean DP of 54 was
determined for the PDMAC precursor prepared during the one-pot protocol. This DP was
calculated using a calibration curve of Mp vs. DP, which was constructed for a series of
nine PDMAC homopolymers, which were prepared and characterised by DMF GPC and

UV-visible absorption spectroscopy in Chapter 2.
Step 2 Chain extension of PDMAC with HBA

HBA (4.5 g, 31.5 mmol) and acidified water (18.1 mL, adjusted to pH 3 with HCI) were
added to a 24 mL vial and the resulting solution was purged with nitrogen for 30 min.
The HBA and target DP was 290. The degassed HBA/water solution was added to the
sealed round bottom flask from step 1, containing the PDMAC precursor. The sealed flask
was immersed into an oil bath set at 30 °C for 18 h with continuous stirring to produce a

transparent free-standing gel.
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'H NMR spectroscopy studies indicated that more than 99 % monomer conversion was
achieved for HBA within 18 h, as determined by comparison of the HBA vinyl signals in
the 5.0 — 7.0 ppm region to the polymer signal at 2.3 ppm. DMF GPC analysis gave an
M, of 56 500 g mol™* and an Mu/Mn of 1.24. A PHBA DP of 244 was determined by 'H
NMR spectroscopy. PDMACss-PHBA21s and PDMACss-PHBA269 diblock copolymers
were prepared in the same manner. High monomer conversions (> 99%) were achieved
for both syntheses. DMF GPC analysis indicated an My of 52 200 g mol™* and an Mw/Mh
of 1.29 for PDMACs4-PHBA15 and an M, of 60 800 g mol™ and an Mw/M, of 1.29 for

PDMACss-PHBA269.

3.4.4 One-pot Synthesis of PDMACses-P(HBA-stat-DAAM)264 Diblock Copolymer
Nano-objects by RAFT Aqueous Dispersion Polymerisation at pH 3

Step 1 Synthesis of PDMAC precursor

KPS (9.3 mg 0.034 mmol, CTA/KPS molar ratio = 4.0) and AscAc (6.0 mg 0.034 mmol,
CTAJ/AscAc molar ratio = 4.0) and acidified water (0.16 mL, adjusted to pH 3 with HCI)
were added to a 50 mL round-bottomed flask. DDMAT (0.050 g, 0.137 mmol) and
DMAC (0.58 g, 5.89 mmol, target DP = 43) were weighed into a 14 mL vial. Both the
round bottom flask and vial were purged with nitrogen gas for 15 min to remove oxygen.
The DMAC/DDMAT solution was then added to the round bottom flask to produce an
80 % wi/w aqueous solution. The sealed flask was immersed into an oil bath set at 30 °C
for 30 minutes with continuous stirring. The sealed reaction vessel was removed from the
oil bath and a further portion of degassed acidified water (2.44 g, pH 3 adjusted to pH 3
with HCI) was added. The flask was agitated for 30 minutes to produce a 20 % w/w
aqueous solution, which was stirred for a further 3 h at 30 °C. A 0.1 mL aliquot was

removed for *H NMR spectroscopy and GPC analysis.
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'H NMR spectroscopy studies indicated that > 99% DMAC conversion was achieved
within 4 h, as determined by comparing the DMAC vinyl proton signals at 5.5-7.0 ppm
to that of the PDMAC methyl protons signal at 2.8-3.2 ppm. DMF GPC analysis indicated
a M, of 6100 g mol~! and a Mw/Mn of 1.23, respectively. A mean DP of 56 was determined
for the PDMAC precursor prepared during the one-pot protocol. This DP was calculated
using a calibration curve of M, vs. DP, which was constructed for a series of nine PDMAC
homopolymers, which were previously prepared and characterised by DMF GPC and
UV-visible absorption spectroscopy in Chapter 2. The DDMAT CTA efficiency during
the one-pot protocol was calculated to be 77% by comparing the experimental PDMAC

DP of 56 to the target DP of 43.
Step 2 Chain extension of PDMAC with HBA and DAAM

HBA (2.53 g, 17.55 mmol), DAAM (0.743 g, 4.39 mmol) and acidified water (13.1 mL,
adjusted to pH 3 with HCI) were added to a 24 mL vial and the resulting comonomer
solution was purged with nitrogen for 30 min. The PHBA and PDAAM target DPs for
this RAFT aqueous dispersion copolymerisation were 129 and 32 respectively
([HBA])/[DAAM] = 4) accounting for the removal of 0.1 mL PDMAC solution for
analysis in step 1 and assuming 100% CTA efficiency. The degassed HBA/DAAM
comonomer solution was added to the sealed round bottom flask from step 1, containing
the PDMAC precursor. The sealed flask was immersed into an oil bath set at 30 °C for

18 h with continuous stirring to produce a transparent free-standing gel.

'H NMR spectroscopy studies indicated that more than 99 % monomer conversion was
achieved for both DAAM and HBA within 18 h, as determined by comparing the
DAAM/HBA vinyl proton signals at 5.5-7.0 ppm to that of the PHBA oxymethylene

protons signal at 3.6 ppm and the overlapping PHBA backbone proton signal and
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PDAAM methyl protons signal at 2.0 - 2.5 ppm. DMF GPC analysis indicated an M, of
49 200 g mol~! and an Mw/M, of 1.16. An overall HBA/DAAM DP of 264 was determined

by *H NMR spectroscopy.

3.4.5 Post-polymerisation Cross-linking using ADH

The protocol used for cross-linking the PDMACss—P(HBA-stat-DAAM)264 Nano-objects
was as follows. The as-synthesised PDMACss—P(HBA-stat-DAAM)264 20% wiw
nanoparticle dispersion (0.25 g) was added to a 14 mL vial and diluted to 5 % wi/w solids
using acidified water (distilled water adjusted to pH 3 with HCI). The 5 % wi/w dispersion
was equilibrated at the desired temperature for 24 h. ADH (11.3 mg, 0.065 mmol;
DAAM/ADH molar ratio = 1.0) was added to the vial, using hand-shaking to ensure

uniform mixing. Cross-linking was conducted at the desired temperature for 24 h.

3.4.6 Methylation of DDMAT

DDMAT (4.30 g, 11.8 mmol) was dissolved in anhydrous dichloromethane (30 ml) in a
100 ml round-bottomed flask, which was cooled to 0 °C by immersing in an ice bath.
DMAP (0.29 g, 2.4 mmol) and excess anhydrous methanol (2.0 g) were added to the
stirred solution at 0 °C. DCC (2.72 g, 13.2 mmol) was added gradually over 5 min. This
reaction mixture was allowed to warm up to 20 °C and stirred continuously for 16 h at
this temperature prior to filtration to remove the insoluble side-product (dicyclohexyl
urea). Column chromatography was used to purify the product using DCM as the eluent.
This solvent was removed under vacuum to afford Me-DDMAT as an orange oil (4.21 g,

94%). *H NMR spectroscopy studies indicated a degree of esterification of 98 %.
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3.4.7 One-pot Synthesis of PDMACss-P(HBA-stat-DAAM)2s7 Diblock Copolymer
Nano-objects by RAFT Aqueous Dispersion Polymerisation at pH 7

Step 1 Synthesis of PDMAC precursor

ACVA (0.9 mg 0.01 mmol, CTA/ACVA molar ratio = 4.0), Me-DDMAT (0.01 g, 0.03
mmol) and DMAC (0.11 g, 1.14 mmol, target DP = 43) were weighed into a 14 mL vial.
The vial was purged with nitrogen gas for 15 min to remove oxygen. The sealed vial was
immersed into an oil bath set at 70 °C for 30 min with continuous stirring. The sealed
reaction vessel was removed from the oil bath and a portion of degassed acidified water
(0.50 g, pH 3 adjusted to pH 3 with HCI) was added. The vial was agitated for 30 minutes
to produce a 20 % w/w aqueous solution, which was stirred for a further 3 h at 70 °C. A

0.1 mL aliquot was removed for *H NMR spectroscopy and GPC analysis.

'H NMR spectroscopy studies indicated that > 99% DMAC conversion was achieved
within 4 h, as determined by comparing the DMAC vinyl proton signals at 5.5-7.0 ppm
to that of the PDMAC methyl protons signal at 2.8—-3.2 ppm. DMF GPC analysis indicated
a M, of 5500 g mol~! and a Mw/Mn of 1.16, respectively. A mean DP of 56 was determined
for the PDMAC precursor prepared during the one-pot protocol. This DP was calculated
using a calibration curve of M, vs. DP, which was constructed for a series of nine PDMAC
homopolymers, which were previously prepared and characterised by DMF GPC and

UV-visible absorption spectroscopy in Chapter 2.
Step 2 Chain extension of PDMAC with HBA and DAAM

HBA (0.61 g, 4.2 mmol), DAAM (0.17 g, 1.1 mmol) and acidified water (3.1 mL,
adjusted to pH 3 with HCI) were added to a 14 mL vial and the resulting comonomer
solution was purged with nitrogen for 30 min. The degassed HBA/DAAM comonomer
solution was added to the sealed vial from step 1, containing the PDMAC precursor. The
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sealed flask was immersed into an oil bath set at 70 °C for 18 h with continuous stirring

to produce a transparent free-standing gel.

'H NMR spectroscopy studies indicated that more than 99% monomer conversion was
achieved for both DAAM and HBA within 18 h, as determined by comparing the
DAAM/HBA vinyl proton signals at 5.5-7.0 ppm to that of the PHBA oxymethylene
protons signal at 3.6 ppm and the overlapping PHBA backbone proton signal and
PDAAM methyl protons signal at 2.0 - 2.5 ppm. DMF GPC analysis indicated an M, of
44000 g mol~! and an Mw/Mn of 1.24. An overall HBA/DAAM DP of 287 was determined

by *H NMR spectroscopy.

3.4.8 Silica Encapsulation

A 10 % w/w dispersion of PDMACss—P(HBA-stat-DAAM)264 (0.5 g) was added to a vial.
CC401 silica sol (0.5 g, 40 % wi/w in water) was added to a second vial. The vials were
cooled to 1 °C and equilibrated for 1 hour. The silica sol was added to the 10 % w/w
dispersion of PDMACss—P(HBA-stat-DAAM)264 and hand-shaking was used to ensure
uniform mixing. The vial was heated to 50 °C (inducing a morphological transition of the
PDMACss—P(HBA-stat-DAAM)264 nano-objects from spheres to vesicles) and
equilibrated for 1 hour. ADH (5.7 mg, 0.032 mmol; DAAM/ADH molar ratio = 1.0) was
added to the vial, using hand-shaking to ensure uniform mixing. Cross-linking was
conducted at 50 °C for 24 h. The crosslinked vesicle dispersion was diluted to 1 % w/w
nanoparticles using pH 3 HCI/H2O. Centrifugation was conducted on 1 mL aliquots to

remove excess silica (6 x 1 minute at 4000 rpm).

3.4.9 Polymer Characterisation

'H NMR spectroscopy
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'H NMR spectra were recorded in CD3OD using a 400 MHz Bruker Avance I11 HD 400

spectrometer with 16 scans being averaged per spectrum.

