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This Thesis describes the ionic liquid-directed self-assembly of block copolymers via reversible
addition-fragmentation chain transfer (RAFT)-mediated polymerisation-induced self-assembly
(PISA) to conveniently generate so-called ionogels.

Firstly, polymer solubility screenings were conducted in two hydrophilic ionic liquids (ILs), 1-ethyl-
3-methylimidazolium dicyanamide ([EMIM][DCA]) and 1-ethyl-3-methylimidazolium ethyl
sulphate ([EMIM][EtOSOs]). Subsequently, suitable polymers were identified for proceeding PISA
syntheses. Poly(2-hydroxyethyl methacrylate) (PHEMA) and poly(benzyl methacrylate) (PBzMA)
were identified as a suitable stabiliser block and core-forming block, respectively. Additionally,
benzyl methacrylate (BzMA) monomer was shown to be miscible with both ILs, enabling the
development of dispersion PISA formulations which provide the most accessible route to worm
gels.

A PHEMA macromolecular chain transfer agent was synthesised via RAFT solution polymerisation
and subsequently chain extended via RAFT dispersion polymerisation of BzZMA in [EMIM][DCA] to
afford block copolymer nanoparticles, specifically spheres, worms and vesicles, as confirmed by
dynamic light scattering (DLS), small-angle X-ray scattering (SAXS) and transmission electron
microscopy (TEM). The presence of worms enabled the formation of free-standing gels at
copolymer concentrations >4% w/w. These gels that exhibited comparable electrochemical
properties and thermal stability to [EMIM][DCA] alone. Moreover, rheological studies indicated
that stiffer gels were formed when an increasing proportion of worms was present. This PISA
formulation in [EMIM][DCA] facilitates the in situ formation of worm ionogels without the need
for crosslinkers, co-solvents or post-polymerisation processing/purification.

PHEMA-b-PBzMA nanoparticle syntheses were also conducted in [EMIM][EtOSOs]. The presence
of spheres and vesicles was confirmed by DLS and SAXS, however no gelation occurred for the
PBzMA DP range at 15% w/w and 20% w/w copolymer, indicating the absence or an insufficient
proportion of worm-like nanoparticles. This could be due to the length of the PHEMA stabiliser
block being sufficiently large to prevent fusion of 2D spheres in this specific IL, thus hindering the
ability to form anisotropic worms.
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to a range of morphologies such as spheres, worms and vesicles, primarily dictated by the value
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Figure 1.20. Schematic image of RAFT dispersion polymerisation of a range of monomer via
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Figure 3.4. Kinetic study for the RAFT dispersion polymerisation of BzZMA (target PBzMA DP = 300)
in [EMIM][DCA] at 15% w/w solids using a PHEMA3, macro-CTA: a) BzZMA conversion vs. time (blue
data) and semi-log kinetic (red data) plots; b) M, and Dy vs. BzZMA conversion. Dashed blue line
indicates linear progression of molar mass growth; ¢) DMF GPC chromatograms of aliquots taken
during the reaction where the growth of molecular weight is indicated by a shift to the left over
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Figure 3.10. Background-subtracted SAXS data obtained for 1.0% w/w PHEMA30-PBzMAgs in
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Figure 4.1. Soft but toughened ionogels synthesis from phase separation of block copolymers.’

Figure 4.2. a) Representative strain-sweep trend expected for viscoelastic materials. The crossover
of G’ and G” indicates the critical strain of degelation. b) Representative frequency-sweep trend
expected for viscoelastic materials. G’ and G’ are frequency-independent moduli, with G”’ being
considerably [OWEr than G’ .........eeee s 117
Figure 4.3. Initial G’ vs. PBzMA DP for the PHEMA30-b-PBzMA, series at 15% w/w, at a fixed angular
frequency of 6.28 rad s, shear strain of 1.0% and 25 °C. The region outlined in red denotes the
gel range based on iNVErsion teStS.....ccovvviieiii i 120
Figure 4.4. Oscillatory rheology data obtained for 15% w/w PHEMA30-PBzMA4s in [EMIM][DCA] at
25 °C. a) Strain sweep at a fixed angular frequency of 6.28 rad s and b) frequency sweep at fixed
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Figure 4.5. Oscillatory rheology data obtained for 15% w/w PHEMA30-PBzMAgs in [EMIM][DCA] at
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Figure 4.6. Oscillatory rheology data obtained for 15% w/w PHEMA30-PBzMA 146 in [EMIM][DCA] at
25 °C. a) Strain sweep at a fixed angular frequency of 6.28 rad s and b) frequency sweep at fixed
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Figure 4.7. Oscillatory rheology data obtained for 15% w/w PHEMA30-PBzMA;g¢ in [EMIM][DCA] at
25 °C. a) Strain sweep at a fixed angular frequency of 6.28 rad s and b) frequency sweep at fixed
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Figure 4.8. Oscillatory rheology data obtained for 15% w/w PHEMA30-PBzMA:0s in [EMIM][DCA] at
25 °C. a) Strain sweep at a fixed angular frequency of 6.28 rad s* and b) frequency sweep at fixed
A SEFAIN OF 1.0%6. weeiiiiiiieeeitee ettt e s et e e st e e et e s et e e e e aabee e e e anreeeeean 123
Figure 4.9. Oscillatory rheology data obtained for 15% w/w PHEMA30-PBzMA;16 in [EMIM][DCA] at
25 °C. a) Strain sweep at a fixed angular frequency of 6.28 rad s™* and b) frequency sweep at fixed
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Figure 4.10. Oscillatory rheology data obtained for 15% w/w PHEMA30-PBzMA;,5 in [EMIM][DCA]
at 25 °C. a) Strain sweep at a fixed angular frequency of 6.28 rad s and b) frequency sweep at
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Figure 4.11. Oscillatory rheology data obtained for 15% w/w PHEMA30-PBzMA;33 in [EMIM][DCA]
at 25 °C. a) Strain sweep at a fixed angular frequency of 6.28 rad s and b) frequency sweep at
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Figure 4.12. Oscillatory rheology data obtained for 15% w/w PHEMA30-PBzMA,43 in [EMIM][DCA]
at 25 °C. a) Strain sweep at a fixed angular frequency of 6.28 rad s* and b) frequency sweep at
fiXed @ STrAiN OF 1.0%6. ..evveiieiiiieieiee et e et e e e e e et e e e e e e e e s arreees 124
Figure 4.13. Oscillatory rheology data obtained for 15% w/w PHEMA30-PBzMA;so in [EMIM][DCA]
at 25 °C. a) Strain sweep at a fixed angular frequency of 6.28 rad s* and b) frequency sweep at
fiXxed @ STrAiN OF 1.0%6. ...vveiiiiiiiiiiiieee et e e e et e e e e e e st e e e e e e e e aarreees 124
Figure 4.14. Oscillatory rheology data obtained for 15% w/w PHEMA30-PBzMAes in [EMIM][DCA]
at 25 °C. a) Strain sweep at a fixed angular frequency of 6.28 rad s and b) frequency sweep at
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Figure 4.15. Oscillatory rheology data obtained for 15% w/w PHEMA30-PBzMAes in [EMIM][DCA]
at 25 °C. a) Strain sweep at a fixed angular frequency of 6.28 rad s and b) frequency sweep at
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Figure 4.16. Oscillatory rheology data obtained for 15% w/w PHEMA30-PBzMA;79 in [EMIM][DCA]
at 25 °C. a) Strain sweep at a fixed angular frequency of 6.28 rad s and b) frequency sweep at
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Figure 4.17. Oscillatory rheology data obtained for 15% w/w PHEMA30-PBzMA,g; in [EMIM][DCA]
at 25 °C. a) Strain sweep at a fixed angular frequency of 6.28 rad s and b) frequency sweep at
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Figure 4.18. Oscillatory rheology data obtained for 15% w/w PHEMA30-PBzMA30; in [EMIM][DCA]
at 25 °C. a) Strain sweep at a fixed angular frequency of 6.28 rad s and b) frequency sweep at
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Figure 4.19. Oscillatory rheology data obtained for 15% w/w PHEMA30-PBzMA314 in [EMIM][DCA]
at 25 °C. a) Strain sweep at a fixed angular frequency of 6.28 rad s and b) frequency sweep at
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Figure 4.20. Oscillatory rheology data obtained for 15% w/w PHEMA30-PBzMA317 in [EMIM][DCA]
at 25 °C. a) Strain sweep at a fixed angular frequency of 6.28 rad s and b) frequency sweep at

D e I I A= 1L oL 0 1N 127

Figure 4.21. Oscillatory rheology data obtained for 15% w/w PHEMA30-PBzMA330in [EMIM][DCA]
at 25 °C. a) Strain sweep at a fixed angular frequency of 6.28 rad s and b) frequency sweep at
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Figure 4.22. Oscillatory rheology data obtained for 15% w/w PHEMA30-PBzMA340in [EMIM][DCA]
at 25 °C. a) Strain sweep at a fixed angular frequency of 6.28 rad s and b) frequency sweep at
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Figure 4.23. Oscillatory rheology data obtained for 15% w/w PHEMA30-PBzMA3g¢ in [EMIM][DCA]
at 25 °C. a) Strain sweep at a fixed angular frequency of 6.28 rad s* and b) frequency sweep at
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Figure 4.24. Oscillatory rheology data obtained for 15% w/w PHEMA30-PBzMA446 in [EMIM][DCA]
at 25 °C. a) Strain sweep at a fixed angular frequency of 6.28 rad s* and b) frequency sweep at
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Chapter 1: Introduction

1.1 Polymers

A polymer is a long chain molecule consisting of repeating structural units, or monomers,
covalently bonded together via a polymerisation reaction. When the same monomer is used as
the repeating unit, this yields a homopolymer. Simply put, the terminology of the formed
homopolymer is poly(monomer). An example of this would be polyethylene, which is formed
when ethylene is polymerised. In order for a unit or monomer to form a polymer, functionality of
the unit is required. Simply put, the unit requires two or more sites to bond so it can link on to
another unit to form a molecular chain. For example, a diol with the functionality of two hydroxyl
groups can link to another unit that also has functionality, such as a dicarboxylic acid (with two

carboxyl groups) to form a polyester.

Polymers cannot be designated an exact molar mass and so instead, polymer molar masses in one
given sample are expressed as an average of a molecular weight distribution (MWD) whose
breadth can be characterised by a polydispersity index (PDI) or preferably, dispersity (Bm). Pm can
be calculated by dividing the number-average molecular weight (M,) by the weight-average

molecular weight (My) as shown in Equation 1.1

Dy =2 1.1

M, (defined in Equation 1.2') can be calculated by analytical techniques such as *H NMR
spectroscopy using end group analysis or using size exclusion chromatography (SEC) such as gel
permeation chromatography (GPC) in which polymer chains are separated and measured by their
hydrodynamic volume (V4) (see Section 1.2.2). M,, can also be determined by GPC, as well as other

techniques such as light scattering.

= INiM; _ Z_“’NVI 1.2
. Wi
IN; Z(Mi)

Where Miis the molar mass and N; is the number of molecules of given M. My, is defined as seen

in Equation 1.3%

_ ZIV,:M,:Z _IwiM;

= 1.3
XN;M; Iw;

My
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The average number of repeat units in a polymer chain is known as the mean degree of
polymerisation (DP). If every polymer chain in a given sample has the same M,, and M, (so Py =
1), the sample is said to be perfectly monodisperse. If Dy < 1.5, the MWD of the sample is arguably
considered to be narrow, whereas a Dv > 2.0 suggests the MWD is broad. However, these

definitions of ‘narrow’ and ‘broad’ MWDs are not objectively assigned.?