Variable Temperature *H NMR spectroscopy

'H NMR spectra were recorded using a 500 MHz Bruker Avance-500 spectrometer. An
outer tube contained the as-synthesised 20% w/w aqueous dispersion of PDMAC-
P(HBA-stat-DAAM) nano-objects and an inner capillary tube contained the pyridine
standard in C2D,Cls. Spectra were recorded from 5 °C to 70 °C at 5 °C intervals with an

equilibrium time of 10 min at each temperature.
Gel permeation chromatography (GPC)

Copolymer molecular weight distributions were assessed using DMF GPC. The set-up
comprised a PL guard column and two Agilent PL gel 5 um Mixed-C columns connected
in series to an Agilent 1260 Infinity GPC system equipped with both refractive index and
UV-visible detectors operating at 60°C. The GPC eluent was HPLC-grade DMF
containing 10 mM LiBr and the flow rate was 1.0 mL min?. Calibration was achieved
using a series of ten near-monodisperse poly(methyl methacrylate) standards (ranging in
M, from 625 to 618000 g mol1). Chromatograms were analysed using Agilent GPC/SEC

software.
Variable Temperature Dynamic Light Scattering (DLS)

The ‘sphere-equivalent’ intensity-average diameter of diblock copolymer nano-objects
was determined using the Stokes-Einstein equation, which assumes perfectly
monodisperse, non-interacting spheres. All measurements were made using a Malvern

Zetasizer NanoZS instrument. 1.0 mL of a dilute (0.10 % w/w) aqueous copolymer
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dispersion at pH 3 (diluted using distilled water adjusted to pH 3 using HCI) was placed
in a glass cuvette and heated from 1 °C to 50 °C, followed by cooling from 50 °C to 1 °C
at 5 °C intervals with 10 minutes being allowed for thermal equilibration at each
temperature. The intensity-average hydrodynamic diameter was determined at each

temperature by averaging data over three consecutive runs.
Aqueous Electrophoresis

Zeta potential measurements were performed using a Malvern Zetasizer Nano ZS
instrument on 0.1% w/w aqueous copolymer dispersions at 25 °C in the presence of 1
mM KCI. The initial copolymer dispersion was acidic (pH 3) with the solution pH being
adjusted by addition of dilute NaOH to pH 8 followed by adjustment with dilute HCI to
pH 3, with 10 min being allowed for equilibrium at each pH. Zeta potentials were
calculated from the Henry equation using the Smoluchowski approximation.
Hydrodynamic DLS diameters were also recorded during these pH experiments. All data

were averaged over three consecutive runs.
UV—Visible Absorption Spectroscopy

UV-visible absorption spectra were recorded between 200 and 800 nm using a PC-
controlled UV-1800 spectrophotometer at 25°C using a 1.0 cm path length quartz cell.
The DPs for a series of nine PDMAC homopolymers were determined using a molar
extinction coefficient of 16300 + 160 mol™* dm® cm™ for DDMAT as reported in

Chapter 2.
Transmission Electron Microscopy (TEM)

Copper/palladium TEM grids (Agar Scientific, UK) were coated in-house to yield a thin

film of amorphous carbon. The coated grids were then subjected to a glow discharge for
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30 s. An individual 10.0 pL droplet for each 0.10% w/w aqueous copolymer dispersion
was placed on a freshly-treated TEM grid for 1 min and then carefully blotted with filter
paper to remove excess solution. To ensure sufficient electron contrast, uranyl formate
(9.0 pL of a 0.75% wi/w solution) was absorbed onto the sample-loaded grid for 30 s and
then carefully blotted to remove excess stain. Each grid was then dried using a vacuum
hose. Imaging was performed using a FEI Tecnai Spirit 2 microscope operating at 80 kV
and fitted with an Orius SC1000B camera. Particle sizes were calculated using image J.

An average size was calculated by analysing 100 particles.
Rheology

An AR-G2 rheometer equipped with a variable-temperature Peltier plate and a 40 ml 2°
aluminium cone was used for all experiments. Temperature sweeps were conducted using
a constant percentage strain of 1.0% and a constant angular frequency of 1.0 rad s™.
Before the temperature sweep, the aqueous copolymer dispersion was equilibrated at 1 °C

for 15 min. A ramp rate of 1 °C min'*was used for all experiments.
Small Angle X-Ray scattering (SAXS)

SAXS patterns were recorded at a synchrotron source (ESRF, station ID02, Grenoble,
France) using monochromatic X-ray radiation (X-ray wavelength A = 0.0995 nm,
scattering vector g ranging from 0.0015 to 0.15 A, where q = 4z sin 6/ and 6 is one-
half of the scattering angle) and a Ravonix MX-170HS CCD detector. A glass capillary
of 2 mm diameter was used as a sample holder and the temperature was controlled using
a heating/cooling capillary holding stage (Linkam Scientific Instruments Ltd., Tadworth,
UK). Measurements were conducted on a 1.0% w/w aqueous dispersion of
PDMACss—P(HBA-stat-DAAM)264 particles in pH 3 water (adjusted using HCI).
Scattering data was recorded from 5 °C to 70 °C at a heating rate 1 °C min’. Scattering
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data were reduced (normalisation and integration) using standard routines available at the

beamline and were further analysed using Irena SAS macros for Igor Pro.
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Salt Tolerant, Cationic,
Sterically-stabilised Diblock

Copolymer Nanoparticles

Reproduced in part with permission from [Byard, S. J.; Blanazs, A.; Miller, J. F.; Armes,
S. P. Cationic Sterically Stabilized Diblock Copolymer Nanoparticles Exhibit
Exceptional Tolerance toward Added Salt. Langmuir 2019, 35, 14348-14357.]
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4.1 Introduction

It has been recognised for more than a century that charge-stabilised particles can
aggregate in the presence of salt.>? This phenomenon can be explained in terms of DLVO
theory®* and is commercially exploited for the industrial manufacture of latex gloves.®
Faraday was the first to demonstrate that protein-stabilised particles typically exhibit
significantly better colloidal stability in the presence of added salt: indeed, some of his
gelatin-coated gold sols remain stable more than 160 years after their synthesis.® For
certain applications such as enhanced oil recovery, colloidal dispersions that can exhibit
extreme salt tolerance (up to the saturation point) at both ambient and elevated

temperature are desirable.” 3

Recently, various polyelectrolytes have been used to simultaneously confer both charge
and steric stabilisation (so-called electrosteric stabilisation) onto inorganic particles for
such high salt applications. For example, Bagaria et al. physically adsorbed statistical
copolymers comprising PAMPS and PAA onto the surface of ~100 nm iron oxide
nanoparticles.® Poly(AMPS-stat-AA) coated iron nanoparticles remained colloidally
stable in a mixture of 1.4 M NaCl and 0.2 M CacCl; at both room temperature and 90 °C
for up to 1 month. In a later publication, the same team showed that iron nanoparticles
resisted aggregation in a mixture of 1.4 M NaCl and 0.2 M CacCl; if poly(AMPS-stat-AA)
chains were grafted onto the nanoparticle surface.°

Similarly, salt-tolerant polymer latexes have been synthesised by free radical aqueous
dispersion polymerisation. For example, Cho et al. prepared submicrometer-sized
polyacrylamide particles in the presence of 1.8 - 2.3 M ammonium sulfate. The particles
were sterically-stabilised by PATAC.* In closely-related work, Aijun et al. reported the

preparation of colloidally stable, cationic latex particles in the presence of 1.9 - 2.5 M
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ammonium sulfate via aqueous dispersion copolymerisation of acrylamide with MATAC,

again using PATAC as the steric stabiliser.®

Thus far, the morphology of salt-tolerant polymer particles has been confined to spheres.
This is no doubt because such formulations have been based on conventional FRP. In
contrast, controlled radical polymerisation techniques such as RAFT polymerisation
enable the synthesis of well-defined, functional diblock copolymers.'6-?” Moreover, it is
now well-established that, by choosing a suitable selective solvent, a range of diblock
copolymer nano-objects can be prepared in the form of concentrated aqueous dispersions

via RAFT-mediated PISA.28-36

In Chapter 2, the preparation and characterisation of a series of PDMAC-PDAAM
diblock copolymer nano-objects synthesised via RAFT aqueous dispersion
polymerisation was reported. Moreover, the post-polymerisation reaction of the pendent
ketone group on the DAAM residues with ADH was demonstrated. Such cross-linking
allows covalently-stabilised nano-objects to be produced in the form of concentrated
aqueous dispersions.

In the present Chapter, this latter PISA formulation has been modified by incorporating
PATAC as either the sole or supplementary cationic steric stabiliser block. Accordingly,
either PATAC, PDMAC or a binary mixture of PDMAC and PATAC homopolymer
precursors was chain-extended with DAAM via RAFT aqueous dispersion
copolymerisation to produce ([n] PATACx + [1-n] PDMAC,)-PDAAM; diblock
copolymer nanoparticles, where n denotes the mole fraction of PATAC. Pure sphere,
worm and vesicle morphologies could be obtained depending on the precise PISA
formulation. The effect of varying n (for a fixed X, y and z) on the cationic character of
spherical nanoparticles has been studied. Moreover, the effect of increasing the PDAAM
DP on the mean sphere diameter has been investigated for both a series of
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PATAC100-PDAAM;and (0.1 PATAC100 + 0.9 PDMACe7)-PDAAM; diblock copolymer
spheres. DLS has been used to study the colloidal stability of these new diblock
copolymer nanoparticles in concentrated aqueous solutions of both KCI and ammonium
sulfate. Finally, the ([n] PATACiw0 + [1-n] PDMACs7)-PDAAM1seo spherical
nanoparticles have been covalently-stabilised via reaction of the ketone groups within the

core-forming PDAAM chains with ADH.
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4.2 Results and Discussion

4.2.1 Synthesis of PATAC Homopolymer Precursors via RAFT Solution
Polymerisation

The RAFT solution polymerisation of ATAC was conducted in a 94:6 methanol/water
mixture at 44 °C using Me-DDMAT as the CTA, as outlined in Figure 4.1. Methanol was

required for Me-DDMAT dissolution.

\ o)
~_ S S
022 Me-DDMAT:VA-044 = 5 OW \[( CogHas
O S
20 % w/w solids o (0]
_ 94:6 methanol:water
Ci g 44°C,2 h, N, 8 )
— N+ Cl
/ \ +N—/
VRN

ATAC

Fig. 4.1. Reaction scheme for RAFT solution polymerisation of ATAC in a
methanol/water mixture using Me-DDMAT as the CTA.

The synthesis and characterisation of Me-DDMAT was presented in Chapter 3. Two
PATAC homopolymers were prepared with mean DPs of 91 and 100 (target DPs of 80
and 100 respectively), as determined by UV/vis spectroscopy using a Beer-Lambert plot
constructed for Me-DDMAT, see Figure 4.2. A representative *H NMR spectrum for
PATAC 00 is provided in Figure 4.3. Aqueous GPC analysis indicated narrow MWDs

(Mw/Mn < 1.19) for these precursors, see Figure 4.4.
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Fig. 4.2. (a) UV/visible absorption spectra recorded for Me-DDMAT in methanol for
Me-DDMAT concentrations ranging from 3.6 uM to 62.5 uM. (b) Beer-Lambert
calibration plot constructed for Me-DDMAT in methanol to calculate the molar

extinction coefficient (¢) at the absorption maximum at 308 nm.
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Fig. 4.4. Aqueous GPC traces recorded for the PATACe; and PATAC100 homopolymer

precursors.
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4.2.2 Synthesis of the PDMAC Homopolymer Precursors via RAFT Solution
Polymerisation

The RAFT solution polymerisation of DMAC was conducted in dioxane at 70 °C using
Me-DDMAT as the CTA, as outlined in Figure 4.5. Two PDMAC homopolymers were
prepared with DPs of 37 and 67, as determined by end-group analysis using UV
spectroscopy. A representative *H NMR spectrum of PDMACs is provided in Figure 4.6.

DMF GPC analysis indicated narrow MWDs (Mw/Mn < 1.15) for these precursors, see

Figure 4.7.
| 0
/ﬁrN\ Me-DDMAT/AIBN = 10 ~ S s\C ’
0] y T 1225
o) 30 % w/w solids
: S
Dioxane ~N7 o
DMAC 70 °C, 25 min, N, |

Fig. 4.5. Reaction scheme for RAFT solution polymerisation of DMAC in dioxane
using Me-DDMAT as the CTA.
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Fig. 4.6. 'H NMR spectrum recorded for the PDMACg7 homopolymer in CD3OD.
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Fig. 4.7. DMF GPC chromatograms recorded for the PDMAC37and PDMACs7

homopolymer precursors.

4.2.3 RAFT Aqueous Dispersion Polymerisation of DAAM

A series of ([n] PATACx + [1-n] PDMACy)-PDAAM; diblock copolymer nanoparticles
were synthesised by simultaneous chain extension of a binary pair of PATAC and
PDMAC precursors via RAFT aqueous dispersion polymerisation of DAAM at 56 °C,
see Figure 4.8. Experiments for which n = 0 or n = 1 were also conducted to provide

diblock copolymer spheres with either zero or maximum cationic character, respectively.

These nanoparticle syntheses were conducted at 20 % w/w solids. DAAM conversions of
more than 99 % were routinely achieved for such PISA syntheses as determined by
'H NMR spectroscopy studies conducted in deuterated methanol (the integral for the
residual vinyl signals at 5.4—6.4 ppm was compared to that of the methyl signal assigned

to the PDAAM chains at 2.2 ppm, see Figure 4.9).
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Fig. 4.8. Chain extension of either PATAC, PDMAC or a binary mixture of PATAC
and PDMAC precursors via RAFT aqueous dispersion polymerisation of DAAM to
produce either neutral or cationic diblock copolymer nanoparticles.
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Fig. 4.9. 'H NMR spectrum recorded in CD3sOD for the (0.1 PATAC1qo + 0.9
PDMACs7)-PDAAM1000 diblock copolymer.
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Unfortunately, GPC analysis could not be conducted on the PATAC-PDAAM diblock

copolymer because no suitable eluent could be identified that would solubilise the

cationic PATAC and the hydrophobic PDAAM blocks. The same problem was also

encountered for the GPC analysis of nanoparticles comprising binary mixtures of

PATAC-PDAAM and PDMAC-PDAAM diblock copolymer chains. However, GPC

analysis of the neutral PDMACs7-PDAAM s00 diblock copolymer chains (i.e., for n = 0)

indicated a high blocking efficiency (minimal PDMACs7 precursor contamination) and a

relatively narrov MWD (Mw/Mn = 1.50) see Figure 4.10. A summary of the

characterisation data obtained for all of the ([n] PATACx + [1-n] PDMACy)-PDAAMy

diblock copolymer nanoparticles prepared in this study is given in Table 4.1.