1.2 Polymer characterisation

1.2.1 Gel permeation chromatography (GPC)

Another method of characterising polymers is size exclusion chromatography (SEC), or more
specifically known as gel permeation chromatography (GPC). GPC works by separating polymer
chains based on their hydrodynamic volume thus polymer chains with different molecular weights
can be distinguished by their retention time in the GPC columns and subsequently analysed. The
process typically involves introducing a given polymer sample into the mobile phase solvent by
passing the sample through columns packed with porous beads® such as covalently crosslinked
polystyrene beads. Depending on the hydrodynamic volume of the chains, the time at which they
elute through the columns differs. Polymer chains that are smaller in size can travel through the
porous beads, take a longer path through the columns and thus elute slower, whereas larger
polymer chains cannot enter as many of the pores and thus take a shorter path through the column
and elute faster. Once the chains have eluted, they are detected, typically by using a refractive

index (RI) detector.

It is important to note that GPC is a relative technique, meaning that molecular weights that are
determined relative to a calibration standard such as poly(methyl methacrylate) (PMMA) or
polystyrene (PS) that have known molecular weights and narrow MWDs. Therefore, it is not
entirely accurate to rely on GPC to determine the exact molecular weight of polymer samples that
are not the same polymer as the calibrant. Ultimately, it is more appropriate to use this technique
in conjunction with 'H NMR spectroscopy, where M, values can be determined via end-group
analysis, albeit with its own corresponding disadvantages (e.g. the assumption that all polymer

chains contain the required end group functionality)

1.2.2 Dynamic Light Scattering (DLS)

The hydrodynamic volume (Dy) of particles in a dispersion can be measured by dynamic light

scattering (DLS). DLS takes in to account the Brownian motion of particles in order to determine
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the size of the particles®. The fundamental theory behind Brownian motion is that when particles
are dispersed in a liquid, the solvent molecules and particles are constantly colliding. Particle
movement occurs as a result of energy transmitted by other collisions. Smaller particles move
faster and are more likely to collide within a dispersion as energy transfer from collisions is
approximately constant. By contrast, larger particles will move slower. Dy can then be calculated
based on the speed at which the particles are moving, assuming that all other parameters required
such as the translational diffusion coefficient, temperature and solution viscosity are known too.

This is shown in the Stokes-Einstein equation below:

kBT 1.4

Dh=
3nnD

Where kg is the Boltzmann constant, T is the absolute temperature, n is the solution viscosity and
D is the translational diffusion coefficient* (also commonly known as the velocity of the Brownian
motion). In relation to particle size and D, smaller particles exhibit a larger D as a result of faster
movement. Despite some advantages of DLS such as being a non-invasive and fast technique,
requiring very simple sample preparation, there are also limitations. Most notably, the Stokes-
Einstein equation assumes that the particles are all spherical, thus any Dy values given is only

comparable to the diameter of a sphere.

1.2.3 Rheology of viscoelastic materials

Rheology is defined as the study of how the application of force influences deformation of states
of matter.> Deformation arises as a result of stress being applied to a material. The simplest
example of materials deformation can be shown as the process of the deformation of a cuboid
upon the application of an external force (Figure 1.1). When force is applied in one direction, this
is known as shear stress. Stress (o), in essence, is defined as force per unit area and is expressed
in Pascals (Pa). Strain (y) is defined as the deformation per unit length and arises as a result of the

application of shear stress. In other words, strain denotes the relative deformation.
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a)

Figure 1.1. a) Cuboid which has not deformed as a result of shear deformation. The height of the cuboid is
denoted as h. b) Cuboid that has undergone shear deformation as a result of the application of stress to one
face with an area (A). Strain is denoted as y, the displacement is denoted by §, and F and V denote force
applied and velocity, respectively. Adapted from Cowie.?

The rheological behaviour of polymers can be characterised macroscopically by i) the flow of
viscous liquids, ii) mechanical properties of elastic solids, and iii) viscoelasticity.! The flow of viscous
liqguids can be described by Newton’s law, which states that applied stress is independent of
resultant strain, but is proportional to the rate of strain, therefore when stress is applied,
deformation will continue until the strain rate reaches zero. In contrast, mechanical properties of
elastic solids can be expressed by Hooke’s law, which states that applied stress is proportional to
resultant strain, but independent of rate of strain, therefore a Hookean solid will reversibly return
to its original state once applied stress is removed. Both of these laws assume that only small
strains or rates of strain occur, in which typically linear behaviour is observed. However, at larger

stress or strains, non-linear behaviour is observed.

Viscoelastic materials are those that exhibit characteristics of both a liquid and a solid. Neither
Hooke’s law nor Newton’s law alone can describe this phenomenon sufficiently. Upon application
of a given frequency, viscoelastic materials can exist in either of five distinct states:
viscous/terminal, transition to flow, rubbery plateau, leathery/transition, or glassy. Typical
rheological behaviour of a polymer as a function of angular frequency is shown in Figure 1.2, where
the storage modulus (G’) represents the contribution of solid-like behaviour to the overall
properties and the loss modulus (G”) represents the liquid-like contribution. Such viscoelastic

behaviour is explored in more detail in Chapter 4, with a specific focus on gel-like materials.
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Figure 1.2. Dependence of storage (blue) and loss modulus (orange) (G’ and G”, respectively) with angular
frequency (w) of a viscoelastic material during oscillatory measurements.®

The viscoelastic properties of a material can be analysed by various different methods, for
example, stress-relaxation and creep measurements. However, most relevant to this Thesis is
measuring the viscoelastic behaviour by oscillatory measurements, where viscoelasticity can be
measured as a function of frequency, temperature and strain using a rheometer.! This viscoelastic
properties of the worm ionogels synthesised in Chapter 3 are measured using oscillatory
measurements. A range of geometries are able to be used to conduct oscillatory measurements,
such as parallel plates and cone-and-plate. The cone-and-plate geometry is used for all oscillatory
measurements in this Chapter (Figure 1.3) as it offers a constant shear rate across the sample.
Conversely, when using a parallel plate, the shear rate is zero at the centre of the plate and its

maximum value at the edge of the plate.
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Figure 1.3. Kinexus Dynamic Shear Rheometer-IIl from Netzsch Analyzing and Testing, used for oscillatory
measurements in this Thesis. The cone-and-plate geometry used for these measurements is illustrated. This
geometry can be found under the hood in the rheometer.

1.2.4 Electrochemical impedance spectroscopy (EIS)

Electrochemical impedance spectroscopy (EIS)” enables the study of electrochemical properties of
conductive materials such as diffusion and ion exchange between materials and their interfaces.?
Upon the application of a small-amplitude stimulus (i.e. a current or voltage) to a given
electrochemical material over a broad range of frequencies, the resulting response (i.e. a voltage
or current, respectively) can be measured.

In this Thesis, EIS is used to determine electrochemical properties of ionogels (Section 1.6)
synthesised. The bulk resistance of the ionogels is extracted from the x-intercept at high

frequencies of plotted Nyquist plots (example shown in Figure 1.4).
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Figure 1.4. Example of Nyquist plot obtained from electrochemical impedance spectroscopy of an ionogel.’

1.3 Polymerisation methods

Two key categories for polymerisation reactions are step growth (e.g. condensation
polymerisation) and chain (i.e. addition polymerisation). Step growth or condensation
polymerisation involves the use of monomers with polyfunctionality to yield a polymer.! An
example of this would be a simple polyester chain, which is synthesised by a condensation reaction
between a bifunctional carboxylic acid (i.e. a dicarboxylic acid) and a bifunctional alcohol (i.e. a
diol). Chain polymerisation typically utilises the reactivity of the n-bonds in a C=C bond in a vinyl
monomer to yield a polymer by forming single o bonds. In order for this to proceed, a reactive
initiating species such as a free radical or ionic initiator is required to activate the polymerisation

process.! Only chain polymerisation methods will be discussed in more detail in this Thesis.

1.3.1 Free radical (uncontrolled) polymerisation

Free radical polymerisation (FRP) is a widely known example of chain polymerisation and can be
described in three principal steps: initiation, propagation and termination. These are illustrated in

the equations below:
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N N °
%\KQX\N L» //N + 2

During initiation, the reactive initiating species typically undergoes either UV or thermally induced
decomposition via homolytic cleavage to form radical species.

UV or heat +M

Initiation l, —————— 2 ——» |-M°

The radical species immediately react with a monomer unit to form a new radical, which begins
the propagation step.
Propagation I-M® L I-M-M® (: p ')

m

During propagation, monomer units are then sequentially added to the active species, growing the

polymer chain. This yields a polymer with a degree of polymerisation m.
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Molecular weight (g mol1)

Conversion (%)

Figure 1.5. Progression of molecular weight with respect to monomer conversion during free radical
(uncontrolled) polymerisation.

Termination by combination Pn®+ P.® ———>» P,y

° + P—H

|
-
I

Termination by disproportionation P,* + P,

Termination can then occur in one of two ways: combination or disproportionation. Termination
by combination involves the direct coupling of two radical species that results in a ‘dead’ polymer?
with a DP of m+n, the sum of the DPs of both radical species involved in this termination event.
Termination by disproportionation occurs from the transfer of an atom from one radical to another,
e.g. hydrogen, resulting in the formation of two dead polymer chains where one possesses an
unsaturated chain end, and one containing the transferred hydrogen.

As well as the three key steps that occur during free-radical polymerisation, a number of side
reactions can also occur which can terminate the growth of the original polymer chain.? Transfer

to initiator occurs when an initiator that has not yet decomposed (i.e. has not yet undergone
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homolytic cleavage) reacts with an active polymer chain to yield an active initiator species and a
dead polymer chain that is initiator-capped which can then continue on to form new polymer

chains.

. ege L4 °
Transfer to initiator Pm°+ l, — P+ I

Transfer to polymer occurs when a hydrogen abstracts from a polymer chain onto a polymer
radical, leading to branching, both short and chain by either intra- or intermolecular transfer,

respectively.

[ J
Transfer to polymer P+ P —— P+ P

Transfer to monomer or solvent is also possible, where a solvent or monomer hydrogen atom is

transferred to a polymer radical to form monomer or solvent active radical species.

Pn + M®

Y

[ )
Transfer to monomer Pno + M

Transfer to solvent P.*+ S > P, +5°

All active species formed during these side reactions can be seen as initiator fragments which are
then able to form new polymer chains, therefore are assumed to not hinder polymerisation

kinetics.