M, = 275900
M, /M, =1.15

PDMAC,,-PDAAM 5,

12 14 16 18
Retention time / min

Fig. 4.10. DMF GPC chromatograms recorded for the PDMACes7-PDAAM 1500 diblock

copolymer and the PDMACs7 homopolymer precursor trace is provided for reference.
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Table 4.1. Summary of the characterisation data obtained for the
([n] PATACK + [1-n] PDMACy)-PDAAM; diblock copolymer nanoparticles prepared in
this study.

Entry | x |y ; N DLS diameter? | Zeta Potential® |  Assigned
/ nm /mV morphology®
1 100 | - | 100 | 1.00 75+ 20 50 Spheres
100 | - | 300 | 1.00 95+ 18 34 Spheres

3 100 | - | 500 | 1.00 97+ 20 35 Spheres
4 100 | - | 700 | 1.00 101 + 17 35 Spheres
5 100 | - | 1000 | 1.00 122 + 20 34 Spheres
6 100 | - | 1500 | 1.00 154 + 44 33 Spheres
7 100 | - | 2000 | 1.00 206 + 45 37 Spheres
8 - | 67| 1500 | 0.00 271 £ 111 1 Spheres
9 100 | 67 | 1500 | 0.10 204 £ 32 16 Spheres
10 | 100 | 67 | 1500 | 0.25 177 £ 29 28 Spheres
11 | 100 | 67 | 1500 | 0.50 145 + 22 32 Spheres
12 | 100 | 67 | 1500 | 0.75 144 £ 19 38 Spheres
13 | 100 | 67| 100 |0.10 66 + 19 29.1 Spheres
14 | 100 | 67 | 200 |0.10 80+21 30.9 Spheres
15 | 100 | 67| 300 | 0.10 96 + 22 27.7 Spheres
16 | 100 | 67 | 400 | 0.10 106 + 21 28.9 Spheres
17 | 100 | 67 | 500 | 0.10 114 + 17 29.6 Spheres
18 | 100 | 67 | 600 | 0.10 122 + 22 27.4 Spheres
19 | 100 |67 | 700 |0.10 129 + 12 26.6 Spheres
20 | 100 | 67| 800 |0.10 138 + 30 26.5 Spheres
21 | 100 |67 | 900 |0.10 144 + 18 26.2 Spheres
22 | 100 | 67 | 1000 | 0.10 165 + 16 19.5 Spheres
23 100 | 67 | 1250 | 0.10 180 £ 21 19.2 Spheres
24 | 100 | 67| 1750 | 0.10 256 + 60 16.3 Spheres
25 | 100 | 67 | 2000 | 0.10 296 + 40 7.9 Spheres
26 91 [37| 90 |0.10 195 + 89 33 Worms
27 91 | 67| 300 |0.10 196 + 34 40 Vesicles
28 91 | 67| 400 | 0.10 194 + 19 37 Vesicles
29 91 | 67| 900 |0.10 221 + 38 34 Vesicles

2 Intensity-average diameter determined by DLS analysis of 0.1 % copolymer dispersions
at 20°C in 1.0 mM KCI obtained using the Stokes-Einstein equation. Standard deviations
were calculated using the polydispersity index (PDI) (STD DEV = +PDI X
DLS diameter). ° Zeta potentials of 0.1 % copolymer dispersions at 20°C in 1.0 mM
KCI. ¢ Morphologies assigned from TEM analysis on 0.1 % copolymer dispersions in
water.
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4.2.4 PATAC-PDAAM Nanoparticle Characterisation

It is reported in the literature that the use of relatively long non-ionic blocks in RAFT
aqueous dispersion polymerisation syntheses almost invariably result in Kkinetically-
trapped spheres.®”*® The same constraint applies for PISA syntheses performed using
polyelectrolytic stabiliser blocks regardless of their mean DP.3** This is probably
because strong mutual electrostatic repulsion between nanoparticles prevent their 1D
fusion to form worms during the PISA synthesis.?®2°% Indeed, in this work all of the
PATAC100-PDAAM; diblock copolymers (n = 1.00) formed well-defined spherical
nanoparticles as determined by TEM studies, see Figure 4.11. Moreover, the mean
particle diameter increased monotonically as the PDAAM DP (z) was systematically
increased from 100 to 2000. A systematic increase in intensity-average particle diameter
from 75 to 206 nm was indicated by DLS studies performed in 1.0 mM KClI, see Table
4.1, entries 1-7.

e
- u;'ﬁ‘fﬁ,.'):gs 5
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Fig. 4.11. Representative TEM images obtained for (a) PATAC100-PDAAM 1o (b)
PATAC100-PDAAM3y (C) PATAC100-PDAAMsq0 (d) PATAC100-PDAAM700 (€)
PATAC100-PDAAM 1000 (f) PATAC100-PDAAM 1500 (g) PATAC100-PDAAM:000.
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Zeta potential measurements were conducted on each of the seven aqueous dispersions
of PATAC100-PDAAM; spherical nanoparticles (where z = 100 — 2000) dispersed in
1.0 mM KCI at pH 7-8, see Table 4.1. In each case, these nanoparticles proved to be
highly cationic, exhibiting zeta potentials of at least +33 mV with little or no particle size

dependence.

4.2.5 Salt Tolerance of ([n] PATAC + [1-n] PDMAC)-PDAAM Dispersions

A 20 % w/w aqueous dispersion of PATAC100-PDAAMI1s00 Nanoparticles was diluted to
0.1 % wi/w via hand-mixing for 10 min using aqueous KCI solutions ranging from 1.0 to
4.0 M. DLS analysis was conducted on these dispersions using literature data to calculate
the relatively high solution viscosity in each case.** The intensity-average particle
diameters are provided in Figure 4.12. DLS is strongly biased towards the presence of
aggregates because the scattered light intensity scales as the sixth power of the particle
radius.*® Hence, a 50 nm particle will scatter 10® as much light as a 5 nm particle. Thus it
is well-known that this technique is well-suited for assessing the incipient flocculation of
various types of colloidal dispersions.*¢=%° In the present work, aqueous dispersions were
judged to be colloidally unstable if a significant increase in their intensity-average particle
diameter and DLS polydispersity index (which is expressed as a standard deviation) was

observed.

The PATAC100-PDAAM1500 Nanoparticles remained colloidally stable in the presence of
1.0 to 4.0 M KCI. In fact, a modest reduction in intensity-average particle diameter was
observed compared to that obtained for the same dispersion in 1.0 mM KCI (from
154 + 44 nm in 1.0 mM KCI to 134 £ 53 nm in 4.0 M KCI). This is attributed to efficient
electrostatic screening in the highly salty media which leads to relaxation of the initially

highly stretched cationic PATAC 100 stabiliser chains and hence a thinner coronal layer.>

153



Chapter 4

1000 -

100 “ t % }

DLS diameter / nm

10 T

KCl concentration / M

Fig. 4.12. Plot of intensity-average DLS diameter against KCI concentration for
0.1 % w/w aqueous dispersions of PATAC100-PDAAM 1500 Nanoparticles prepared using
aqueous KClI solutions ranging from 1 mM to 4.0 M (Standard deviations were
calculated from the DLS PDI).

The PATAC100-PDAAM1s00 nanoparticles exhibited excellent resistance towards
flocculation even in the presence of 4.0 M KCI. In view of this observation, these dilute
aqueous dispersions were stirred for 115 days at 20 °C with their colloidal stability being

periodically monitored by DLS analysis, see Figure 4.13.
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Fig. 4.13. Plot of intensity-average DLS diameter against time for 0.1 % w/w aqueous
dispersions of PATAC100-PDAAM1500 nanoparticles prepared using aqueous KCI
solutions ranging from 1.0 M to 4.0 M (Standard deviations were calculated from the
PDI determined by DLS).
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After almost four months ageing under such conditions, no significant increase in
apparent particle size was observed for these PATAC100-PDAAM1s00 nanoparticles.
Thus, further salt resistance studies were conducted using 1.0 to 4.0 M ammonium sulfate.
The molar ionic strength (1) of this 1:2 salt is significantly higher than that of a 1:1
electrolyte such as KCI according to Equation 4.1 where c is the molar concentration of

ion i and z is the charge of ion i.%!

n

z cizf 4.1

i=1

I =

N| =

The initial 20 % w/w aqueous dispersion of PATAC10-PDAAM1500 Nanoparticles was
diluted to 0.1 % w/w using up to 4.0 M ammonium sulfate and mixed for 10 minutes prior

to DLS analysis, see Figure 4.14.

10000 1
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Fig. 4.14. Plot of intensity-average DLS diameter against ammonium sulfate
concentration for 0.1 % w/w aqueous dispersions of PATAC100-PDAAM 1500
nanoparticles prepared using agueous ammonium sulfate solutions ranging from 1.0 to
4.0 M (Standard deviations were calculated from the PDI determined by DLS).

Remarkably, colloidal stability was retained up to 3.0 M ammonium sulfate. However,
an increase in the dispersity of the nanoparticles was observed in 3.5 — 3.8 M ammonium

sulfate. Aggregation was eventually observed at 3.9 M and 4.0 M ammonium sulfate,
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with floccations of 305 £ 269 nm and 906 + 659 nm respectively being formed under such
conditions. It is perhaps worth emphasizing that this demonstration of colloidal stability
in the presence of 3.0 M ammonium sulfate compares quite favourably with several recent

reports of salt-tolerant nanoparticles, %0141

The PATAC100-PDAAM 1500 Nanoparticles were aged for 115 days at 20 °C in up to 4.0 M
ammonium sulfate, see Figure 4.15. At the highest salt concentration, nanoparticle
flocculation was observed immediately. However, nanoparticles dispersed in up to 3.0 M
ammonium sulfate exhibited no significant increase in apparent particle size after 115

days, indicating high resistance towards flocculation under such conditions.
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Fig. 4.15. Plot of intensity-average DLS diameter against time for 0.1 % w/w aqueous
dispersions of PATAC100-PDAAM1500 Nnanoparticles prepared using aqueous ammonium
sulfate (AMS) solutions ranging from 1.0 to 4.0 M (Standard deviations were calculated

from the PDI determined by DLS).

On systematically varying n from 0.00 to 1.00 at a fixed z value of 1500, the zeta potential
determined at pH 7 increased from essentially zero (+1 mV) when using the non-ionic
PDMACs; stabiliser block alone to +16 mV at n = 0.10, +28 mV at n = 0.25 and +32 mV
atn=0.50. Thereafter, no significant change in zeta potential was observed for the 0.5 <n

< 1.00 interval (see entries 6 and 8 — 12 in Table 4.1). Clearly, incorporating further
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cationic PATAC 00 chains into the sterically-stabilised nanoparticles has no discernible
additional effect on their electrophoretic behaviour.

The  salt  resistance of a  series of aqueous  dispersions  of
([n] PATAC100 + [1-n] PDMACs7)-PDAAMis00 nanoparticles was examined when
varying n from 0.00 to 1.00. As-synthesised 20 % w/w nanoparticle dispersions were

diluted to 0.1 % w/w using aqueous KCI solutions ranging from 1 mM up to 4.0 M, see

Figure 4.16.
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Fig. 4.16. Apparent DLS diameters determined for 0.1 % w/w aqueous dispersions of
([n] PATAC100 + [1-n] PDMACs7)-PDAAMI1s00 Spherical nanoparticles after 10 minutes
of mixing in either 0.001, 1.0, 2.0 or 4.0 M KCI, where n is varied from 0.00 to 1.00

(Standard deviations were calculated from the PDI determined by DLS).

In all cases, the ([n] PATAC100 + [1-n] PDMACs7)-PDAAM 1500 Nanoparticles proved to
be colloidally stable on dilution with 1.0 M KCI within 10 min of their addition to the
concentrated salt solution. However, only those nanoparticles containing a relatively high
proportion of cationic PATAC stabiliser chains (i.e. n = 0.75 or n = 1.00) remained
colloidally stable when diluted using 2.0 or 4.0 M KCI. This is perhaps surprising given
the relatively high cationic zeta potentials determined in the presence of 1.0 mM KCI for

those nanoparticles prepared using n > 0.25. This suggests that the colloidal stability
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depends on a sufficiently high charge density within the coronal stabiliser layer, rather
than the nanoparticle zeta potential.