1.3.2 Reversible deactivation radical polymerisation (RDRP)

Reversible deactivation radical polymerisation (RDRP), also known as pseudo-living polymerisation
19 has been and is continuing to become a substantially popular polymerisation method. RDRP has
become particularly prevalent over the past 30 years due to the exquisite control and versatility
that it provides for the polymerisation of vinyl monomers.!! In comparison to free radical
(uncontrolled) polymerisation, RDRP is facilitated by reversible deactivation of propagating radicals
which in turn provides an equilibrium between dormant and active polymer chains.'? Examples of
RDRP techniques include atom transfer radical polymerisation (ATRP), nitroxide-mediated
polymerisation (NMP) and reversible addition-fragmentation chain transfer (RAFT) polymerisation.
This allows for the synthesis of well-defined polymers (notably block copolymers) with narrow

MWDs and control over pre-determined molecular weight.!3
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Block copolymers generally consist of two or more discrete blocks that are covalently bonded
together and are chemically distinct.* 1> The simplest example of a block copolymer is an AB
diblock copolymer, which is synthesised by a two-step process.! The synthesis of block copolymers
can be carried out via sequential monomer addition or post-polymerisation coupling reactions,
both of which give access to a range of polymer architectures (Figure 1.6). In particular, sequential
addition polymerisation via controlled polymerisations techniques enables the use of a versatile

range of monomers and conditions with a conveniently facile experimental setup.®

a) b) c)

N - N o P P o~ o~
AB diblock AB triblock AB alternating diblock
copolymer copolymer copolymer

e)
d)

TN T~ N

Graft copolymer AB star copolymer

Figure 1.6. Examples of copolymer architectures that can be generated by the syntheses of block
copolymers, where a), b) and c) are examples of linear architectures. Non-linear architecture examples are
shown ind), and e).™

1.3.2.1 Reversible addition-fragmentation chain transfer (RAFT) polymerisation

Reversible addition-fragmentation chain transfer (RAFT) has been established as a widely popular
and convenient polymerisation technique, ever since it was first reported in 1998 by Chiefari et
al.'” Unlike other previously mentioned RDRP techniques, RAFT is alternatively termed a
degenerative chain transfer process which enables the reversible deactivation of propagating
radicals thus reducing the concentration of active species and subsequently limiting termination
events ¥ (Scheme 1.1). RAFT polymerisation has received considerably increased attention in
recent years due to being more amenable to some functional groups that techniques such as ATRP
is not able to accommodate such as polymers that contain carboxyl groups (-COOH) and sulphonic

acid groups (-SO3H).%°

A 2017 review by Perrier'® highlighted the continuous increase in the utilisation of RAFT
polymerisation, particularly over the past two decades. At the time of publication of this review,
there were over 8000 publications utilising RAFT including 300 reviews and over 1000 patents

covering a vast range of applications such as biomedical and materials science etc. RAFT requires
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the use of a chain transfer agent (CTA)? which have a general structure S=C(Z)-S-R. Examples of
CTAs include trithiocarbonates and dithioesters, both of which display the highest rates of radical
addition and contain a sulphur or carbon atom adjacent to the thiocarbonyl group, respectively.
Termination events that occur during free radical polymerisation are significantly suppressed
during RAFT polymerisation. This is the primary role of the CTA, which enables the rapid
establishment of an equilibrium between active and dormant polymer chains'®. A RAFT agent can
also be a xanthate or a dithiocarbamate, both of which exhibit slower rates of radical addition than
the former CTAs mentioned.!” * These possess an oxygen and nitrogen atom adjacent to the
thiocarbonyl group, respectively. The former more reactive and latter less reactive examples are

illustrated in Figure 1.7.

S s S S
R R R R
~ )J\ - R' )J\ R ™~ )L ~ R' )-k R
e s ~g s T s ~o s~
R R™ .
R
Dithioesters Trithiocarbonates Dithiocarbamates Xanthates

Figure 1.7. General structures of RAFT CTAs. CTA selection is dependent on the choice of monomer. The
groups in blue represent the Z-group of the CTA.

Similar to free radical polymerisation, RAFT polymerisation comprises an initiation, propagation,
and termination step. The mechanism for RAFT polymerisation technique is illustrated in Scheme

1.1, as this is the technique that is utilised throughout this Thesis.
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Initiation and propagation:

UVorheat = +M . +M
Radical source ———» | ———» [-M — 5 P.°*

Reversible chain transfer and propagation:

Reinitiation:

. . +M
R*+M —» RM — % P

Chain equilibration and propagation:

Pm. + S S—P, . P, ——S §—P, ———= Ppn——S S + P,
Z z z

Termination:
Py P R" |I* —— 'Dead polymer chains

Scheme 1.1. The mechanism of RAFT polymerisation'®

To initiate a RAFT polymerisation, radicals are introduced into the system by thermal- or photo-
decomposition of a radical source, as with free-radical polymerisation. After the radical species are
initiated, propagation results in the insertion of monomer units between the R- and S=C(Z)-S
groups. The reactivity and therefore the choice of CTA for a reaction is dependent on its
compatibility with the selected monomer. More specifically, for a RAFT polymerisation to be
successful, the Z- and R- groups of the CTA need to be mindfully chosen such that the C=S bond is
more reactive to radical addition relative to the C=C bond of the monomer as this will give
optimum control of the RAFT polymerisation. This is primarily the responsibility of the Z-group in
addition to maintaining stability of the intermediate radical. For the most effective R-group, a fine
balance between steric effects and radical stability needs to be achieved. In order to attain this
balance, the R-group must have the ability to form radicals with sufficient stability to promote R*
as a leaving group with this new radical species exhibiting appropriate reactivity so that it can add
to monomer and initiate the growth of new polymer chains.® For this reason, the R* radical species
formed during reversible chain transfer (Scheme 1.1) should ideally be of similar reactivity to the

monomer radical, M°.
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Vinyl monomers are assigned in two different groups on the basis of their reactivity: more
activated monomers (MAMs) and less activated monomers (LAMs). The vinyl group in MAMs is
conjugated to one of the following four groups: a nitrile (e.g. acrylonitrile), an aromatic ring (e.g.
styrene), a carbonyl group (acrylates and methacrylates). To achieve controlled polymerisation of
MAMs, dithioester and trithiocarbonate RAFT agents are most suitable. LAMs possess a double
bond beside an electron-rich atom or group such as oxygen, nitrogen, halogens, sulphur or a
saturated carbon. In order to attain controlled polymerisation of LAMs, dithiocarbamates or
xanthates are a most appropriate choice of CTA. Examples of LAMs include vinyl chlorides and 1-
alkenes®®. Keddie et al.*! reported a comprehensive guide to selecting appropriate CTAs for the

polymerisation of a given monomer class (Figure 1.8).

a) R group
CH3 CH3 H CH3 CH3 CH3 CH3 H CH3
Fcn- |—Ph>|_ph F-pPh> |-COOEt >>|-CH,}-CH; ~}-CN~ |-Ph> |-CH;~ |—CN |—Ph
CHs; CH; COOEtCN  CHj CH; CHs; H CHz CHj
MAMs MMA, HPAM -
MAMS < St, MA, AM, AN -
VAc, NVP, NV
LAMs ~-=--cm-mceccsccccccncnnocmamcnennaat =i b 2 O — e
b) Z group

0
== .Me N= Me Me
Ph>> S-Ak>N__|> N ~Me~N\;>>N .0oPh>0Et~ N-Me~ N-Me L NED,

0 le©

N
H
MK MMA, HPAM .
- St MA,AM(AN =
VAc, NVP, NVC
LAMs P T — B : -

Figure 1.8. Guidelines for the selection of a) R groups and b) Z groups within chain transfer agents to provide
control over RAFT polymerisations.'® & 2
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1.3.3 Block copolymer synthesis via RAFT polymerisation

RAFT polymerisation is conceivably the most adaptable RDRP technique for developing block
copolymers, as a result of the extensive choice for functional monomers, solvents and reaction
conditions that RAFT is compatible with.?! Typically, block copolymers prepared via RAFT
polymerisation involves the incorporation of two or more monomers through sequential
polymerisation (Scheme 1.2). Prior to each additional polymerisation, a purification step is often

required to remove residual unreacted monomer.

X )A\
X A X
I o S L e e
z RAFT Z Y RAFT Z B Y

Scheme 1.2. Sequential RAFT polymerisations to form block copolymers.?!

The order of which the monomers can be sequentially added into a block copolymer is crucial. The
macro-CTA formed (i.e. the first block) must have, as previously discussed, an R group that is
sufficient as a homolytic leaving group with respect to the propagating radical of the second
monomer and should also have the ability to reinitiate the growth of further polymer chains of the
second monomer. Moreover, monomers that produce stable tertiary propagating radicals such as
methacrylates and methacrylamides should be utilised to prepare macro-CTAs for the chain
extension of monomers that produce stabilised secondary propagating radicals such as styrenes,
acrylamides and acrylates. Vinyl esters and vinyl amides should be sequentially added onto macro-
CTAs of either of the former groups (methacrylates, methacrylamides, styrenes, acrylamides,
acrylates) as they exhibit the most reactive secondary propagating radicals out of the potential R

groups mentioned.??

1.4 Self-assembly

1.4.1 Block copolymer self-assembly

Analogous to surfactants, block copolymers can undergo self-assembly in the bulk and in solution.
Microphase separation can be observed in the bulk as a result of enthalpicincompatibility between
the two blocks. Essentially, microphase separation occurs in order to minimise the Gibbs-free
energy of mixing. Because the blocks are bonded covalently, macroscopic phase separation is

prevented.'® In a typical AB diblock copolymer, microphase separation is dependent on three
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parameters: i) the relative volume fractions of the two blocks, denoted as fa and fs where the sum
of these is always equal to 1; ii) the total degree of polymerisation, denoted as N, which is the sum
of each block’s degree of polymerisation, further denoted as Na and Ng; and iii) the Flory-Huggins
parameter, yas. This xas parameter dictates the degree of incompatibility between the A and B
blocks, which essentially drives the microphase separation.'* The incompatibility between the A

and B blocks is dependent on temperature, which the relationship is given by:

z 1
XaB = (kB_T) [eaB — E(SAA + epp)] 1.5

Where z is the number of nearest neighbours per repeat unit in the polymer, kg is the Boltzmann
constant, kgT is the thermal energy, €as, €aa, and €88 are the interaction energies per repeat unit for
A-B, A-A and B-B, respectively. With increasing temperature, the incompatibility between the A
and B block decreases and the copolymers can become homogenous. In other words, an increase
in temperature enables an order-to-disorder transition (ODT), and so the copolymer becomes
disordered. The temperature at which this transition occurs is denoted as Topr. * Likewise, ODT can
be observed upon decreasing yN. Generally, with increasing fa at a fixed YN above the (ODT) where
xN > 10.5, order-to-order transitions are seen, progressing from closely packed spheres (CPS), to
spherical (S), cylindrical (C), gyroidal (G) and lamellae (L).*® When the compositions are inverted
i.e. when fa > fs, morphological inversion is observed. These morphological changes were theorised

1.2:24 and Matsen et al.>>*’ The changes were also experimentally

by Liebler? as well as Bates et a
observed by Khandpur et al.® as shown in Figure 1.6c. The self-consistent mean-field (SCMF)
theory has been used for phase behaviour predictions for bulk self-assembly of block copolymers

(Figure 1.9).
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Disordered
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Figure 1.9. a) lllustrations of microphase-separated structures which can be observed upon bulk self-
assembly of block copolymers where S and S’ are body centred cubic spheres, C and C' are hexagonally
packed cylinders, G and G’ are bicontinuous gyroids, and L is lamellae. b) Phase diagram predicted by the
self-consistent mean-field theory, where morphology is dictated by the block volume fraction (f) and the
segregation parameter (yN). Closely packed spheres is denoted as CPS and CPS’. c) phase diagram for
experimentally-determined polyisoprene-block-polystyrene block copolymers where fa is the volume
fraction of the polyisoprene block. Perforated lamellae is abbreviated to PL.1% 6 28

When a solvent is introduced into the block copolymer system, self-assembly in solution becomes
increasingly complex. For example, when an AB diblock copolymer is in a single solvent that is
selective towards one of the blocks, there are three notable y parameters to consider: A block-

solvent interaction (xas), B block-solvent interaction (xss) and A block-B block interaction (yas).

1.4.2 Polymerisation-induced self-assembly (PISA)

Self-assembly of block copolymers can be undertaken in solution. Polymerisation-induced self-
assembly (PISA) has been well established as an efficient and versatile method for generating well-
defined block copolymer nanoparticles. Unlike traditional solution self-assembly, which is typically
conducted in dilute solutions (<1% w/w),?° nanoparticles can be generated at high solids content
(£50% w/w)*® when utilising PISA. Additionally, PISA eliminates the requirement for post-
polymerisation processing such as thin film rehydration, and pH or solvent switching.?® In a typical

PISA synthesis, a functionalised polymer that is selective towards the chosen reaction solvent
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(therefore termed the solvophilic block) is synthesised via a chosen RDRP technique. The polymer
is then chain extended with a monomer that yields a solvophobic block, which induces self-
assembly and gives rise to a range of different nano-objects varying in size and shape.3° PISA can
be conducted via either emulsion or dispersion polymerisation, depending on whether the

monomer is immiscible or miscible with the chosen solvent, respectively.