4.2.6 Colloidal Stability at 90 °C

For applications such as enhanced oil recovery, good colloidal stability is required at
elevated temperatures for extended time periods.”** Hence the colloidal stability of
PATAC100-PDAAM1500 nanoparticles was also briefly investigated at 90 °C. The
as-synthesised 20 % w/w copolymer dispersion was diluted to 0.1 % w/w using aqueous
KCl solutions ranging from 1.0 mM to 4.0 M. These dilute aqueous dispersions were aged
for six days at 90 °C with their colloidal stability being periodically monitored by DLS
analysis, see Figure 4.17. Literature values were used for the solution viscosities of

1.0 - 4.0 M KCl aqueous solutions at 90 °C.>2
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Fig. 4.17. Plot of intensity-average DLS diameter against time at 90 °C for 0.1 % w/w
aqueous dispersions of PATAC100-PDAAM 1500 Nanoparticles prepared using aqueous
KClI solutions ranging from 1.0 mM to 4.0 M (Standard deviations were calculated from
the PDI determined by DLS).

After 6 days at 90 °C, the dispersions diluted with 1.0 mM to 3.0 M KCI remained stable.
However, the 4.0 M KCI dispersion only remained stable for 24 hours at 90 °C after which
flocculation occurred which made the sample unsuitable for DLS analysis. However,

these results still compare favourably with those stated in the recent literature.0-*3
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4.2.7 Covalent Stabilisation of Diblock Copolymer Spheres

In principle, covalent stabilisation of the PDAAM-based nanoparticles prepared in this
study can be achieved by reaction of ADH with the pendent ketone groups located within
the  hydrophobic  core-forming PDAAM  block.3®  Accordingly, selected
([n] PATAC100+ [1-n] PDMACs7)-PDAAM1s00 spheres were crosslinked using the
protocol reported in Chapter 2: ADH was added to 20 % w/w aqueous copolymer
dispersions (DAAM/ADH molar ratio = 10), which were then stirred for 6 h at 20 °C.
TEM and DLS studies were conducted on (i) dilute aqueous dispersions of the spherical
nanoparticles before cross-linking and (ii) dilute methanolic dispersions of the same
nanoparticles after cross-linking, see Figure 4.18 and Table 4.2. The latter protocol
confirmed that the crosslinked nanoparticles remained intact in methanol, which is a good
solvent for PDAAM, in all cases. Such covalent stabilisation may be useful for enhanced
oil recovery, because it should provide access to physically robust nanoparticles that can
remain intact under demanding conditions (e.g. high pressure, elevated temperature and

strong salinity).

Fig. 4.18. TEM images obtained for ([n] PATAC100 + [1-n] PDMACs7)-PDAAM 1500
diblock copolymer 0.1% w/w nanoparticle dispersions where (a-€) are aqueous
dispersions before cross-linking and (f-j) are methanolic dispersions after cross-linking
with ADH at a DAAM/ADH molar ratio = 10.

159



Chapter 4

Table 4.2. Intensity-average particle diameters obtained for
([n] PATAC100 + [1-n] PDMACs7)-PDAAM1s00  diblock  copolymer 0.1%  w/w
nanoparticle dispersions in water before crosslinking and methanol after crosslinking.

Aqueous dispersion” | Methanolic dispersion”
n DLS diameter‘ / nm DLS diameter‘/ nm
0.10 188 £ 37 215+ 19
0.25 158 £ 26 175+ 23
0.50 144 +£ 21 153+ 24
0.75 144 + 19 149 + 22
1.00 163 £ 24 167 +17

2 0.1% w/w nanoparticle aqueous dispersion before cross-linking. ® 0.1% wi/w
nanoparticle methanolic dispersion after cross-linking with ADH at a DAAM/ADH molar
ratio = 10. ¢ Intensity-average diameter determined by DLS analysis of 0.1 % copolymer
dispersions at 20 °C in 1.0 mM KCI obtained using the Stokes-Einstein equation. Errors

were calculated using the polydispersity index (PDI) (Error = vPDI X
DLS diameter).

4.2.8 Synthesis of Cationic Block Copolymer Worms and Vesicles

The synthesis of so-called ‘higher-order’ morphologies such as worms and vesicles via
PISA requires the efficient 1D fusion of spheres on the time scale of the RAFT dispersion
polymerisation.32%3553  Since electrosteric  stabilisation strongly inhibits such
sphere-sphere fusion events, it is inherently difficult to produce worms and vesicles by
chain extension of a polyelectrolytic homopolymer precursor.3*#? However, worms and
vesicles can be readily produced by chain extension of a judicious binary mixture of

cationic and non-ionic precursors.*42

In this present study, it was found that only spherical nanoparticles could be produced
when a binary mixture of PATAC100 and PDMACs7 homopolymers was chain extended
with DAAM (x = 100 — 2000) even when n was as low as 0.10 (see Table 4.1, entries 13-
25). A monotonic increase in the mean sphere diameter was observed when increasing
the PDAAM DP, see Figures 4.19 and 4.20a. The lack of higher-order morphologies is
attributed to the steric barrier imposed by the relatively long PATAC and PDMAC

stabiliser blocks.®” Interestingly, the nanoparticle zeta potential was reduced from

160



Chapter 4

+29 mV to +8 mV when increasing the PDAAM DP from 100 to 2000 for this series of
(0.1 PATAC100 + 0.9 PDMACs7)-PDAAM spheres, see Figure 4.20b. This is presumably
because larger spheres possess lower surface charge densities as the inter-separation

distance between neighbouring PATAC chains is increased.

Fig. 4.19. Representative TEM images obtained for 0.1% w/w
(0.1 PATAC100 + 0.9 PDMACs7)-PDAAMYy diblock copolymer dispersions: a) x = 100
b) x =200 c¢) x =300 d) x =400 e) x =500 f) x =600 g) x = 700 h) x =800 i) x = 900
J) X =1000 k) x = 1250 I) x = 1500 m) x = 1750 n) x = 2000.
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Fig. 4.20. (a) Relationship between intensity-average diameter, determined at 20 °C by
DLS analysis of 0.10 % dispersions of (0.1 PATAC100 + 0.9 PDMACs7)-PDAAM
spheres in the presence of 1.0 mM KCI and PDAAM DP. Standard deviations were
calculated using the DLS PDI (b) Relationship between zeta potential, determined at
20 °C by aqueous electrophoresis studies of 0.10 % dispersions of
(0.1 PATAC100 + 0.9 PDMACse7)-PDAAMx spheres in the presence of 1.0 mM KCI at
pH 7-8 and PDAAM DP.

It was found that a shorter PDMAC stabiliser block was required to allow access to higher
order morphologies. Thus, chain extension of a binary mixture of 0.9 PDMAC37 and
0.1 PATAC 0 targeting PDAAM DPs of 300 to 900 resulted in the formation of a series
of well-defined vesicles (entries 27 - 29, Table 4.1, see Figure 4.21 for representative
TEM images). Despite the relatively low PATAC 00 stabiliser density within the coronal
layer, such vesicles proved to be highly cationic, with zeta potentials ranging from +34
mV to +40 mV. The (0.1 PATAC100 + 0.9 PDMAC37)-PDAAMOoq Vesicles were selected

for salt tolerance studies. An as-synthesised 20 % w/w dispersion was diluted to
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0.1% wi/w using a series of aqueous KCI solutions ranging from 1.0 mM to 4.0 M. The
DLS data indicate that these cationic vesicles remained reasonably stable in the presence
of up to 1.0 M KClI but significant flocculation was observed at higher salt concentrations,
see Figure 4.21d. This is not surprising given that markedly lower salt tolerance was also
observed for cationic spheres prepared using a binary mixture of 0.10 PATAC and 0.90

PDMAC stabiliser blocks.

i

T T T T

1 2 3 4
KcCl conc. / mol dm-3

Fig. 4.21. Representative TEM images obtained for
(@) (0.1 PATAC100 + 0.9 PDMAC37)-PDAAM30g Vesicles,
(b) (0.1 PATAC100 + 0.9 PDMAC37)-PDAAMso Vesicles and
(©) (0.1 PATAC 100 + 0.9 PDMAC37)-PDAAMOg vesicles d) Apparent DLS diameter
against KCI concentration for a 0.1% w/w dispersion of
(0.1 PATAC100 + 0.9 PDMAC37)-PDAAMgqo Vesicles prepared by diluting the

as-synthesised 20% wi/w vesicle dispersion using a range of KCI solutions.

Cationic worms could also be prepared by using a binary mixture of 0.1 PATACg: and
0.9 PDMAC37 precursors to target a PDAAM DP of 90. As expected, these worms formed

a free-standing gel owing to multiple inter-worm contacts.>* The worms proved to be
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highly cationic with a zeta potential of +33 mV being observed in 1.0 mM KCI (see entry
26, Table 4.1). A representative TEM image is provided in Figure 4.22 (see inset). The
salt tolerance of these (0.1 PATACq: + 0.9 PDMAC37)-PDAAMg worms was assessed
by DLS, see Figure 4.22. The as-synthesised 20 % w/w worm dispersion was diluted to
0.1 % w/w using aqueous KCI solutions ranging from 1.0 mM to 4.0 M and mixed for 10
min prior to analysis. The worms remained colloidally stable up to 2.0 M KCI, with
significant flocculation being observed at higher salt concentrations. This colloidal
stability is surprising given that spheres and vesicles prepared with the same PATAC
mole fraction flocculated in 2.0 M KCI. This is an interesting result given that worm-like
micelles have been shown to be more efficient thickeners than water-soluble polymers

and are currently being investigated for the oil industry.>>>’
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Fig. 4.22. (a) Representative TEM image obtained for
(0.1 PATAC,: + 0.9 PDMAC37)-PDAAMg worms. (b) Apparent DLS diameter against
KCI concentration for a 0.1% w/w aqueous dispersion of
(0.1 PATACo:1 + 0.9 PDMAC37)-PDAAMgo worms prepared by diluting the

as-synthesised 20% w/w worm dispersion using a range of KCI solutions.
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4.3 Conclusions

A series of new cationic diblock copolymer spherical nanoparticles have been prepared
via RAFT aqueous dispersion polymerisation of DAAM using either a quaternised
PATAC precursor as a steric stabiliser block or a binary mixture of this cationic precursor
plus a non-ionic PDMAC steric stabiliser. These nanoparticles exhibited surprisingly
strong resistance towards flocculation in highly salty aqueous media. In particular, DLS
studies confirmed that highly cationic spheres prepared using PATAC as the sole steric
stabiliser remained colloidally stable in the presence of either 4.0 M KCI or 3.0 M
ammonium sulfate for almost four months when stored at 20 °C. Moreover, this
nanoparticle dispersion remained stable in 3.0 M KCI at 90 °C for six days. However,
spheres prepared using binary mixtures of both PATAC and PDMAC stabiliser blocks
proved to be significantly less tolerant towards added salt, despite exhibiting similarly
cationic zeta potentials. Thus the latter parameter is not necessarily a good predictor of
salt tolerance for such colloidal dispersions. Moreover, cationic block copolymer worms
and vesicles could also be prepared using this PISA formulation by utilising a relatively
low mol fraction of the cationic PATAC block as a steric stabiliser. These latter
dispersions also exhibited reasonably good salt tolerance, with worms retaining their
colloidal stability in the presence of up to 2.0 M KCI while vesicles resisted flocculation
up to 1.0 M KCI. Such nanoparticles are likely to be excellent model systems for
understanding the behaviour of aqueous colloidal dispersions in the presence of relatively
high concentrations of electrolyte. Finally, we report the facile cross-linking of the
([n] PATAC 100 + [1-n] PDMACs¢7) — PDAAM1500 diblock copolymer spheres by reaction
of ADH with the pendent ketone groups in the PDAAM block using the protocol reported

in Chapter 2.
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4.4 Experimental

4.4.1 Materials

DMAC (> 98.5 %), DDMAT (98 %), dioxane and AIBA (97 %) were purchased from
Sigma-Aldrich UK and used as received. DAAM (99 %) and ADH (> 98 %) were
purchased from Alfa Aesar (UK) and were used as received. AIBN (98 %) was purchased
from Molekula (UK) and was used as received. VA-044 was purchased from Wako
Chemicals (Japan) and was used as received. Diethyl ether, KCI (> 99 %) and ammonium
sulfate (> 99 %) were purchased from VWR Chemicals. DCM, methanol and acetonitrile
were purchased from Fisher Scientific (UK). All solvents were HPLC-grade. Deuterated
methanol was purchased from Cambridge Isotope Laboratories (UK). Finally, ATAC was

kindly donated by BASF (Germany) in the form of an 80 % w/w aqueous solution.

4.4.2 Synthesis of PDMAC via RAFT Solution Polymerisation

A typical protocol for the synthesis of a PDMACs7 precursor was conducted as follows.
Me-DDMAT (2.00 g, 5.30 mmol), AIBN (87.0 mg 0.53 mmol, Me-DDMAT/AIBN molar
ratio = 10), and DMAC (34.12 g, 0.34 mol) were weighed into a 500 mL round-bottom
flask. Dioxane (84.5 mL) was added to produce a 30 % w/w solution, which was purged
with nitrogen for 1 h. The sealed flask was immersed into an oil bath set at 70 °C for
25 minutes and the polymerisation was subsequently quenched by immersing the flask in
an ice bath, followed by exposure to air. The final DMAC conversion was 95%, as judged
by *H NMR spectroscopy. The crude polymer was purified by precipitation into a ten-
fold excess of diethyl ether (twice). The resulting PDMAC homopolymer was isolated by
filtration and dissolved in deionised water, any residual diethyl ether/dioxane was
removed under reduced pressure, and the resulting aqueous solution was freeze-dried for
48 h. The purified PDMAC precursor was obtained as a yellow solid. End-group analysis

using UV-visible absorption spectroscopy indicated a mean DP of 67. DMF GPC analysis
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indicated an M, of 7 400 g mol™* and an Mw/M of 1.14. A PDMAC37 was also prepared
using the same protocol. In this case DMF GPC analysis indicated an Mn of 3 400 g mol ™

and an Mw/M, of 1.15.

4.4.3 Synthesis of PATAC via RAFT Solution Polymerisation

A typical protocol for the synthesis of a PATAC 100 precursor was conducted as follows.
Me-DDMAT (0.600 g, 1.58 mmol), VA-044 (0.10 g 0.317 mmol, Me-DDMAT/VA-044
molar ratio = 5.0), and ATAC (30.69 g, 0.13 mol, supplied as an 80% aqueous solution)
were weighed into a 250 mL round-bottom flask. Methanol (94.45 mL) and water
(0.43 mL) were added to produce a 20% w/w solution, which was purged with nitrogen
for 1 h. The sealed flask was immersed into an oil bath set at 44 °C for 2 h and the
polymerisation was subsequently quenched by immersing the flask in ice, followed by
exposure to air. The final ATAC conversion was 96%, as judged by 'H NMR
spectroscopy. Methanol was removed under reduced pressure, followed by purification
of the polymer by precipitation into a ten-fold excess of acetonitrile. The precipitate was
redissolved in water and precipitated once more into excess acetonitrile. The crude
PATAC was dissolved in deionised water, any residual solvent was removed under
reduced pressure, and the resulting aqueous solution was freese-dried for 48 h. The
purified PATAC was obtained as a yellow solid. End-group analysis using UV-visible
absorption spectroscopy indicated a mean DP of 100. DMF GPC analysis indicated M
and Mw/M,, values of 29 500 g mol™ and an Mw/Mn of 1.19, respectively. A PATACa
precursor was prepared using the same protocol. Aqueous GPC analysis indicated an My

of 25 800 g mol™* and an Mw/M, of 1.14.
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4.4.4 Synthesis of (0.9 PDMACe7 + 0.1 PATAC100)-PDAAM 1500 Diblock Copolymer
Spheres by RAFT Aqueous Dispersion Polymerisation

The typical protocol for the synthesis of (0.9 PDMACs7 + 0.1 PATAC100)-PDAAM 1500
spheres at 20% w/w solids was conducted as follows. The PDMACs7 precursor (0.8 g,
0.114 mmol), PATAC 00 precursor (0.25 g, 0.013 mmol), AIBA initiator (3.40 mg, 0.013
mmol, [PDMAe7 + PATAC100]/AIBA molar ratio = 10) and DAAM monomer (32.14 g,
0.19 mol; target DP = 1500) were weighed into a 250 mL round-bottomed flask.
Deionised water (131.8 mL) was then added to afford a 20% w/w aqueous solution, which
was degassed for 1 h at 4 °C prior to immersion in an oil bath set at 56 °C. This reaction
solution was stirred for 18 h and then quenched by exposure to air. The DAAM monomer
conversion was more than 99% as judged by *H NMR spectroscopy. All other PISA
syntheses were conducted at 20 % wi/w solids using the same protocol. A summary of the
characterisation data for all of the ([n] PATACx + [1-n] PDMAC,)-PDAAM; diblock

copolymers prepared in this study is provided in Table 4.1.

4.4.5 Post-polymerisation Cross-linking of Diblock Copolymer Spheres

The following protocol was used for cross-linking spherical nanoparticles. A 20 % w/w
aqueous dispersion of (0.9 PDMACs7 + 0.1 PATAC100)-PDAAM 1500 Spheres (99.0 g)
prepared using the previously stated protocol was adjusted to pH 4 using HCI. This
nanoparticle dispersion was added to a 250 mL round-bottomed flask along with ADH
(ADH; 1.99 g, 11.4 mmol, DAAM/ADH molar ratio = 10.0) and the reaction solution

was stirred at 25 °C for 6 h.
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4.4.6 Polymer Characterisation

'H NMR Spectroscopy

All NMR spectra were recorded using a 400 MHz Bruker Avance Il HD 400
spectrometer in CD30D at 25 °C. Typically, 64 scans were required to ensure high-quality
spectra.

End-Group Analysis via UV—Visible Absorption Spectroscopy

UV-visible absorption spectra were recorded between 200 and 800 nm using a
PC-controlled UV-1800 spectrophotometer operating at 25 °C and equipped with a 1 cm
path length quartz cell. A Beer—Lambert curve was constructed using a series of eighteen
Me-DDMAT solutions of varying concentration in methanol. The absorption maximum
at 308 nm assigned to the trithiocarbonate end-group® was used for this calibration plot,
and Me-DDMAT concentrations were selected such that the absorbance always remained
below unity. The mean DPs for the PDMAC and PATAC stabilisers were determined
using the molar extinction coefficient of 15 740 + 80 mol™* dm® cm™ calculated for

Me-DDMAT.
Gel Permeation Chromatography (GPC)

The MWD for the PATAC stabiliser block was assessed using aqueous GPC. An acidic
aqueous buffer containing 0.5 M acetic acid and 0.3 M NaH2PO4 was adjusted to pH 2
using concentrated HCI and used as an eluent for aqueous GPC analysis of the cationic
PATAC precursor. The GPC instrument comprised an Agilent 1260 Infinity series
degasser and pump, two Agilent PL 8 um Aquagel-OH 30 columns and one 8 pm
Aquagel-OH 40 column in series. These columns were calibrated using ten near-
monodisperse poly(ethylene oxide) standards ranging from 1080 g mol™ to 905 000 g
mol . A refractive index detector operating at 30 °C was used at a flow rate of 1.0 mL
min.
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The molecular weight distribution of the PDMAC stabiliser block and the
PDMAC-PDAAM copolymer were assessed using DMF GPC. The GPC instrument
comprised two Agilent PL gel 5 um Mixed-C columns and a guard column connected in
series to an Agilent 1260 Infinity GPC system equipped with both refractive index and
UV-visible detectors (only the refractive index detector used) operating at 60 °C. The
GPC eluent was HPLC-grade DMF containing 10 mM LiBr at a flow rate of 1.0 mL min*
and DMSO was used as a flow-rate marker. Calibration was achieved using a series of
ten near-monodisperse poly(methyl methacrylate) standards (ranging in M, from 625 to
618 000 g mol™t). Chromatograms were analysed using Agilent GPC/SEC software.
Transmission Electron Microscopy (TEM)

Copper/palladium TEM grids (Agar Scientific, UK) were coated in-house to yield a thin
film of amorphous carbon. The coated grids were then subjected to a glow discharge for
30 s. Individual 10.0 pL droplets of 0.1% w/w aqueous copolymer dispersions were
placed on freshly-treated grids for 1 min and then carefully blotted with filter paper to
remove excess solution. To ensure sufficient electron contrast, uranyl formate (9.0 puL of
a 0.75% w/w solution) was absorbed onto the sample-loaded grid for 20 s and then
carefully blotted to remove excess stain. Each grid was then dried using a vacuum hose.
Imaging was performed using a FEI Tecnai Spirit 2 microscope fitted with an Orius

SC1000B camera operating at 80 kV.
Dynamic Light Scattering (DLS) at 20 °C

All measurements were made on 0.1% w/w agueous copolymer dispersions in 1.0 cm
cuvette cells; scattered light was detected at 173° and data were averaged over three
consecutive runs. Sphere-equivalent intensity-average diameters were calculated for
diblock copolymer nano-objects via the Stokes—Einstein equation, which assumes

perfectly monodisperse, non-interacting spheres. According to its manufacturer, this
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Nano ZS instrument set-up has an upper limit particle diameter of approximately 6 pum.
The solution viscosity was taken to be that of pure water for nanoparticles prepared in
1.0 mM KCI. For DLS studies performed in the presence of higher salt concentrations,
the solution viscosity was calculated for each salt concentration using literature data, see

Table 4.3.4

Table 4.3. KCI and ammonium sulfate solution viscosities used for DLS analysis at
20 °C.#

Salt | Concentration /M | Viscosity / Pa s
KCI 1.0 0.9912
KCI 2.0 0.9964
KCI 3.0 1.0246
KCI 4.0 1.0403
AMS 1.0 1.2559
AMS 2.0 1.6497
AMS 2.5 2.0868
AMS 3.0 2.5303
AMS 3.5 2.9415
AMS 3.6 3.1055
AMS 3.7 3.1055
AMS 3.8 3.2764
AMS 3.9 3.4540
AMS 4.0 3.6383

Dynamic Light Scattering (DLS) at 90 °C

All measurements were made on 0.1% w/w agueous copolymer dispersions in 1.0 cm
cuvette cells; scattered light was detected at 173° and data were averaged over three
consecutive runs. Sphere-equivalent intensity-average diameters were calculated for
diblock copolymer nano-objects via the Stokes—Einstein equation, which assumes
perfectly monodisperse, non-interacting spheres. According to its manufacturer, this
Nano ZS instrument set-up has an upper limit particle diameter of approximately 6 um.

The solution viscosity was taken to be that of pure water for nanoparticles prepared in
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1.0 mM KCI. For DLS studies performed in the presence of higher salt concentrations,
the solution viscosity was calculated for each salt concentration using literature data, see

Table 4.4.52

Table 4.4. KCI solution viscosities used for DLS analysis at 90 °C.>?

Salt | Concentration / M | Viscosity / Pa s
KCI 1.0 0.3364
KCI 2.0 0.3480
KCI 3.0 0.3600
KCI 4.0 0.3723

Aqueous Electrophoresis

Zeta potentials were determined for 0.1% w/w aqueous copolymer dispersions at 20 °C
in the presence of 1.0 mM KCI using the Malvern Zetasizer Nano ZS instrument described
above using its default settings and a palladium Uzgiris-type dip electrode.>® The
instrument uses the Smoluchowski model to calculate zeta potentials from electrophoretic

mobilities using the Henry equation.®
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5.1 Introduction

The ability of water-soluble polymers to increase the viscosity of aqueous solutions has
been exploited for many commercial applications.! Both natural and synthetic
water-soluble polymers are used as viscosity modifiers for pharmaceutical formulations,
foodstuffs, cosmetics, paints, detergents, lubricants and fracturing fluids for oil and gas

production.t®

Most commercial synthetic water-soluble polymers are prepared by FRP.® Conducting
such polymerisations either in the bulk or in solution invariably results in high-viscosity
solutions even at low copolymer concentrations, owing to chain entanglements.©
Although this is the desired final outcome for water-thickening polymers, it is very
difficult to achieve efficient heat dissipation during such polymerisations, particularly
when targeting high molecular weights. In order to overcome this drawback,
low-viscosity polymerisation methods such as inverse emulsion, suspension or
precipitation polymerisation are often used.’®® Such formulations enable
polymerisations to be conducted at high solids while maintaining relatively low solution
viscosities.>'* However, purification steps are often required to remove the
polymerisation solvent and any excess surfactant or polymeric stabiliser. Moreover,
although FRP is useful for the preparation of homopolymers, it inevitably results in broad
MWDs with no scope for the preparation of diblock copolymers or other complex

architectures.®

In principle, PISA can be used to prepare nanoparticles in situ from double-hydrophilic
diblock copolymers when one block is rendered initially insoluble by judicious choice of
reaction conditions. For example, An et al. prepared a series of PDMAC precursors with

varying molecular weights which were then chain-extended in aqueous solution using
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NIPAM at 70 °C.'® Under such conditions, the growing PNIPAM chains are water-
insoluble, so PNIPAM-core nanoparticles were formed via PISA. However, on cooling
the dispersion to room temperature, i.e. below the LCST of PNIPAM, nanoparticle
dissolution occurred to afford water-soluble diblock copolymer chains. High conversions
were achieved and well-defined double-hydrophilic diblock copolymers were formed
(Mw/My ~ 1.20). However, the main focus of this pioneering study was the formation of
thermoresponsive nanogels via the addition of a bisacrylamide cross-linker, rather than
targeting high molecular weight linear diblock copolymers for use as viscosity modifiers.
Similarly, Cunningham et al. prepared a series of PGMAg3-PNMEPy, diblock copolymer
nanoparticles by RAFT aqueous dispersion polymerisation of NMEP at 70 °C.Y’
Relatively large, partially hydrated spherical nanoparticles of up to 1 um were formed
under such conditions. Nanoparticle dissolution occurred on cooling to 20 °C, resulting
in highly viscous, double-hydrophilic diblock copolymer solutions. This method enabled
the synthesis of reasonably well-defined (Mw/Mn < 1.50), high molecular weight (92 %
GMA conversion was achieved when y = 5000 was targeted) PGMAs3-PNMEPy diblock
copolymers. Moreover, the relatively expensive PGMA precursor could be replaced with

PMAA. In this case, high NMEP conversions were achieved up toy < 4000.