A range of RDRP-mediated PISA formulations have been reported. Nitroxide mediated

polymerisation-induced self-assembly (NMPISA) has been thoroughly investigated by Charleux and

31-36 34, 37-40

co-workers amongst others, which typically involves the chain extension of a solvophilic
(macro)alkoxyamine via the polymerisation of vinyl monomers to yield block copolymers with a
solvophobic second block.** Additionally, atom transfer radical polymerisation (ATRP)-mediated
PISA has been utilised.***> However, this method is limited to its application output as a result of
the requirement of a transition metal catalyst, which can introduce toxicity into the polymeric
nanoparticles upon self-assembly, which is particularly unsuitable for biomedical applications.*®
On the other hand, post polymerisation processes such as dialysis can be implemented in order to

combat this issue.*?

Although it was previously not the preferred term, PISA was first developed over 20 years ago by

1.*” where a water-soluble poly(acrylic acid) macromolecular chain transfer agent

Ferguson et a
(macro-CTA) was chain extended via the slow-feed emulsion polymerisation of n-butyl acrylate to
yield micelles. Today, RAFT-PISA has arguably had the most academic interest amongst all of the

RDRP-mediated PISA techniques.®® This is due to the versatility of RAFT, where a vast range of

20, 49-51 51-55

monomer and solvent choices including water, other polar solvents, and non-polar

solvents.? >¢%! can be employed, as well as being highly compatible with reaction conditions.®?
This means robust and convenient protocols for developing block copolymer nanoparticles such
as spheres, worms and vesicles can be readily achieved. Of particular interest, PISA has been,
though not extensively, conducted in ionic liquids.®® ® Importantly, synthesising worm-like
micelles via PISA can provide a route to fabricating soft gel materials at considerably low polymer

concentrations (>3% w/w)®°

The typical synthesis of a block copolymer via RAFT-PISA dispersion polymerisation is shown in

Figure 1.10.
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Soluble macro-CTA Polymerization-Induced Self-Assembly
(PISA)

v

Miscible l
monomer
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p<ly,

Vesicles
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Figure 1.10. Schematic representation of RAFT-PISA under dispersion conditions, in which a solvophilic
macromolecular chain transfer agent (red) is chain extended with a miscible monomer to yield an insoluble
polymer block, also known as the core-forming block (blue). This can give rise to a range of morphologies
such as spheres, worms and vesicles, primarily dictated by the value of the packing parameter, P. Pis defined
in terms of: V, which denotes the volume of the core-forming block; ao, which denotes the optimal head-
group area inhabited by the stabiliser block; and /., which denotes the length of the core-forming block.®®

1.4.3 Synthesis of worm gels via RAFT-PISA

As previously stated, synthesising worm-like micelles can provide a convenient route to generating
soft gels with low polymer concentrations. Soft gels can be formed when there are sufficient inter-
worm contacts to result in physical entanglement thus inducing gelation. This interesting method
can be used to develop so-called ionogels (discussed in more detail in Section 1.6) in which
traditionally, copolymer concentrations are required to be relatively higher (up to 10% w/w)® in
order to form the ionogels. The fabrication of worm gels via the synthesis of diblock copolymers
has been explored for over two decades® for a wide range of applications such as sterilisable gels

(Figure 1.11),%8 cell culture® drug delivery,”® 7 and viscosity modification.”?

G.L. Maitland, PhD Thesis, Aston University, 2024 20



Chapter 1: Introduction

(b) Non-filtered Filtered

Figure 1.11. Non-filtered and ultrafiltered copolymer worm gels. The non-filtered worm gel shows
substantial bacterial growth, whereas the ultrafiltered worm gel indicates complete removal of S. aureus
bacteria.®

In particular, RAFT-PISA has enabled the synthesis of diblock copolymer worm gels in a wide range

44,49, 68,73, 74 nolar solvents (such as lower alcohols)””” and non-polar

of media, including water,
solvents (such as n-alkanes).””” > 7® Worms typically occupy a relatively narrow phase space
between spheres and vesicles, and therefore can be more challenging to obtain.” However, with
sufficient synthetic endeavour and exploring a range of experimental parameters, the preparation

of worms as well as spheres and vesicles can be achieved.

Interestingly, worm gels prepared via dispersion PISA can often display thermoresponsive
behaviour, in which reversible worm-to-sphere morphological transitions can be observed upon
cooling in aqueous formulations®® (Figure 1.12), or heating in n-alkanes and ethanol. Armes and
co-workers have comprehensively investigated these phenomena.>® 8 738083 Eor example, Blanazs

etal.®®

reported the formation of well-defined biocompatible block copolymers that could be used
as promising sterilisable gels for biomedical applications. A poly(glycerol monomethacrylate)
(PGMA) macro-CTA was synthesised via RAFT solution polymerisation of glycerol
monomethacrylate. The PGMA macro-CTA was then chain extended using 2-hydroxypropyl
methacrylate via RAFT aqueous dispersion polymerisation, affording a poly(glycerol
monomethacrylate)-block-poly(2-hydroxypropyl = methacrylate) (PGMA-b-PHPMA)  diblock
copolymer. Free-standing soft gels were formed as a result of the presence of worm-like
nanoparticles, which upon cooling to 4 °C, transitioned into spheres causing immediate degelation
(Figure 1.11). Utilising this unique property, the worm gels were deliberately contaminated with

dye-tagged bacteria, S. aureus, and subsequently ultrafiltered at 4 °C to assess the sterilisable

capabilities of the worm gels.
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Free-standing
wormlike micelle
gel at 21°C

G55y

Free-flowing
spherical micelle
solution at 4°C

Figure 1.12. Thermoresponsive diblock copolymer nanoparticles prepared in water reported by Blanazs et
al. where upon heating, worm-like micelles are observed, and upon cooling a free-flowing solution
containing spherical nanoparticles are present, as confirmed by TEM. %8

More recently, phosphorylcholine-based thermoresponsive worm gels were investigated for their
suitability for biomedical applications. Based on prior research,** Beattie et al.®® reported the
synthesis of thermoresponsive poly(2-(methacryloyloxy)ethyl phosphorylcholine)-block-poly(2-
hydroxypropyl methacrylate) (PMPC-b-PHPMA) diblock copolymer worm gels. Two PMPC
precursors (actual DP = 15 and 26) were synthesised and utilised as the stabiliser block for the
synthesis of the PMPC-b-PHPMA block copolymers via RAFT dispersion polymerisation of HPMA in
water to afford worms with differing thicknesses. Block copolymers synthesised using PMPCis
macro-CTA enabled thin worm formation that in turn enabled thermoresponsive behaviour. In
contrast, using PMPCy;s macro-CTA afforded thicker worms which did not exhibit any

thermoresponsive behaviour.

The length of the stabiliser block has been shown to affect the range of morphologies obtained in
some formulations. In some cases, if the stabiliser block is too long, this can lead to kinetically
trapped spherical morphologies. It has been reported that shortening the stabiliser block has
successfully enabled the formation of worm-like morphologies. Fielding et al.>’ reported accessing
higher order morphologies as a result of using a relatively shorter stabiliser block in the synthesis
of poly(lauryl methacrylate)-block-poly(benzyl methacrylate) (PLMAx-b-PBzMA,) block copolymers
in n-heptane. When chain extending PLMA3; macro-CTA via RAFT dispersion polymerisation of
benzyl methacrylate (BzMA), only spheres were generated. In contrast, chain extension using a
shorter stabiliser block, a PLMA;7 macro-CTA to yield (for example) PLMA;7-b-PBzMAg3, anisotropic

worms were observed.
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On the contrary, reducing the length of the stabiliser block has also been reported to have been

unsuccessful in some cases. Docherty et al.8

reported the synthesis of epoxy functional block
copolymers via RAFT dispersion polymerisation of glycidyl methacrylate in mineral oil to yield
functionalised spheres. Two different poly(stearyl methacrylate) (PSMA) macro CTAs, PSMA ;5 and
PSMA;; were chain extended with BzMA, targeting PBzMA DPs between 50-300 and 50-400 for
each macro-CTA, respectively, in an effort to access higher order morphologies such as worms.
Despite shortening the stabiliser block, worms could not be accessed as a result of ample steric
stabilisation provided by the stabiliser block therefore preventing 1D fusion of the spheres to yield

worms.?° To combat this, the stabiliser block was shortened more, to PSMAs macro-CTA to afford

access to spheres, worms and vesicles (Figure 1.13).8°

(a) SoGlys, spheres (c) SoGly; s, vesicles

Figure 1.13. Representative TEM images of 0.10% w/w dispersions of poly(stearyl methacrylate)-block-

poly(glycidyl methacrylate) (PSMAs-b-PGlyMA, or Se-Glyy) for a) Se-Glyso (spheres), b) Se-Gly;s (worms) and
¢)Se-Gly1so (vesicles). Digital images of each dispersion is also shown to the right of each TEM image.®

Higher order morphologies can also be accessed by tuning the glass transition temperature (Tg) of
the core-forming block. Gyorgy et al.%¢ reported the RAFT statistical copolymerisation of lauryl
methacrylate (LMA) with methyl methacrylate (MMA) in mineral oil, which subsequently afforded
access to spheres, worms and vesicles (Figure 1.14). Incorporating LMA into the core-forming block
enabled the T, to be lowered, therefore the growing polymer chains were more mobile than in a
previous study®” where only poly(methyl methacrylate (PMMA) was present in the core-forming
block. Furthermore, the higher T, of the PMMA block led to the formation of only kinetically

trapped spheres, as a result of the PMMA block’s stiffness and immobility.
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(a) No LMA (b) 5 mol% LMA || (c) 10 mol% LMA
within the core within the core within the core

Ariote )

Figure 1.14.Transmission electron microscopy images obtained when targeting (a) PLMA2,—PMMAq (T of
core forming block 111°C), (b) PLMA2,-b-P(0.95MMA-stat-0.05LMA)q0 (Tg = 99 °C), or (c) PLMA,,-b-
P(0.9MMA-stat-0.1LMA )00 (T = 82 °C).8¢

Interestingly, PISA has been conducted in an extensive range of solvents such as alcohols>%>* > 7>
8893 non-polar?® 337619497 and aqueous.*® %8192 |n addition to the previously discussed variables,
the choice of solvent has also been shown to affect which morphologies can be accessed in some

formulations. For example, Jones et al.%

reported the synthesis of poly(N,N-dimethylacrylamide)-
block-(poly(benzyl methacrylate) (PDMA4-b-PBzMA,) block copolymers via dispersion
polymerisation of BzZMA in ethanol and ethanol/water mixtures. By systematically increasing the
proportion of water in a particular system, faster kinetics was observed. When anhydrous ethanol
was used, 35% BzMA monomer conversion was reached after 300 minutes. In contrast, when
water was introduced into the system at 20% w/w, 90% conversion was reached after 300 minutes.
Despite leading to faster kinetics, introduction of water into the system, so that the solvent system
was 80:20 w/w ethanol/water, hindered access to higher order morphologies and only kinetically

trapped spheres were formed, whereas using anhydrous ethanol allowed for formation of spheres,

worms and vesicles (Figure 1.15).
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Figure 1.15. Phase diagram showing morphologies obtained for PDMA43-b-PBzMA, diblock copolymers
with respect to water content in the ethanol/water mixtures for the RAFT dispersion polymerisation of
BzMA.103

Kang et al.® described the preparation of nucleobase-containing block copolymers via reversible
addition-fragmentation chain transfer (RAFT) dispersion polymerisation of adenine-containing
methacrylate or an adenine containing- and thymine-containing methacrylate mixture in both
chloroform and 1,4-dioxane. When PISA was conducted in chloroform, only spherical micelles
could be accessed. On the other hand, when using 1,4-dioxane, higher order morphologies such
as cylinders and lamellae could be accessed as a result of improved chain mobility of the core-
forming blocks. This was attributed the increased solubility of the core-forming blocks in 1,4-

dioxane compared to chloroform.

Derry et al.”® investigated and reported the preparation of poly(lauryl methacrylate)-block-
poly(benzyl methacrylate) (PLMAx-b-PBzMA,) block copolymer nanoparticles in mineral oil and
poly(a-olefin) (PAQ) oil as the continuous phases at a range of copolymer concentrations. It was

found that worm phases could be accessed in both solvents (Figure 1.16).
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Figure 1.16. Phase diagrams constructed for a) PLMA1s-b-PBzMA, diblock nanoparticles prepared by RAFT
dispersion polymerisation of BzZMA in mineral oil, and b) PLMA16-b-PBzMA, diblock copolymer
nanoparticles prepared by RAFT dispersion polymerisation of benzyl methacrylate in poly(a-olefin) oil.?®

Furthermore, pure worm phases could be observed at 20% w/w solids for PLMA1s-b-PBzMAys in
mineral oil. On the other hand, the same block copolymer at this concentration in PAQO yielded a
mixed phase of spheres, worms and vesicles (Figure 1.17), thus emphasising the effect of solvent

on the obtained block copolymer nanoparticles formed via PISA.
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Figure 1.17.TEM images of morphologies obtained of PLMAis-b-PBzMA3s in mineral oil and PAO at 20%
w/w solids. PLMA;s-b-PBzMA;s block copolymers formed in mineral oil results in the formation of pure
worm phases. In contrast, a mixed phase of spheres, worms and vesicles is obtained in PAO.?°

1.5 lonic liquids

Since their first introduction into the literature in 1914,'% there has been extensive academic
interest of ionic liquids (ILs). More specifically, there has been an emerging trend in the scientific
community for utilising ILs over the past two decades.® This is due to their beneficial
physicochemical properties, such as their high ionic conductivity and thermal stability and being
practically non-volatile and non-flammable. Thus, ILs have been investigated as a more desirable
alternative to conventional organic solvents in a range of applications. ILs generally constitute an
anion and a cation component, of which there is an almost inexhaustible combination. As a result,
ILs can be tailored towards specific applications depending on the selected combination, a
characteristic that conventional organic solvents cannot offer.2%” For example, they can be tuned
to offer the ability to hydrogen bond or be designed such that they are more hydrophobic or
hydrophilic. However, this is not a comprehensive list. Some examples of anions and cations that

are commonly used are illustrated in Figure 1.18.
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Figure 1.18. Common anions and cations that can be combined to yield ionic liquids. R = H or alkyl group3°

lonic liquids have substantial industrial relevance.'®” Despite being relatively more expensive to
obtain than organic solvents, their ability to be readily recovered by distillation or extraction and
therefore recycled means that the cost can be conveniently reduced in order to utilise them, 08110

Interestingly, ILs have received interest in the biomedical field for applications such as drug/gene

115-117 118,119

delivery,!1! tissue engineering, and antimicrobial agents.

1.5.1 Block copolymer self-assembly in ionic liquids

Block copolymer self-assembly in ionic liquids over the past few years has been extensively
reported.’?® The earliest example of this method is demonstrated by He et al.'?! where block
copolymer micelles were prepared by the self-assembly of a range of amphiphilic poly((1,2-
butadiene)-block-ethylene oxide) (PB-b-PEO) block copolymers in the hydrophobic 1-butyl-3-
methylimidazolium hexafluorophosphate ([BMIM][PFs]) at 1% w/w solids. By varying the length of

the core-forming PEO block, a range of morphologies could be systematically generated,
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progressing from spheres, to cylindrical micelles, to vesicles, all of which were confirmed by cryo-
transmission electron microscopy (cryo-TEM) analysis. Simone et al.}?? also demonstrated block
copolymer self-assembly in [BMIM][PFs]. Varying in their block composition, three polystyrene-
block-poly(methyl methacrylate) (PS-b-PMMA) diblock copolymers were synthesised via anionic
polymerisation in tetrahydrofuran (THF) before dissolution in [BMIM][PF¢] with the aid of
dichloromethane co-solvent, which was subsequently removed alongside any residual absorbed
water. As a result, block copolymer micelles were yielded as confirmed by cryo-TEM and DLS,
following progression from spheres to cylinders upon relatively shortening the [BMIM][PFg]-
selective PMMA block. Frozen micellar morphologies were observed, attributed to the high glass

transition temperature of the PS core-forming block.

Stimuli-responsive polymers can be utilised for block copolymer self-assembly in ionic liquids to
yield specifically desired morphologies.'?*'?° For example, Lan et al.**’ reported the self-assembly
of photo- and thermoresponsive diblock copolymers in ionic liquids that showed promise to be
utilised as actuators. The solvent-selective block, poly(N,N-dimethylacrylamide) was synthesised
via RAFT solution polymerisation, and subsequently chain extended via RAFT copolymerisation of
4-phenylazophenylmethacrylate (AzoMA) and n-butyl acrylate (n-BA) in 1,4-dioxane to ultimately
yield a poly(N,N-dimethylacrylamide)-block-poly(4-phenylazophenylmethacrylate-random-butyl
acrylate) (PDMA-b-(P(AzoMA-r-BA)) block copolymer, in which the P(AzoMA-r-BA) exhibited a
lower critical solution temperature (LCST), enabling complete dissolution in the ILs at low
temperatures. In two different imidazolium-based ionic liquids, the block copolymer exhibited a
varied lower critical micellisation temperature (LCMT) depending on the ratio mixture of ionic
liquids, and the content as well as the conformation of the azo group present in the core-forming
block. This tunability enabled reversible micellisation/dissolution to occur upon exposure to either

visible or ultraviolet light near room temperature (Figure 1.19).
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Figure 1.19. Schematic representation of reversible micellisation/dissolution at room temperature upon
exposure to visible or ultraviolet light.?’

1.5.2 RAFT-PISA in ionic liquids

Thus far, there have been very few reports of PISA being conducted in ILs. Zhang and Zhu®
reported the synthesis of a series of diblock copolymers in a relatively hydrophobic ionic liquid, 1-
butyl-3-methylimidazolium hexafluorophosphate ([BMIM][PFs]), whereby a functionalised
poly(ethylene glycol) (PEG) was chain extended using three different monomers (2-hydroxyethyl
methacrylate, styrene and n-butyl methacrylate) via RAFT dispersion polymerisation (Figure 1.20).
This seminal work demonstrates the potential for preparing dispersions of functional block
copolymer nanoparticles in ILs via convenient PISA protocols, however only isotropic nanoparticles
(spheres and vesicles) were successfully obtained as confirmed by transmission electron

microscopy (TEM) studies.
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Figure 1.20. Schematic image of RAFT dispersion polymerisation of a range of monomer via
polymerisation-induced self-assembly in 1-butyl-3-methylimidazolium hexafluorophosphate ([BMIM][PF¢])
to yield vesicular morphologies. Reproduced from Zhang et al.%

Similarly, Zhou et al.** also reported the preparation of spherical nanoparticles, specifically
nanospheres and vesicles, by RAFT dispersion polymerisation of styrene in [BMIM][PF¢] using a
PEG macro-CTA. In this study, the same block copolymer was also synthesised using an alcoholic
PISA formulation in order to assess the effect of solvent choice on reaction time, determined by
kinetic studies. It was concluded that block copolymer synthesis carried out in the IL was faster
(monomer conversion reached 94.5% within 12 hours) than the syntheses conducted in both
methanol and a methanol/water mixture where monomer conversions reached only

approximately 19% and 65.7%, respectively, within 12 hours.

More recently, Yamanaka et al.'*° carried out in-situ monitoring of PISA and gelation of triblock
copolymers in [BMIM][PF¢]. For the first time, the gelation process of a PHEMA-b-PEG-b-PHEMA
triblock copolymer was monitored by time-resolved X-ray scattering and rheology (Figure 1.21).
Gelation in this case occurred as a result of the interconnection of the spherical PHEMA domains
by the PEG blocks, leading to kinetically trapped spherical morphologies. Additionally, gelation was
only possible at 210% w/w solids concentration. Gelation was not observed at a concentration of
5% w/w as evidenced by the lack of increase in storage and loss moduli throughout the

polymerisation.
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Figure 1.21. Schematic illustration of the PISA process of triblock copolymers to induce gelation monitored
by time-resolved rheology.**°

Demarteau et al. 3! reported the synthesis of poly(ionic liquid)-containing block copolymers via
emulsion PISA yielding spherical particles with diameters ranging from 200 to 300 nm. The
hydrophilic IL diallyldimethylammonium chloride (DADMAC) was functionalised using a two
different macromolecular design via the interchange of xanthates (MADIX) agents via a RAFT
polymerisation to form mono- and di- functional poly (diallyldimethylammonium chloride) macro-
CTAs (PDADMAC). Di- and tri-block copolymers were then synthesised via RAFT emulsion

polymerisation of styrene to yield polyelectrolyte latexes of spherical morphologies (Figure 1.22).
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Figure 1.22. Schematic representation of the formation of ionogels by chain extending difunctional
poly(dimethyldiallylammonium-bis(trifluoromethanesulfonyl)imide) (PDADMATFSI) macro-CTAs via RAFT
emulsion polymerisation of styrene in water, followed by a solvent-casting process.*3!

Yang et al.'*? described the synthesis of poly(ionic liquid)-containing nano-objects via RAFT
dispersion  polymerisation  of  1-butyl-3-(4-vinylbenzyl)imidazolium  tetrafluoroborate
([BVBIM][BF4]) in ethanol using a PDMA macro-CTA as the stabiliser block. Interestingly, this
formulation yielded spheres, worms, and vesicles as confirmed by TEM, all observed by
systematically changing parameters such as the weight concentration and target DP of the

poly(ionic liquid) block.

As shown from the literature reported, PISA in ILs has been somewhat overlooked. Furthermore,
only spherical nanoparticles have been yielded in such formulations whereas worms have not yet
been demonstrated.®® Therefore, there is much promise to extend the scope of ionic liquid PISA

formulations.

1.6 lonogels and their electrochemical applications

lonogels are defined as gel materials that are composed of ionic liquids immobilised in a matrix

3 or inorganic networks®°. Inorganic networks can be composed of, for

made up of organic®
example, Si0,'**13¢ or TiO,'*’, and can be obtained by sol-gel processing!3* 138 139 physical

crosslinking, or dispersing silica nanoparticles in to the IL.2*° Organic networks can be synthesised
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by incorporating the IL in to matrices consisting of polymers or small molecules such as peptides.*®

lonogels can also be hybridised materials, incorporating an inorganic-organic network.
Depending on the method of ionogel fabrication, ionogels can be characterised as physically or
chemically crosslinked networks.° Physically crosslinked ionogels are generated as a result of non-
covalent interactions such as hydrogen bonding or host-guest interactions. On the other hand,
chemically crosslinked ionogel networks can be formed as a result of covalent interactions such as

polymerisation or the incorporation of chemical crosslinkers.3% 14

Polymers are abundantly used as gelators to yield ionogels as a result of high IL encapsulation
ability and their versatility.>° The most straightforward methods reported include the swelling of a
polymer in an IL'*, or mixing together the pre-synthesised polymer and IL with the aid of a
cosolvent*?, which is thereafter removed to yield the ionogel.3% 1%° Other methods include in situ
gelation using monomers or polymers where the IL is used as a solvent. This was first reported by
Noda et al.’* who fabricated ionogels by in situ radical polymerisation of 2-hydroxyethyl
methacrylate in both 1-ethyl-3-methylimidazolium tetrafluoroborate ([EMIMI][BF4]) and 1-
butylpyridinium tetrafluoroborate ([BPM][BF.]) in the presence of a covalent crosslinker. The
ionogels yielded had a considerably lower ionic conductivity than the ionic liquids alone. For
example, the ionic conductivities of [BPM][BF,4] alone and the PHEMA/[BPM][BF,4] ionogel were
measured at 30 °Cto be 3 x 102 Scm™ and 1 x 103 S cm™, respectively. Other ionic liquids have