In this Chapter, a series of PATAC100-PDMACy diblock copolymer nanoparticles are
prepared by RAFT aqueous dispersion polymerisation of DMAC in 2 M ammonium
sulfate. PATAC was chosen as the stabiliser block because this cationic polyelectrolyte
remains soluble in highly salty aqueous media'®!® as confirmed in Chapter 4 of this
Thesis. Conversly, PDMAC homopolymers are insoluble in 2 M ammonium sulfate but
soluble in aqueous media. A series of PATAC100-PDMACy diblock copolymer
nanoparticles were synthesised at 10 % w/w solids using a one-shot batch polymerisation

process in combination with a low-temperature initiator. Nanoparticle dissolution on
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dilution with deionized water was studied by DLS and *H NMR spectroscopy. The
thickening behaviour of the resulting fully water-soluble double-hydrophilic diblock
copolymers has been examined using rheology measurements to determine the solution
viscosity. Finally, a monomer-starved feed protocol has been developed for the synthesis
of high molecular weight diblock copolymer nanoparticles in the form of relatively

concentrated dispersions.

5.2 Results and Discussion

5.2.1 Homopolymerisation of ATAC

The synthesis and characterisation of the PATAC100 precursor used in this work is
described in Chapter 4.

5.2.2 Homopolymerisation of DMAC

The RAFT solution polymerisation of DMAC was conducted in 1,4-dioxane at 70 °C
using DDMAT as the CTA, as described in Chapter 2. A PDMAC homopolymer was
prepared with a mean DP of 135, as determined by UV-visible absorption spectroscopy

using the Beer-Lambert calibration plot constructed for DDMAT in Chapter 2.

5.2.3 Solubility Studies in Ammonium Sulfate Solutions

Solubility studies were conducted on the PATAC100 and PDMAC135 homopolymers using
aqueous ammonium sulfate solutions ranging from 0.1 M to 2.0 M. A small portion of
each homopolymer was stirred in the ammonium sulfate solutions for 30 min at 20 °C.
As expected,’®® the PATAC100 precursor formed transparent solutions at all salt
concentrations and hence was judged to be fully soluble in each case, see Fig. 5.1a. The
PDMAC13s homopolymer also formed transparent solutions for ammonium sulfate
concentrations ranging from 0.1 M to 0.5 M. However, PDMAC135 became sparingly
soluble (forming a cloudy solution) when added to 1.0 M ammonium sulfate and was

judged to be water-insoluble in both 1.5 M and 2.0 M ammonium sulfate, see Fig. 5.1b.
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Fig. 5.1. Digital photographs showing the visual appearance of aqueous solutions
containing 0.1 M to 2.0 M ammonium sulfate recorded at 20 °C 30 min after addition of
(@) PATAC100 homopolymer and (b) PDMAC 135 homopolymer.

5.2.4 RAFT Aqueous Dispersion Polymerisation of DMAC

Preliminary solubility studies confirmed that the PATAC100 homopolymer was soluble in
2.0 M ammonium sulfate whereas the PDMAC13s homopolymer was water-insoluble
under such conditions. Hence chain extension of the PATAC100 homopolymer with
DMAC in 2.0 M ammonium sulfate under RAFT aqueous dispersion conditions should
result in the formation of PDMAC-core diblock copolymer nanoparticles. Moreover, a
kinetically-trapped spherical morphology is expected because it is well-known that using
a polyelectrolyte-based steric stabiliser usually prevents sphere-sphere fusion during

PISA,2°-22 which is a pre-requisite for the formation of either worms or spheres.
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Accordingly, chain extension of the PATACi0 homopolymer with DMAC was
conducted at 10 % w/w solids in 2.0 M ammonium sulfate at 44 °C for 18 h using VA-044

as a water-soluble, low-temperature initiator, see Figure 5.2.

o]
~ S S
owoo\ﬂ/ NC ot DMAC T et
S
o’ o VA-044

CTA:lIn =5
2M (NH,),S0,
o\ 10 % w/w solids o +
A\ 44°C, 18 h N

Fig. 5.2. Reaction scheme for the RAFT aqueous dispersion polymerisation of DMAC
at 44 °C using a PATAC 00 precursor in 2.0 M ammonium sulfate to form

PATAC100-PDMAC, diblock copolymer nanoparticles at 10 % w/w solids.

A series of PATAC100-PDMACy diblock copolymer nanoparticles were prepared with
y =500, 1000, 2000, 4000 and 8000. High DMAC conversions (> 99 %) were achieved
in all cases as determined by *H NMR spectroscopy (the integrated DMAC vinyl proton
signals in the 5.0 — 7.0 ppm region were compared to the integrated signal h, see Figure
5.3). Unfortunately, preliminary aqueous GPC analysis of the PATAC100-PDMACsqo
diblock copolymer suggests inefficient blocking of the PATAC 100 precursor, see Figure
5.4. Integration of the biomodal chromatogram suggests that there is approximately 39 %
of the PATAC 100 does not chain extend. The reasons for this are not understood yet and
require further investigation. Nevertheless, all of the resulting aqueous dispersions were
free-flowing and became increasingly turbid when targeting higher PDMAC DPs, see

Figure 5.5.
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Fig. 5.3. Representative *H NMR spectrum recorded for a PATAC100-PDMACsooo

diblock copolymer molecularly dissolved in D20O.
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Fig. 5.4. Aqueous GPC traces recorded for the PATAC100 homopolymer precursor and

the PATAC100-PDMACs0o diblock copolymer.
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Fig. 5.5. Digital photograph recorded for a series of five 2.5 % w/w aqueous dispersions
of PATAC100-PDMACy diblock copolymer nanoparticles (where y = 500 — 8000) in
2.0 M ammonium sulfate. Targeting higher PDMAC DPs clearly leads to greater
turbidity.

The as-synthesised 10 % w/w aqueous dispersions were diluted to 0.1 % w/w solids using
a 2.0 M ammonium sulfate solution for DLS analysis, see Table 5.1. As expected, DLS
analysis shows a systematic increase in mean particle diameter from 94 to 698 nm on
increasing the target PDMAC DP from 500 to 8000. Moreover, the DLS polydispersities
were relatively low (0.02 to 0.14), which indicates relatively narrow particle size

distributions.

Table 5.1. Summary of DLS data obtained for 0.1 % w/w aqueous dispersions of
PATAC100-PDMAC, diblock copolymer nanoparticles in 2.0 M ammonium sulfate at
20 °C.

Intensity-aver rticl Deriv ntr
POMAC DP | e | Por | PR
500 94 0.06 17 700
1000 136 0.14 45000
2000 173 0.07 54 200
4000 476 0.02 22 500
8000 698 0.09 20 800

2 Intensity-average diameter determined by DLS analysis. The solution viscosity of an
aqueous solution of 2.0 M ammonium sulfate at 20 °C is 1.65 Pa 5.2
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As mentioned above, the PATAC100 and PDMAC135 homopolymers are both soluble in
0.5 M ammonium sulfate, see Fig 5.1. Hence, a four-fold dilution of the as-synthesised
10 % w/w nanoparticle dispersions using deionised water should result in complete
nanoparticle dissolution to afford water-soluble diblock copolymer chains. Indeed,
transparent, viscous solutions were formed when each of the 10 % w/w aqueous

nanoparticle dispersions were diluted with water, see Figure 5.6.

Fig. 5.6. Digital photograph recorded for five 2.5% w/w aqueous solutions of
PATAC100-PDMACy in 0.5 M ammonium sulfate. The loss of turbidity compared to

that observed in Figure 5.5 indicates complete nanoparticle dissolution.

The as-synthesised 10 % w/w PATAC100-PDMACy dispersions were diluted to 0.1 % w/w
solids using 0.5 M ammonium sulfate for DLS studies. The intensity-average diameters
and derived count rates are provided in Table 5.2. There is a significant reduction in both
the intensity-average diameter and derived count rate for each sample compared to the
as-synthesised 2.0 M ammonium sulfate nanoparticle dispersions. These results suggest
complete nanoparticle dissolution to form aqueous solutions of PATAC100-PDMACy
diblock copolymer chains. The mean particle diameter increases from 31 nm to 71 nm on

increasing the target PDMAC DP from 500 to 8000. This is attributed to the greater

186



Chapter 5

hydrodynamic volume occupied by the molecularly-dissolved copolymer chains, which
most likely adopt a random coil conformation in aqueous solution, as the PDMAC is
increased. This interpretation is consistent with the much lower derived count rates
compared to those reported in Table 5.2. Finally, it is perhaps worth noting that the DLS
polydispersities are relatively high, which suggests a relatively broad molecular weight

distribution for these diblock copolymer chains.

Table 5.2 Summary of DLS data obtained for a series of PATAC100-PDMAC, diblock

copolymers in 0.5 M agueous ammonium sulfate at 20 °C.

Intensity-aver rticl Deriv ntr
PoMACO | I e | Por | e
500 31 0.51 303
1000 35 0.36 414
2000 49 0.33 665
4000 63 0.28 835
8000 71 0.40 832

2 Intensity-average diameter determined by DLS analysis. The solution viscosity of an
aqueous solution of 0.5 M ammonium sulfate at 20 °C is 1.11 Pa s.®

The extent of nanoparticle dissolution was further investigated using H NMR
spectroscopy. A PATAC100-PDMACsq0 diblock copolymer was synthesised in a 2.0 M
ammonium sulfate/D»0 solution using the same synthesis route outlined in Figure 5.2.
'HNMR spectra were recorded for 25 % w/w PATAC100-PDMACs00
dispersions/solutions in the presence of 2.0 M, 1.5 M, 1.0 M, 0.75 M or 0.50 M
ammonium sulfate solutions prepared using D-O, see Figure 5.7a. The PATAC100-
PDMACsqo diblock copolymer was synthesised in D2O to minimise the water (HDO)
signal in the *H NMR spectra. A PATAC100-PDMACsq0 diblock copolymer composition

was chosen to (i) minimise the increase in viscosity associated with nanoparticle
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dissolution (since this leads to broader NMR signals) and (ii) to achieve sufficient

resolution of the PDMAC signals.

The spectra shown in Figure 5.7a were normalised to the signal assigned to the two
protons adjacent to the quaternary amine in the PATAC block (CH2N(CHz)s, see signal
marked with an asterisk). The latter proton signal remains fully solvated regardless of the
ammonium sulfate concentration. The signal assigned to the six equivalent protons on the
methyl groups in the PDMAC block (a on Figure 5.7a) are visible in 2.0 M ammonium
sulfate showing that these nanoparticles are partially hydrated in 2.0 M ammonium
sulfate. Clearly, signal a becomes more prominent on reducing the ammonium sulfate
concentration, suggesting a greater degree of hydration for this block. The spectra

recorded using 0.50 M and 0.75 M ammonium sulfate were identical, see Figure 5.7b.

The integrated signals e and h correspond to the composition of the fully solvated
PATAC100-PDMACsqo diblock copolymer as determined in D20 (i.e. in the absence of
any ammonium sulfate). This demonstrates that lowering the ammonium sulfate
concentration from 2.0 M to 0.50 M via four-fold dilution of the as-synthesised 10 % w/w
PATAC100-PDAMCsoo nanoparticles using deionised water is sufficient to cause

complete nanoparticle dissolution.
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Fig. 5.7. (a) *H NMR spectra recorded for five 2.5 % w/w PATAC100-PDMACs00
diblock copolymer dispersions/solutions prepared in 2.0 M, 1.5 M, 1.0 M, 0.75 M or
0.50 M ammonium sulfate using D>O. All spectra are normalised to the signal marked
with an asterisk, which corresponds to the two protons adjacent to the quaternary amine
in the PATAC block (CH2N(CH?3)3). The signal marked a corresponds to the six
equivalent methyl protons in the PDMAC block. (b) Overlaid spectra for
PATAC100-PDMACs00 recorded in 0.75 M (green) and 0.5 M (orange) ammonium
sulfate, respectively.