1.1 reported an

also been investigated for their suitability in ionogel formulations. Susan et a
ionogel formulation by the in situ free radical polymerisation of methyl methacrylate in 1-ethyl-3-
methylimidazolium bis(trifluoromethane sulfonyl) imide ([EMIMI][TFSI]) with the aid of covalent

crosslinker to afford self-standing polymer films (Figure 1.23).
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Figure 1.23. Synthesis of free-standing ionogels via in situ free radical polymerisation of vinyl monomers in
ionic liquids. Reproduced from Susan et al.'%®

Self-assembly of di- and tri-block copolymers in ionic liquids is an extensively reported method for
developing physically crosslinked ionogels. The earliest example of this method is demonstrated

by Lodge et al.®’

whereby a poly(styrene-block-ethylene oxide-block-styrene) (SOS) triblock
copolymer and 1-butyl-3-methylimidazolium hexafluorophosphate ([BMIM][PFs]) was dissolved in
dichloromethane at SOS concentrations of 1, 3, 4, 5, 7 and 10 wt%. The dichloromethane co-
solvent was then subsequently removed from the solution by evaporation to yield the
SOS/[BMIM][PFs] polymer electrolytes. Transparent gels were generated at concentrations > 5
wt% and ionic conductivity measurements indicated a moderate decline of ionic conductivity
when the triblock copolymer network was present, compared to the bulk ionic liquid. Interestingly,
ionogels can be generated by utilising thermoresponsive block copolymers that are capable of
undergoing gel-liquid phase transitions in responsive to thermal stimulus.'*¢% For example, He et
al.** reported the preparation of a thermoresponsive triblock copolymer, poly(N-isopropyl
acrylamide-block-ethylene oxide-block-N-isopropyl acrylamide) (PNIPAmM-b-PEO-b-PNIPAmM). This
block copolymer was dissolved in 1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide
(IEMIM][TFSI]) at room temperature affording a viscous liquid. Upon further cooling, a transparent
ionogel was formed, thermoreversible behaviour was observed during heating-cooling cycles.

Temperature-dependant rheological studies of ionogels demonstrated good mechanical strength

at 5 °C, which decreased with respect to increased temperature. Furthermore, transition from gel
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to solution was determined as 20 °C, which agreed with previously reported temperatures of phase

separation of PNIPAM-based ionogels in [EMIM][TFSI].1%°

lonogels can also be generated by use of poly(ionic liquids) (PILs). Using PILs incorporates the
desirable properties offered by the polymer network as well as the ionic liquid, so that the ionogel
exhibits preferable ionic conductivity as well as mechanical strength. As a result of their durability
and the structural versatility of the ILs, PILs have received considerable interest in a range of

interesting applications such as biomedicine, % !

catalysis and a range of energy storage
applications.®*%¢ With regards to electronic applications, creating ionogels using PlLs can reduce
the risk of leakage of ILs, as a result of strong electrostatic attractions between the PIL networks
and the ILY Two strategies for the preparation of PILS have been reported: i) the direct
polymerisation of IL monomers via free-radical or RDRP for example; and ii) functionalisation of

non-ionic polymers via post polymerisation processes.*

Another typical method for the preparation of ionogels is by use of small molecule gelators.3% ¥

180 The process of fabricating ionogels using this method entails adding the small molecule gelator
(for example, small amides, ionic molecules etc.) into an IL at higher temperatures. Upon cooling,
supramolecular bonding of the gelators via weak interactions such as hydrogen bonding and n-nt
interactions enable physical gelation, affording the ionogel. Only a small concentration of gelators
are required (1% w/w) in order to fabricate an ionogel, thus the ionic conductivity provided by
the IL is minimally compromised. However, the gelators offer poor mechanical integrity, therefore
the gels formed are limited in their application. For example, they can be used for application in
flexible electronics.'® As previously stated, inorganic matrices can also be used as host networks
for the preparation of ionogels. SiO,- and TiO,-based ionogels made via this method have attracted

interest in applications such as lithium ion batteries®?

In recent years, so-called ionogels have attracted considerable interest due to their advantageous

properties in a range of applications as well as the various fabrication methods. Interestingly, new

163-165

ionogels have been formulated for use in biomedical applications such as drug delivery and

166-168 30,169

wound healing , owing to their self-healing and anti-bacterial properties.

Dye-sensitised solar cells (DSSCs) (Figure 1.24) are an excellent example of ionogel utilisation.1%”
155,170-173 DSSCs comprise a semiconducting IL-based electrolyte, dye-sensitised titanium dioxide
(TiO,) for harvesting light, dye to boost the cell's sensitivity to visible light, and a platinum

cathode.®®
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Figure 1.24. Schematic representation of a dye-sensitised solar cell (DSSC).'”3 FTO denotes fluorine-doped
tin oxide, which coats glass. This acts as a substrate for the deposition of mesoporous TiO,.

Yoon et al.'’* reported a new ionogel formulation for DSSC applications, by incorporating a triblock
copolymer,  poly(styrene-block-ethylene  oxide-block-styrene) (SEQS) into  1-propyl-3-
methylimidazolium iodide (PMII), an IL that has been previously used in such applications owing
to its high ionic conductivity. Polymer concentration was only required up to 5% w/w to induce
gelation, therefore maximising the ionic conductivity of the materials whilst being provided with
mechanical integrity. The incorporation of the quasi-solid ionogel enabled the DSSC to maintain
an efficiency of 92% under 1440 hours of operation as opposed to a DSSC with solely an ionic liquid

electrolyte that had an efficiency of 78%.

Similarly, Zhang et al.'” also utilised PMII as a solvent to generate ionogels for DSSC application.
The ionogel was fabricated by encapsulating bis-imidazolium ionic liquid (Bis-C12(mim)Br) into B-
Cyclodextrin (B-CD) prior to mixing with PMII to yield the supramolecular ionogel. The ionogel

demonstrated long term stability as confirmed by an accelerating aging test of sealed devices. In

G.L. Maitland, PhD Thesis, Aston University, 2024 37



Chapter 1: Introduction

comparison to an IL electrolyte, the ionogel showed better long term stability as a result of the gel

network preventing leakage in the DSSC device.

More recently, Syairah et al.}’® described the fabrication of ionogels containing iodine, sodium
iodide, poly(ethylene oxide), and ethylene and propylene carbonate for DSSC applications. Each
ionogel also contained one of the following ionic liquids: 1-butyl-3-methylimidazole (BMII), 1-
hexyl-3-methylimidazole (HMII), and 1-methyl-3-propylimidazolium iodide (MPIl). The gel
containing MPII showed superior ionic conductivity (9.41 mS cm™) relative to the other gels
containing BMIl and HMII with ionic conductivities of 8.48 and 7.73 mS cm™, respectively. This is
as a result of the structure of the ionic liquids. As the alkyl group chain length decreases, the

viscosity decreases thus enhancing the mobility of the ions within the electrolyte.

Interestingly, ionogels for DSSCs have also been formulated from poly(ionic liquids). For example,
Zhao et al.*>3 reported the preparation of organic solvent-free gel electrolytes from the synthesis
of poly(1-butyl-3-vinylimidazolium bromide) ([PBVIm][Br]) and poly(1-butyl-3-vinylimidazolium
bis(trifluoromethanesulfonyl)imide) ([PBVIm][TFSI]) followed by dissolution in a liquid electrolyte.
In particular, it was found that the [PBVIm][TFSI]-containing gel electrolyte showcased superior
long-term stability when compared to the native liquid electrolyte as confirmed by photon-to-
current conversion efficiency plots. Additionally, leakage was not an observed issue for the gel

electrolytes.

1.7 Thesis outline and aims

The overarching objective of this research is to generate so-called ionogels by an in situ method to
eliminate the requirement for co-solvent or crosslinking agents, as well as removing the necessity
for any post-polymerisation processing. This is achieved by using a previously well-established
self-assembly technique called polymerisation-induced self-assembly to generate worm-like
morphologies that, providing there is sufficient physical worm entanglement, enables the
formation of free-standing gels. In order to achieve this, the block copolymer that is synthesised
during this process needs to be appropriately designed such that one block is IL-philic (i.e. the
stabiliser block), and the other block is IL-phobic (i.e. the core-forming block). Importantly, this can
enable the formation of soft gels at polymer concentrations of <4% w/w despite the use of no
additional agents to induce gelation. This preparation method can allow the electrochemical
properties that the ionic liquid provides to be maximised, yet maintaining mechanical integrity

attributed to the polymer content.
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The synthesis and solubility screenings of a range of polymers in commercially available
[EMIM][DCA] and [EMIM]EtOSOs] acquired from BASF in order to aid in designing subsequent
block copolymers is described in Chapter 2. Chapter 3 describes the synthesis of poly(2-
hydroxyethyl methacrylate)-block-poly(benzyl methacrylate) (PHEMA-b-PBzMA) diblock
copolymer spheres, worms or vesicles in [EMIM][DCA] at 15% w/w solids. Confirmation of
morphologies in select samples Is determined using DLS, SAXS and TEM. Importantly, critical gel
concentration (CGC) screenings are conducted for PHEMA30-b-PBzMA291 Which contained the
highest proportion of worm like morphologies as confirmed by SAXS. CGC screenings are carried
out to determine the lowest concentration at which freestanding gels can still be generated. The
characterisation of worm gels is discussed in Chapter 4, in particular the rheological,
electrochemical and thermal characteristics are studied. This study shows that comparable
desirable properties are observed in the worm gels, and furthermore how negligible the effects of
the polymer network present in the gel have on the benefits that the ionic liquid provide. These
studies alongside the syntheses described in Chapter 3 showcase the promise of the convenient
and facile synthesis route to generating ionogels with desirable properties for electrochemical
applications. Chapter 5 describes a new formulation for generating spherical nanoparticles
including spheres and vesicles via polymerisation-induced self-assembly in an additional ionic
liquid to that of [EMIM][DCA], which is used in Chapter 3. More specifically, [EMIM][EtOSOs] is
used as the solvent for RAFT dispersion polymerisation of benzyl methacrylate. The syntheses of
the block copolymers in [EMIM][DCA] in Chapter 3, compared to syntheses in [EMIM][EtOSOs] is
also explored in terms of kinetic insights as well as differences in morphologies. The concluding

remarks and future work suggestions are provided in Chapter 6.
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Chapter 2: Synthesis of homopolymers via free radical and RAFT polymerisation and solubility
screenings in ionic liquids

2.1 Introduction

lonic liquids (ILs) are defined as molten salts with a melting point <100 °C comprising anions and
cations?, of which there is an almost inexhaustible combination. Moreover, properties of ionic
liquids can be tuned for a multitude of applications. For example, ionic liquids can be tailored to
enhance their hydrogen bonding ability, or hydrophilic/hydrophobic properties etc.? Owing to their
versatility, ionic liquids have been used for a multitude of applications.> * Importantly, they have
been utilised for the solvation of polymers, particularly as a solvent for the synthesis of polymers,*

® as well as for polymer processing.”*°

As a result of their good thermal stability and low
flammability, they have also been considered as alternatives to traditional organic solvents in a
variety of electrochemical applications such as lithium-ion batteries,'*®* dye-sensitised solar

14-16

cells**'® and sensors'’2! to name but a few.??

Polymerisation-induced self-assembly (PISA) has been shown to be a versatile method for
generating well-defined block copolymers with a range of morphologies. As discussed in Chapter
1, PISA is generally a two-step process. The first step is synthesising a functionalised solvophilic
polymer (for example a macromolecular chain transfer agent via RAFT solution polymerisation).
The second step is the chain extension of the solvophilic polymer via dispersion or emulsion
polymerisation of a monomer that yields a solvophobic polymer. In order for the polymerisation
to proceed via either dispersion or emulsion polymerisation, the monomer chosen should be

miscible or immiscible with the solvent, respectively.?

In order to design an appropriate PISA synthesis in a given solvent, it is important to understand
monomer miscibilities and polymer solubilities in that solvent. Of particular relevance to this
research, dispersion polymerisation is the favourable method for generating block copolymers via
RAFT-PISA. This is because it has been established that worm morphologies (which occupy a very
narrow phase space between spheres and vesicles?*) can be more readily accessed via dispersion
polymerisation compared to emulsion polymerisation.? Block copolymer worms are particularly
attractive as they can form free-standing gels when dispersed at copolymer concentrations
exceeding the critical gelation concentration (CGC).2° Such worm gels have potential applications

27,28 sterilisable gels? and stem cell storage media.*° Given their promise in

as viscosity modifiers,
such applications, we believe that worm gels offer much promise in the way of generating so-called
ionogels which are comprised of ionic liquid trapped in a polymer matrix. Several methods have

been reported on the fabrication of ionogels, most typically requiring the aid of co-solvent,
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crosslinkers or post-polymerisation processing. In the absence of additives such as crosslinking
agents, worm gel formation essentially relies on the formation of a sufficient proportion and length
of wormlike micelles in the ionic liquid to enable physical entanglement and therefore yield gels.
As a result of this, the requirement for co-solvents and crosslinkers is removed, thus enhancing
desirable properties of ionogels such as ionic conductivity. Worm gel formation via PISA has been
extensively reported previously in a range of solvents.3*’ Despite some advances on worm
formation via emulsion polymerisation,*®*! this route have more typically lead to kinetically

trapped spheres,? 4>*> therefore worm formation is comparably less probable.

Herein, a series of monomers are tested for their miscibility with two different commercially
available ionic liquids, 1-ethyl-3-methylimidazolium dicyanamide, [EMIM][DCA], and 1-ethyl-3-
methylimidazolium ethyl sulphate, [EMIM][EtOSOs], to assess their suitability to be polymerised
to form a core-forming block during PISA. Both of these ILs have been utilised previously for

46-48

ionogel formation using different crosslinking strategies.?" Furthermore, series of

homopolymers are synthesised via either free radical polymerisation or RAFT solution
polymerisation and subsequently investigated for their solubility in these ILs to screen them as

potential core-forming blocks in [EMIM][DCA] and [EMIM][EtOSOs] (Figure 2.1).

’ N+/ N ’ N+/
(S ./ ) R
N N N ”
) \\\N ) o]

1-ethyl-3-methylimidazolium dicyanamide 1-ethyl-3-methylimidazolium ethylsulphate
[EMIM][DCA] [EMIM][EtOSO,]

Figure 2.1. Hydrophilicionic liquids used for miscibility and solubility screenings of monomers and polymers.
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2.2 Experimental

2.2.1 Materials

Methyl acrylate (MA) and acrylic acid (AA) were purchased from Fisher Scientific. 2-Hydroxyethyl
methacrylate (HEMA), N,N-dimethylacrylamide (DMA), diacetone acrylamide (DAAM), benzyl

methacrylate (BzMA), n-propyl methacrylate (n-PMA), n-butyl methacrylate (n-BuMA) and styrene
(St) were purchased from Sigma Aldrich. All monomers were passed through a basic alumina
column prior to use to remove inhibitor, with the exception of DAAM which was used as received.
2,2’-Azobisisobutyronitrile (AIBN) was purchased from Molekula and was recrystallised from
methanol prior to use. 4,4-Azobis(4-cyanovaleric acid) (ACVA) and 4-cyano-4-
(phenylcarbonothioylthio) pentanoic acid (CPTP) RAFT agents were purchased from Sigma Aldrich
and used as received. All reagent grade organic solvents used were purchased from Fisher
Scientific and used as received. 1-Ethyl-3-methylimidazolium dicyanamide ([EMIM][DCA]) and 1-
ethyl-3-methylimidazolium ethyl sulphate ([EMIM][EtOSOs]) were acquired from BASF and used as
received. Dimethyl sulfoxide-d6, chloroform-d and methanol-d4 for 'H NMR analysis were

purchased from Goss Scientific and used as received.

2.2.2 *H Nuclear Magnetic Resonance (NMR) Spectroscopy

'H NMR spectra were obtained in either MeOD-d4, DMSO-d6 or CDCls-d using a Bruker Avance
Neo 300 MHz spectrometer. Typically 16 scans were averaged per spectrum and all chemical shifts
are expressed in ppm. Both crude and pure samples were prepared by dissolving approximately
40 mg of sample in 0.7 mL of appropriate deuterated solvent. *"H NMR spectra were referenced

using peaks present as a result of residual solvent.

2.2.3 Gel Permeation Chromatography (GPC)

Molecular weight distributions were obtained by GPC using either DMF eluent or water eluent.
The DMF system was composed of an Agilent Infinity Il multi-detector gel permeation
chromatography (GPC) instrument comprising a guard column and two PL gel mixed-C columns.
The mobile phase contained 0.10% w/v LiBr in HPLC grade DMF and the flow rate was fixed at 1
mL min? at 80 °C. The DMF GPC was calibrated using near-monodispersed poly(methyl
methacrylate) standards (M, range = 535-1,591,000 g mol). The aqueous system was composed
of an Agilent Infinity Il multi-detector GPC instrument comprising a guard column and two aquagel

OH mixed-H columns. The mobile phase contained 0.05% w/v NaNs in HPLC grade water and the
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flow rate was fixed at 1 mL min?® at 35 °C. The aqueous GPC was calibrated using near-

monodispersed poly(ethylene glycol) standards (M, range = 106-1,511,000 g mol™*)

2.2.4 lonic liquid miscibility screenings of monomers

All miscibility screenings of the selected monomers in [EMIM][DCA] and [EMIM][EtOSOs] were
conducted at 10% w/w monomer concentration. This concentration was selected as it
approximates as the monomer concentration that will be employed during block copolymer

syntheses in subsequent work.

Confirmation of miscibility or immiscibility was determined by eye. In order to conduct dispersion
polymerisations for subsequent block copolymer syntheses in IL, the insoluble core-forming block
(i.e. the IL-phobic block) requires its precursor monomer to be fully miscible with the IL. Therefore,
those that were immiscible with the IL were eliminated from the monomer selection. The

monomers that underwent miscibility screenings are shown in Figure 2.2.

(0]
0 O o]
O CHs O
chﬁ)k ~_OH HCs L CH; \)k
QLOH 0 Hch.)'LN/I\)L N HoCs O/CHS

CHs

CH3 H CHj (I‘:Hg
Acrylic acid (AA) 2-Hydroxyethyl Diacetone N,N- Methyl acrylate
methacrylate (HEMA) acrylamide (DAAM) Dimethylacrylamide (MA)
{DMA)
0 0o 0
~ HgC\\H'LO Hzc\\‘)Lo/\/CHS Hzcﬁ)Lo/\/\CH s
CHs CHj3 CHs
Styrene (St) Benzyl n-Propyl n-Butyl
methacrylate methacrylate methacrylate

(BzMA) (n-PMA) (n-BuMA)

Figure 2.2. Monomer selection for miscibility screenings in 1-ethyl-3-methylimidazolium dicyanamide,
[EMIM][DCA], and 1-ethyl-3-methylimidazolium ethyl sulphate, [EMIM][EtOSOs].

2.2.5 Synthesis of homopolymers via free radical polymerisation

All free radical polymerisations were conducted at 25% w/w solids at 60 °C for 2 hours. The AIBN

quantity used for all reactions was 0.5 mol% with respect to monomer.*°

G.L. Maitland, PhD Thesis, Aston University, 2024 50



Chapter 2: Synthesis of homopolymers via free radical and RAFT polymerisation and solubility
screenings in ionic liquids

2.2.5.1 Synthesis of poly(methyl acrylate) (PMA) via free radical polymerisation

The polymerisation of methyl acrylate via free radical polymerisation at 25% w/w was conducted
as follows. A 50 mL round bottomed flask was charged with methyl acrylate (5 g; 58.1 mmol), AIBN
(45.7 mg; 278 umol) and THF (15.1 g). The sealed flask was purged with nitrogen for 30 minutes
and placed in a preheated oil bath at 60 °C for 2 hours. The resulting poly(methyl acrylate) (PMA,
DMF GPC: M, = 10,500 g mol?, By = Mw/M, = 1.85) was purified by twice precipitating into excess
methanol before drying using a rotary evaporator. The resulting PMA was obtained as a viscous

free-flowing transparent liquid.

2.2.5.2 Synthesis of poly(2-hydroxyethyl methacrylate) (PHEMA) via free radical polymerisation

The polymerisation of 2-hydroxyethyl methacrylate (HEMA) via free radical polymerisation at 25%
w/w was conducted as follows. A 50 mL round bottomed flask was charged with 2-
hydroxyethylmethacrylate (5g; 38.4 mmol), AIBN (33.7 mg; 205 pumol), and methanol (15.1 g). The
sealed flask was purged with nitrogen for 30 minutes and placed in a preheated oil bath at 60 °C
for 2 hours. The resulting poly(2-hydroxyethyl methacrylate) (PHEMA, DMF GPC: M, = 305,500 g
mol?, Pu = 2.22) was purified by twice precipitating into excess diethyl ether before drying using

a rotary evaporator. The resulting PHEMA was obtained as a transparent gel.

2.2.5.3 Synthesis of poly(acrylic acid) (PAA) via free radical polymerisation

The polymerisation of acrylic acid via free radical polymerisation at 25% w/w was conducted as
follows. A 50 mL round bottomed flask was charged with acrylic acid (5g; 69.4 mmol), AIBN (59.9
mg; 365 umol), and THF (15.2 g). The sealed flask was purged with nitrogen for 30 minutes and
placed in a preheated oil bath at 60 °C for 2 hours. The resulting poly(acrylic acid) (PAA, Aqueous
GPC: M, = 23,700 g mol, By = 1.74) was purified by twice precipitating into excess hexane before

drying using a rotary evaporator. The resulting PAA was obtained as a viscous, free-flowing liquid.

2.2.5.4 Synthesis of poly(N, N-dimethyl acrylamide) (PDMA) via free radical polymerisation

The polymerisation of N,N-dimethyl acrylamide (DMA) via free radical polymerisation at 25% w/w
was conducted as follows. A 50 mL round bottomed flask was charged with DMA (5g; 50.4 mmol),
AIBN (39.8 mg; 242 umol), and methanol (15.1 g). The sealed flask was purged with nitrogen for
30 minutes and placed in a preheated oil bath at 60 °C for 2 hours. The resulting poly(N,N-
dimethylacrylamide) (PDMA, DMF GPC: M, = 80,100 g mol™, Py = 2.72) was purified by twice
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precipitating into excess diethyl ether before drying using a rotary evaporator. The resulting PDMA

was obtained as a transparent gel.

2.2.5.5 Synthesis of poly(diacetone acrylamide) (PDAAM) via free radical polymerisation

The polymerisation of diacetone acrylamide (DAAM) via free radical polymerisation at 25% w/w
was conducted as follows. A 50 mL round bottomed flask was charged with DAAM (5g; 29.5 mmol),
AIBN (23.9 mg; 145.5 umol), and ethanol (20 g). The sealed flask was purged with nitrogen for 30
minutes and placed in a preheated oil bath at 60 °C for 2 hours. The resulting poly(diacetone
acrylamide) (PDAAM, DMF GPC: M, = 22,200 g mol™, By = 2.47) was purified by twice precipitating
into excess diethyl ether before drying using a rotary evaporator. The resulting PDAAM was

obtained as a white solid.

2.2.5.6 Synthesis of poly(benzyl methacrylate) (PBzMA) via free radical polymerisation

The polymerisation of benzyl methacrylate (BzMA) via free radical polymerisation at 25% w/w was
conducted as follows. A 50 mL round bottomed flask was charged with BzMA (5.2 g; 28.4 mmol),
ACVA (41.4 mg; 147.7 umol), and THF (15.7 g). The sealed flask was purged with nitrogen for 30
minutes and placed in a preheated oil bath at 60 °C for 2 hours. The resulting poly(benzyl
methacrylate) (PBzMA, DMF GPC: M, = 66,300 g mol?, By = 2.13) was purified by twice
precipitating into excess methanol before drying using a rotary evaporator. The resulting PBzZMA

was obtained as a white solid.