5.2.5 Rheological Studies

Rotational rheology measurements were conducted to examine the thickening behaviour
conferred by the double-hydrophilic PATAC100-PDMACy diblock copolymers in
agueous solution. Measurements were conducted on each of the five

PATAC100-PDMACy diblock copolymers (where y = 500 to 8000) at 2.5 % w/w solids in
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either 0.5 M or 2.0 M ammonium sulfate. This copolymer concentration was chosen
because it corresponds to the maximum concentration that can be achieved after a
four-fold dilution of the as-synthesised 10 % w/w copolymer dispersions with water.
Shear sweeps were conducted on each sample from 0.1 s to 50 s at 20 °C. Data obtained
for copolymer dispersions in 2.0 M and 0.5 M ammonium sulfate are shown in
Figure 5.8a and Figure 5.8b respectively. The data was plotting using the target DP
however, this will be incorrect given that there is 39 % PATAC 100 contamination but it is
assumed that all of the reactions will contain the same level of contamination and are

therefore comparable.

According to Figure 5.8a, the PATAC100-PDMACy nanoparticles formed in 2.0 M
ammonium sulfate have dispersion viscosities that are comparable to that of water (which
is shown as a black dashed line). When targeting y = 500 to 8000, the viscosity of the
PATAC100-PDMACy nanoparticle dispersions is independent of both copolymer
molecular weight and nanoparticle diameter. Inspecting Figure 5.8b, the
PATAC100-PDMACy solution viscosities at 2.5 % w/w solids in 0.5 M ammonium sulfate
are comparable to that of water for y = 500 — 2000. Targeting a PDMAC DP greater than
2000 is required to observe a significant thickening effect. This suggests that a PDMAC
DP of approximately 2000 is the critical DP (DP¢) where copolymer chains become
entangled at this particular copolymer concentration. This inflection point is more readily
apparent when plotting log(no) against log(PDMAC DP) where no is the zero shear
viscosity (see Figure 5.9). The latter parameter was determined by extrapolation of the
viscosity vs. shear rate data in the linear constant viscosity regime to zero shear. For the
PATAC100-PDMACso00 copolymer, only a narrow linear region between 0.1 s and 1.0 s

was observed (see inset in Figure 5.8b) prior to shear-thinning behaviour. According to
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the literature, above the DP. a power-law relationship between no and DP should be
observed with a numerical exponent of 3.4 (Equation 5.1).%

no = K[DP** 5.1
Indeed, a power-law relationship of 3.4 was calculated for the PATAC100-PDMACy

diblock copolymer chains in 0.5 M ammonium sulfate solution when y exceeded 2000.
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Fig. 5.8. Rotational rheology data recorded for PATAC100-PDMAC, diblock
copolymers where y = 500 to 8000: (a) dispersion viscosity against shear rate for
PATAC100-PDMACy dispersions in 2.0 M ammonium sulfate; (b) solution viscosity
against shear rate for PATAC100-PDMACy solutions in 0.5 M ammonium sulfate. The
inset shows the linear constant viscosity region observed for the PATAC100-PDMACgaoo
diblock copolymer. The black dashed lines indicate the viscosity of deionised water.

191



Chapter 5

1 ]
»
. 014 7 y=0.0x3
© ] °. R2=1.0
& DP,
~
c
0.01 4
i ®
0.001 T —— — T
100 1000 10000
PDMACDP

Fig. 5.9. Relationship between log(no) and log(PDMAC DP), where no is the zero shear
viscosity, for a series of PATAC100-PDMACy aqueous solutions in 0.50 M ammonium
sulfate at 20 °C.

5.2.6. Maximising Thickening Performance

There are two obvious approaches for maximising the thickening effect after the four-fold
dilution of the PATAC100-PDMACy formulation. Firstly, since the solution viscosity
depends on the copolymer molecular weight, higher PDMAC DP can be targeted.
Secondly, the overall solids content (or copolymer concentration) can be raised for this
PISA formulation, which should increase the solution viscosity and also lower the DP¢.%
In principle, combining these two strategies should enable the maximum solution
viscosity to be achieved.

Unfortunately, increasing the PDMAC target DP up to 10000 and the copolymer
concentration up to 20 % w/w solids using the one-shot batch protocol shown in Figure
5.2 resulted in phase separation of the DMAC monomer from the 2.0 M ammonium
sulfate aqueous solution. This suggests that the solubility limit of the monomer was

exceeded under these conditions.
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To overcome this problem, the synthesis protocol was modified to enable continuous
addition of the monomer into the reaction solution. This was achieved using a syringe
pump and this ‘monomer-starved feed’ set-up is shown in Figure 5.10. The modified
reaction scheme for the synthesis of PATAC100-PDMACi0000 diblock copolymer
nanoparticles at a copolymer concentration of 40 % w/w solids is summarised in

Figure 5.11.

Monomer filled
syringe

~ Nitrogeninlet

. Nitrogen outlet
Monomer inlet

Syringe pump Reaction vessel

Scissor jack Oil bath

m Stirrer hot plate
(o) ()

Fig. 5.10. Digital image showing the experimental set-up for the monomer-starved feed
protocol used to prepare PATAC100-PDMAC10000 at 40 % wi/w solids.

o
~ S S
OWW \Cﬂst PMAC 1ODOT CizHas
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o VA- 044

CTA:In =
2 2M (NH4)ZSO4
\ 40 % w/w solids - +
/ \\ 44 °C Cl /
DMAC addition rate = 0.87 mL h! \
18 h

Fig. 5.11. Reaction scheme for the chain extension of a PATAC100 precursor with

DMAC in 2.0 M ammonium sulfate at 44 °C using a monomer-starved feed protocol.
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DMAC was added to the reaction vessel over the first 6 h of the polymerisation at a feed
rate of 0.87 mL h™. The final DMAC conversion was judged to be 98% as determined by
'H NMR spectroscopy. A turbid, free-flowing dispersion was obtained after 18 h at 44 °C,
see Figure 5.12. DLS analysis indicated an intensity-average diameter of 635 nm for the
PATAC100-PDMAC 10000 dispersion diluted to 0.1 % wi/w solids using 2.0 M ammonium
sulfate solution. A four-fold dilution of the as-synthesised 40 % w/w
PATAC100-PDMAC10000 Nanoparticle dispersion with water resulted in the formation of

a transparent free-standing gel, see Figure 5.12.

40 % w/w nanoparticle 10 % w/w polymer
dispersionin2 M solutionin
ammonium sulfate 0.5 M ammonium sulfate

Four-fold
dilution
with water

Fig. 5.12. Left-hand image: a low-viscosity, turbid, free-flowing 40 % w/w aqueous
dispersion of PATAC100-PDMAC 10000 Nanoparticles in 2.0 M ammonium sulfate
prepared using a monomer-starved feed protocol. Right-hand image: four-fold dilution
of the same PATAC100-PDMAC10000 Nanoparticles with deionised water affords a

10 % w/w transparent, free-standing gel owing to complete nanoparticle dissolution.

As expected, targeting a higher target DP for a more concentrated formulation clearly has
a profound effect on the viscosity modification performance. DLS analysis of a
0.1 % w/w solution of this molecularly-dissolved PATAC100-PDMAC10000 diblock
copolymer in 0.5 M ammonium sulfate gave an intensity-average diameter of 81 nm,

which is consistent with the 71 nm diameter obtained previously for a
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PATAC100-PDMACsg000 diblock copolymer. In view of the high transparency of the
solution and the *H NMR spectroscopy results obtained for shorter copolymer chains, this

suggests that complete nanoparticle dissolution has occurred under these conditions.

Whilst it is clearly possible to produce PATAC100-PDMAC 10000 diblock copolymers using
this monomer-starved feed protocol, unfortunately, there were issues with reproducibility
with several reactions resulting in no DMAC conversion. This is in part the result of the
very low levels of added initiator. In principle, this problem could be alleviated by

conducting PISA syntheses on a much larger (kg) scale.

5.3 Conclusions

A series of PATAC100-PDMACy diblock copolymer nanoparticles (where y = 500 — 8000)
have been prepared by exploiting the insolubility of PDMAC in 2.0 M ammonium sulfate
at 44 °C.*H NMR spectroscopy studies confirmed that high DMAC conversions (> 99 %)
were achieved for this RAFT aqueous dispersion polymerisation formulation, which is
conducted at 10 % wi/w solids using a one-shot batch protocol. GPC analysis showed
inefficient blocking of the PATAC100 hompolymer resulting in 39 % homopolymer
contaimation. Nevertheless, DLS analysis indicated the in situ formation of nanoparticles
with sphere-equivalent diameters of 94 nm to 698 nm. Rotational rheology
measurements conducted on the 2.0 M ammonium sulfate dispersions confirmed that the
aqueous dispersion viscosity is comparable to that of water and is independent of both the
PDMAC DP and the nanoparticle diameter. Four-fold dilution of such aqueous
dispersions using deionized water resulted in nanoparticle dissolution, as confirmed by
both DLS and 'H NMR spectroscopy analysis. This is because the water-insoluble
PDMAC block initially formed in the presence of 2.0 M ammonium sulfate becomes

water-soluble in the presence of 0.75 M ammonium sulfate (or lower salt concentrations).
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Rheology measurements conducted on 2.5 % w/w PATAC100-PDMACy diblock
copolymer aqueous solutions formed in the presence of 0.5 M ammonium sulfate
indicated that PDMAC DPs of more than 2000 are required to achieve a significant
thickening effect. A monomer-starved feed protocol was developed to allow the synthesis
of a PATAC100-PDMAC 10000 diblock copolymer at 40 % wi/w solids. A nanoparticle-to-
copolymer chain transition was induced by a four-fold dilution with deionized water to
afford a transparent, free-standing gel. The work presented in this Chapter offers a highly
convenient, wholly aqueous low-viscosity route to high molecular weight water-soluble
polymers. It is perhaps worth emphasising that such high DP formulations require so little
RAFT agent that its colour, cost and malodour become negligible, which is ideal for
industrial scale-up. However, further refinement and optimisation is required to improve
the reproducibility of such PISA formulations, particularly when conducted in
concentrated solution under monomer-starved conditions and to improve the blocking

efficiency of the PATAC homopolymer.
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5.4 Experimental

5.4.1 Materials

DMAC (> 98.5 %), DDMAT (98 %), D.O and 1,4-dioxane and were purchased from
Sigma-Aldrich UK and used as received. AIBN (98 %) was purchased from Molekula
(UK) and was used as received. VA-044 was purchased from Wako Chemicals (Japan)
and was used as received. Diethyl ether and ammonium sulfate were purchased from
VWR Chemicals. Methanol was purchased from Fisher Scientific (UK). All solvents
were HPLC-grade. Deuterated methanol (99 %) was purchased from Cambridge Isotope

Laboratories (UK).

5.4.2 PATAC100-PDMACy Synthesis using a Batch Polymerisation Method

The typical protocol for the synthesis of PATAC100-PDMAC1000 spheres at 10 % w/w
solids was conducted as follows. A PATAC100 precursor (0.15 g, 0.008 mmol), VA-044
initiator (0.50 mg, 0.0015 mmol, PATAC100/VA-044 molar ratio = 5.0) and DMAC
monomer (0.75 g, 7.6 mmol; target DP = 1000) were weighed into a 14 mL vial. 2.0 M
ammonium sulfate (8.1 mL) was then added to afford a 10 % w/w aqueous solution, which
was degassed for 15 min at 4 °C using a stream of nitrogen gas prior to immersion of the
vial in an oil bath set at 44 °C. The reaction solution was magnetically stirred for 18 h
under a nitrogen atmosphere. The DMAC polymerisation was quenched by exposing the
contents of the vial to air, followed by cooling the vial to ambient temperature. The
DMAC monomer conversion was more than 99% as judged by *H NMR spectroscopy.

All other PISA syntheses were conducted at 10 % w/w solids using the same protocol.

5.4.3 PATAC100-PDMAC10000 Synthesis using a Monomer-starved Feed Protocol
A PATAC100 precursor (0.100 g, 0.0050 mmol), VA-044 (0.30 mg, 0.0010 mmol,

PATAC CTA/initiator molar ratio = 5.0) and 2.0 M ammonium sulfate (7.7 mL) were
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added to a 100 mL round-bottomed flask. Separately, DMAC (5.00 g, 0.050 mol) was
added to a sample vial. Each solution was degassed for 30 min at 4 °C using a stream of
nitrogen gas. The round-bottomed flask was sealed using a rubber septum and then placed
in a 44 °C oil bath with continuous magnetic stirring and a nitrogen flow. The degassed
DMAC monomer was drawn up into a syringe, which was then placed in a syringe pump
unit. The syringe outlet needle was inserted into the round-bottom flask via its rubber
septum. DMAC was pumped into the round-bottom flask over 6 h at a rate of 0.87 mL h™.
On completion of the DMAC addition, the nitrogen inlet was removed, the round-bottom
flask was sealed, and the reaction solution was stirred at 44 °C for a further 12 h.

'H NMR spectroscopy studies in D,O indicated a final DMAC conversion of 98 %.

5.4.4 Polymer Characterisation

'H NMR Spectroscopy

The NMR spectrum for the PDMAC 135 homopolymer was recorded in CD30D. The NMR
spectra for the PATAC-PDMAC diblock copolymers were recorded in D2O. All spectra
were obtained using a 400 MHz Bruker Avance 111 HD 400 spectrometer at 25 °C.

Typically, 64 scans were acquired to ensure high-quality spectra.
Gel Permeation Chromatography (GPC)

Aqueous GPC was used to assess the MWD of the PATAC100-PDMACsq0 diblock
copolymer. An acidic aqueous buffer containing 0.5 M acetic acid and 0.3 M NaH2PO4
was adjusted to pH 2 using concentrated HCI and used as an eluent for aqueous GPC
analysis of the cationic PATAC precursor. The GPC instrument comprised an Agilent
1260 Infinity series degasser and pump, two Agilent PL 8 um Aquagel-OH 30 columns
and one 8 um Aquagel-OH 40 column in series. These columns were calibrated using ten

near-monodisperse poly(ethylene oxide) standards ranging from 1080 g mol? to
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905 000 g mol™. A refractive index detector operating at 30 °C was used at a flow rate of
1.0 mL min,

End-Group Analysis via UV—Visible Absorption Spectroscopy

UV/visible absorption spectra were recorded between 200 and 800 nm using a PC-
controlled UV-1800 spectrophotometer at 25 °C using a 1 cm path length quartz cell. A
Beer-Lambert curve was constructed using a series of ten DDMAT solutions in methanol
(see Chapter 2). The absorption maximum at 311 nm assigned to the trithiocarbonate
group?® was used for this calibration plot and DDMAT concentrations were selected such
that the absorbance always remained below unity. The mean DP for the PDMAC:35
homopolymer was determined using the molar extinction coefficient of

16300 + 160 mol™ dm® cm™ determined for the DDMAT.

Dynamic Light Scattering (DLS)

All measurements were made on 0.1% w/w agueous copolymer dispersions/solutions at
20 °C using 1.0 cm cuvette cells; scattered light was detected at 173° and data were
averaged over three consecutive runs. Sphere-equivalent intensity-average diameters
were calculated for diblock copolymer nanoparticles via the Stokes—Einstein equation,
which assumes perfectly monodisperse, non-interacting spheres.

Rheology

Rotational rheology measurements were performed using an MCR 502 rheometer (Anton
Paar, Gratz, Austria) using a Couette geometry. Measurements were performed at 20 °C
with the sample gap set to 2.0 mm. Shear sweeps were conducted from 0.1 s to 50 s,
Approximately 10 mL of copolymer dispersion was used per measurement, with a

copolymer concentration of 2.5 % wi/w solids.
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6.1 Conclusions and Outlook

The preparation of diblock copolymer nanoparticles by PISA has been extensively
studied over the past decade.’ Although there are still various aspects of PISA that
remain poorly understood, the focus of academic research has shifted towards the
preparation of functional and stimulus-responsive nanoparticles. Several groups have
demonstrated that stimulus-responsive nanoparticles can be prepared using RAFT
aqueous dispersion polymerisation.*® However, there are still relatively few monomers
that have been utilised to form the structure-directing hydrophobic block for RAFT
aqueous dispersion polymerisation. This is mainly because there are relatively few
monomers that are water-miscible but form water-insoluble polymers. The O’Reilly
group have recently published an in silico method which they claim allows the prediction
of suitable core-forming monomers for such PISA formulations.” In reality, laboratory
experiments are still required to determine whether a monomer is actually suitable for
RAFT aqueous dispersion polymerisation. In this regard, the aqueous solubility of the
monomer appears to be a more reliable predictor than the theoretical approach. Moreover,
there is currently no in silico method to predict whether a diblock copolymer will be

stimulus-responsive.

In the first half of this Thesis, two monomers were explored for RAFT aqueous dispersion
polymerisation, namely DAAM and HBA. At the time that this work was conducted, a
number of groups had shown PDAAM to be a suitable core-forming block for PISA.
However, only spheres and vesicles had been obtained and there were no investigations
into the stimulus-responsive nature of PDAAM-based diblock copolymers. Moreover,
there were no published studies in which PHBA had been used as a core-forming block

for such PISA formulations.
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In Chapter 2, a series of well-defined PDMAC precursors were chain-extended with
DAAM via RAFT aqueous dispersion polymerisation to produce diblock copolymer
nano-objects. It was shown for the first time that pure worms could be accessed for this
PISA formulation. A detailed phase diagram was constructed which enabled the
reproducible synthesis of pure spheres, worms and vesicles. Either heating or cooling
these PDMAC-PDAAM nanoparticle dispersions showed that their size and morphology
were relatively insensitive to changes in temperature. More specifically, only a mixture
of worms and vesicles could be obtained when heating a pure worm dispersion from
20 °C to 50 °C. This weakly thermoresponsive behaviour was attributed to the relatively

narrow phase space occupied by the diblock copolymer worms.

Previously, Lovett et al. showed that pH-responsive PGMA-PHPMA nanoparticles could
be obtained by using a carboxylic acid-functionalised CTA.*® Similarly, a carboxylic
acid-functionalised CTA (DDMAT) was used to prepare the PDMAC-PDAAM
nanoparticles. As expected, switching from pH 3 to pH 9 led to a significant change in
nanoparticle zeta potential from 0 mV to approximately -30 mV. However, the
PDMAC-PDAAM nanoparticles proved to be rather weakly pH-responsive: only a
morphological transition from worms to a mixed phase of worms and spheres was
observed under such conditions. Since this work was conducted, other research groups
have reported the preparation of thermoresponsive nanoparticles using PDAAM. For
example, An and co-workers prepared PDMAC30-PDAAMeo-90 lamellae at 70 °C that
formed a worm/sphere mixed phase on cooling to 20 °C, although *H NMR spectroscopy
showed no evidence for a reduction in the degree of hydration of the PDAAM block at
the latter temperature.® Ma et al. used PITSA to prepare PHPMAC3s-PDAAM:o Vesicles

at 70 °C but on cooling to 25 °C a vesicle-to-worm transition occurred within 48 h.° It is
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not yet clear why the PDMAC-PDAAM nanoparticles prepared in this Thesis proved to

be relatively unresponsive to changes in temperature.

Chapter 2 also explored covalent stabilisation of the PDMAC-PDAAM nanoparticles
using ADH,; this water-soluble cross-linker reacts with the pendent ketone groups on the
hydrophobic PDAAM chains to form hydrazone moieties. FT-IR spectroscopy studies
provided direct evidence for this cross-linking chemistry, while DLS measurements
performed in methanol (a good solvent for the PDMAC and PDAAM blocks) confirmed
that covalent stabilisation could be achieved within 6 h at 25 °C using ADH/DAAM molar
ratios as low as 0.075. This protocol allows the convenient preparation of
covalently-stabilised spheres, worms or vesicles in the form of moderately concentrated

aqueous dispersions.

In Chapter 3, PHBA was investigated as the core-forming block in a PISA formulation.
A one-pot protocol was developed in which well-defined PDMAC-PHBA diblock
copolymers could be prepared using DDMAT at pH 3 without any purification steps.
Whereas the PDMAC-PDAAM worms prepared in Chapter 2 proved to be relatively
unresponsive to changes in temperature, the PDMAC-PHBA nano-objects proved to be
remarkably thermoresponsive. Rheological studies showed that heating an aqueous
dispersion of PDMACs4-PHBA244 nano-objects from 1 °C to 20 °C resulted in an increase
in dispersion viscosity and an associated sol-to-gel transition. Further heating to 25 °C
resulted in a reduction in viscosity and a gel-to-sol transition. Heating up to 45 °C resulted
in a second sol-to-gel transition. Moreover, the CGT could be tuned by varying the
PHBA DP. However, these dispersions could not be imaged by TEM owing to the low
glass transition temperature of PHBA. To overcome this problem, DAAM was introduced

into the core by statistical copolymerisation  with  HBA.  These
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PDMACse-P(HBA-stat-DAAM)26s  diblock  copolymer nano-objects were then
crosslinked using ADH. TEM images confirmed the formation of well-defined spheres,
worms, vesicles or lamellae at 1 °C, 25 °C, 50 °C or 70 °C, respectively.
'H NMR spectroscopy studies showed that the morphological transitions that occurred on
heating were the result of uniform plasticisation of the nanoparticle cores. Hence PHBA
displays UCST-like behaviour. This observation is highly counter-intuitive given that
HBA is isomeric with HPMA and Blanazs et al. have shown that PHPMA core-forming

blocks display LCST-like behaviour.1%!

Using methylated DDMAT allowed a PDMAC:ss-P(HBA-stat-DAAM)2g7 diblock
copolymer to be prepared at pH 7. Recently, Mable et al. reported that PHPMA-PGMA
vesicles could be used to encapsulate and release silica nanoparticles.'? The neutral pH
PISA formulation prepared herein should enable the thermally-activated encapsulation
and release of either nanoparticles or proteins/enzymes within vesicles.**>* Moreover,
varying the diblock copolymer composition should enable the critical gelation
temperature (or maximum solution viscosity) to be tuned. This opens up the possibility
of using these diblock copolymer nanoparticles in cell biology applications such as a
wholly synthetic gel for 3D cell culture medium® and/or a long-term storage medium for

human stem cells.1®

It would be useful to develop a new crosslinking mechanism for the PDMAC-PHBA
nanoparticles that would enable imaging of the various copolymer morphologies without
the need for DAAM comonomer incorporation. If this can be achieved, then a direct
comparison between the differing thermoresponsive behaviours exhibited by the PHPMA
and PHBA core-forming blocks could be made. In principle, this might be achieved by

using glutaraldehyde as a crosslinker at low pH.1” The unprecedented thermoresponsive
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behaviour of the PDMAC-PHBA diblock copolymer also makes it an ideal model system
for exploring the mechanism of the vesicle-to-lamellae morphological transition. A
suitable crosslinking strategy would allow key transient intermediate species to be studied
by TEM analysis. This would also enable the mechanism for the strong hysteresis for

vesicle reformation during the cooling cycle to be examined.

In the second half of this Thesis, both salt-tolerant and salt-responsive nanoparticles were
synthesised by PISA using RAFT aqueous dispersion polymerisation. In each case,
PATAC was employed as a steric stabiliser block. PATAC is a cationic polyelectrolyte
that remains soluble even in the presence of high salinity. In Chapter 4, PATAC100 Was
used to prepare a series of PATAC100-PDAAMy spheres. DLS analysis showed that the
PATAC100-PDAAM 1500 Spheres remained stable in either 4 M KCI or 3 M ammonium
sulfate for at least 115 days at 20 °C. The same dispersion also remained stable in 3 M KCI
for 6 days at 90 °C. Such remarkably salt-tolerant cationic spheres can be envisaged for
use in high salinity, high temperature environments, e.g. enhanced oil recovery

applications.

Penfold et al.'® and Williams et al.!® showed that cationic worms and vesicles could be
prepared by chain extension of binary mixture of neutral and cationic precursors. Indeed,
simultaneous chain extension of a binary mixture of PATAC and PDMAC stabilisers
using DAAM enabled the synthesis of cationic spheres, worms and vesicles. However,
these nano-objects proved to be significantly less salt-tolerant, which is presumably

because of the lower density of PATAC chains within the steric stabiliser layer.

In Chapter 5, high molecular weight PATAC-PDMAC diblock copolymers were prepared
in a convenient, low-viscosity nanoparticle form via RAFT aqueous dispersion

polymerisation at 10 % w/w solids by exploiting the insolubility of PDMAC in 2 M
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ammonium sulfate. A four-fold dilution of such 10 % w/w PATAC-PDMAC dispersions
using deionised water resulted in complete nanoparticle dissociation to afford
molecularly-dissolved copolymer chains, as judged by DLS analysis and *H NMR
spectroscopy. When the PDMAC DP was greater than 2000, this transition was

accompanied by a significant increase in solution viscosity.

Using a monomer-starved feed protocol enabled PATACT100-PDMAC10000 diblock
copolymer nanoparticles to be prepared at 40 % w/w solids in 2 M ammonium sulfate. A
four-fold dilution of this latter dispersion with water resulted in a transparent, free-
standing gel. However, preliminary aqueous GPC studies suggest relatively low blocking
efficiencies for the chain extension of the PATAC 100 precursor with DMAC. Moreover,
reproducibility issues were sometimes encountered when using the monomer-starved
feed protocol at 40 % solids with some reactions resulting in no DMAC conversion. In
principle, a one-pot synthesis conducted on a larger scale might alleviate the problems of
poor blocking efficiency and irreproducibility for such syntheses as it would allow a
larger quantity of intiator to be used. Furthermore, other monomers could be explored to
form both the stabiliser and core-forming blocks in order to improve blocking efficiency
and broaden the scope of such high salinity PISA formulations. Given the highly
convenient dilution-triggered thickening effect and the fact that the cost, colour and
malodour of the CTA are minimised when targeting such high copolymer DPs, these

PISA syntheses are likely to offer a range of potential industrial applications.
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