2.2.6 Synthesis of macro-CTAs via RAFT solution polymerisation

2.2.6.1 Synthesis of PHEMA macromolecular chain transfer agent (macro-CTA) via RAFT solution
polymerisation

A typical synthesis of PHEMA3; macro-CTA was conducted as follows. A 10 mL round bottom flask
was charged with 2-hydroxyethyl methacrylate (HEMA; 3.21 g; 24.7 mmol), 4-cyano-4-
(phenylcarbonothioylthio) pentanoic acid (CPTP; 0.138 g; 494 pumol; target degree of
polymerisation, DP = 50), 2,2’-azobisisobutyronitrile (AIBN; 40 mg; 247 umol; [CPTP]/[AIBN] molar
ratio = 5) and methanol (MeOH; 5.1 g; total solids content = 40% w/w). The sealed reaction flask
was purged with nitrogen for 30 minutes and placed in a preheated oil bath at 60 °C for 6 hours.
The resulting PHEMA (HEMA conversion = 54%, M, = 5,000 g mol™?, By = 1.36) was purified by

twice precipitating into excess diethyl ether and dried using a rotary evaporator. The degree of
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polymerisation (DP) of the PHEMA macro-CTA was calculated to be 30 using *H NMR spectroscopy
by comparing the integrated signals that correspond to the CPTP aromatic protons at 7.4-7.9 ppm
with the integrated signals corresponding to the two oxymethylene protons at 3.8-4.0 ppm (Figure

2.3 and Equations 2.1 and 2.2) The resulting PHEMA was obtained as a pink solid.

s 8
MeOH
C
b
a c
b
. DMSO de il
f i . 1
h
a-c
- L
5.00 61.47 63.98
10 9 8 7 6 5 4 3 2 1 0

Chemical shift (ppm)

Figure 2.3. Assigned *H NMR spectrum of purified PHEMAs; macro-CTA in DMSO-d6.

[Integral (a-c)] = 5H 2.1

PHEMA DP=%‘W=31 2.2

2.2.6.2 Synthesis of PDMA macro-CTA via RAFT solution polymerisation

A typical synthesis of PDMAsg macro-CTA was conducted as follows. A 10 mL round bottomed flask
was charged with N,N-dimethylacrylamide (DMA; 2.886 g; 29.1 mmol), 4-cyano-4-
(phenylcarbonothioylthio) pentanoic acid (CPTP; 0.163 g; 582 pumol; target degree of
polymerisation, DP = 50), ACVA initiator (81.6 mg; 291 umol; [CPTP]/[ACVA] molar ratio = 2) and
ethanol (1.3 g; total solids content = 70% w/w). The sealed flask was purged with nitrogen for 30
minutes and then placed in a preheated oil bath at 70 °C for 6 hours. The resulting PDMA (DMA
conversion = 53%, M, = 5,200 g mol?, Dy = 1.41) was purified by twice precipitating into diethyl

ether and dried using a rotary evaporator. The degree of polymerisation (DP) of the PDMA macro-
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CTA was calculated to be 50 using *H NMR spectroscopy by comparing the integrated signals that
correspond to the CPTP aromatic protons at 7.4-7.9 ppm with the integrated signals
corresponding to the six alkyl protons at 2.8-3.3 ppm (Figure 2.4 and Equations 2.3 and 2.4). The

resulting PDMA was obtained as an orange solid.
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Figure 2.4. Assigned *H NMR spectrum of purified PDMAsy macro-CTA in CDCls-d.

[Integral (a-c)] = 5H 2.3

[Integral (f)]

PHEMA DP = =50 2.4

2.2.6.3 Synthesis of PDAAM macro-CTA via RAFT solution polymerisation

A typical synthesis of PDAAM, macro-CTA was conducted as follows. A 10 mL round bottomed flask
was charged with diacetone acrylamide (DAAM; 3g; 17.7 mmol), 4-cyano-4-
(phenylcarbonothioylthio) pentanoic acid (CPTP; 0.099 g; 355 umol; target degree of
polymerisation, DP = 50), ACVA initiator (19.9 mg; 70.9 umol; [CPTP]/[ACVA] molar ratio = 5) and
methanol (4.68 g; total solids content = 40% w/w). The sealed flask was purged with nitrogen for
30 minutes and then placed in a preheated oil bath at 70 °C for 6 hours. The resulting PDAAM (M,

=600 g mol?, By = 1.42) was purified by twice precipitating into diethyl ether and dried using a
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rotary evaporator. The DP of the PDAAM macro-CTA was unable to be determined experimentally
by H NMR spectroscopy as end-group analysis was not feasible due to polymeric peaks crowding
in the same region as the peaks corresponding to the CPTP aromatic protons between 7.4-8.1 ppm

(Figure 2.5). The resulting PDAAM was obtained as a red solid.
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Figure 2.5. Assigned *H NMR spectrum of purified PDAAM macro-CTA in MeOD-d4.

2.2.6.4 Synthesis of PBzMA macro-CTA via RAFT solution polymerisation

A typical synthesis of PBzMA, macro-CTA was conducted as follows. A 10 mL round bottomed flask
was charged with benzyl methacrylate (BzMA; 3g; 17.0 mmol), 4-cyano-4-
(phenylcarbonothioylthio) pentanoic acid (CPTP; 0.0951 g; 341 umol; target degree of
polymerisation, DP = 50), ACVA initiator (19.1 mg; 68.1 umol; [CPTP]/[ACVA] molar ratio = 5) and
THF (4.67 g; total solids content = 40% w/w). The sealed flask was purged with nitrogen for 30
minutes and then placed in a preheated oil bath at 70 °C for 6 hours. The resulting PBzMA (BzMA
conversion = 51%, M, = 1,900 g mol™, By = 1.60) was purified by twice precipitating into methanol
and dried using a rotary evaporator. The DP of the PBzMA macro-CTA was unable to be determined
experimentally by 'H NMR spectroscopy as end-group analysis was not feasible due to peaks
corresponding to aromatic protons present in PBzMA crowding in the same region as the peaks

corresponding to the CPTP aromatic protons between 7.4-8.1 ppm (Figure 2.6). The resulting
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PBzMA was obtained as a red solid. The degree of polymerisation (DP) of the PBzMA macro CTA
was calculated to be 26 by estimation based on the BzMA monomer conversion obtained

(Equation 2.5)

k m
S
[« i
b
a C
b
k-m
) Water Acetone
]
a-c
f i:"ﬁ‘ A
10 9 3 7 & 5 a 3 2 1

Chemical shift (ppm)

Figure 2.6. Assigned *H NMR spectrum of purified PBzMA,s macro-CTA in DMSO-d6

PBzMA DP = PBzMA target DP x BzMA monomer conversion 2.5

2.2.7 Solubility screenings of polymers in ionic liquids

Solubility screenings of all polymers synthesised, both via free radical polymerisation and RAFT
solution polymerisation, were conducted in two hydrophilic ionic liquids, 1-ethyl-3-
methylimidazolium ethyl sulphate, [EMIM][EtOSOs], and 1-ethyl-3-methylimidazolium
dicyanamide, [EMIM][DCA], in order to guide subsequent block copolymer syntheses. The

polymers selected for these screenings are shown in Figure 2.7.
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Figure 2.7. Polymers selected for solubility screenings in 1-ethyl-3-methylimidazolium dicyanamide,
[EMIM][DCA], and 1-ethyl-3-methylimidazolium ethyl sulphate, [EMIM][EtOSOs]. a) Homopolymers
synthesised via free radical polymerisation and b) macromolecular chain transfer agents synthesised via
RAFT solution polymerisation.

In a typical screening, a 5 mL round bottomed flask was charged with a stirrer bar, polymer (75
mg) and ionic liquid (1.5g) to form a 4.76% w/w solution. The solution was heated in an oil bath at
70 °C for up to 4 hours. This temperature was selected as this was the predicted temperature at
which subsequent PISA syntheses were conducted. As the block copolymer polymer solutions

would then be left at room temperature post-polymerisation, the polymer solubilities in the ILs

were also assessed at room temperature.
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2.3 Results and discussion

2.3.1 Miscibility screenings of monomer

A selection of monomers were screened for their miscibility in hydrophilic ILs at room temperature

and 10 % w/w. The results from this study are as shown in Table 2.1:

Table 2.1. Monomers and their respective miscibilities with both ILs investigated at room temperature. A
tick indicates miscibility with the IL up to 10 % w/w and a cross indicates immiscibility with the ILs.

Monomer [EMIM][EtOSO3] miscibility at [EMIM][DCA] miscibility at
room temperature room temperature

AA v v
MA v

MMA v v
n-PMA x x
n-BuMA x x
BzMA v v
2-HPMA v v
4-HBA v v
2-HEMA v v
HEA v v
DMA v v
DAAM v v
St X X

As seen in Table 2.1, a range of monomer were investigated for their miscibility with two different
ILs. In order to yield worm gels, RAFT dispersion polymerisation has been shown to be the most
suitable technique for block copolymer syntheses to proceed.?* Therefore, it was important that
any monomer that could be used to generate the core-forming block of the block copolymer, was
miscible with the ILs. For this reason, monomers with a range of hydrophilicity/hydrophobicity
were tested to assess their suitability. n-Propyl methacrylate (n-PMA), n-butyl methacrylate (n-
BuMA) and styrene (St) were shown to be immiscible with both ILs, thus were not selected as
suitable monomers to generate the core-forming block for polymerisation-induced self-assembly
(PISA) syntheses, nor were solubility screenings for their respective polymers conducted. The
remaining monomers were all miscible with both of the ILs, therefore were investigated further

for their potential in dispersion PISA syntheses.
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2.3.2 Synthesis of homopolymers via free radical polymerisation

Based on miscibility screenings of a range of monomers (Section 2.3.1), a series of homopolymers
were synthesised using IL-miscible monomers via free radical polymerisation to assess their
solubilities in the ILs once polymerised. All homopolymers were synthesised via solution
polymerisation and extracted and purified via precipitation methods. The solvents used for each

purification is tabulated below in Table 2.2:

Table 2.2. Homopolymers synthesised via free radical solution polymerisation and solvents used for each
for polymer purification

Homopolymer Precipitation solvent
Poly(methyl acrylate) Methanol
Poly(2-hydroxyethyl methacrylate) Diethyl ether
Poly(acrylic acid) Hexane
Poly(N, N-dimethyl acrylamide) Diethyl ether
Poly(diacetone acrylamide) Diethyl ether
Poly(benzyl methacrylate) Methanol

Free radical polymerisation was conducted owing to preparation and synthesis being facile and
relatively quick compared to other polymerisation techniques. As a result, a range of polymers
could be generated rapidly. Success of polymerisation was determined by *H NMR spectroscopy

(Figures 2.8, 2.10, 2.12 and 2.14).
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Figure 2.8. Assigned *H NMR spectrum of purified poly(methyl acrylate) in CDCls-d.

M, =10,500 g mol™
D,,=1.85

12 13 14 15 16 17 18
Time (min)

Figure 2.9. DMF GPC chromatogram obtained of poly(methyl acrylate) synthesised via free radical
polymerisation of methyl acrylate for 2 hours at 60 °C in THF at 25% w/w solids.
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'H NMR spectroscopic analysis confirmed the successful synthesis of PMA. Furthermore, the
absence of residual monomer peaks was evidenced by 'H NMR spectroscopy (Figure 2.8). GPC
analysis also showed a polymer had successfully been synthesised as shown by the trace obtained

for PMA (Figure 2.9).
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Figure 2.10. Assigned *H NMR spectrum of precipitated poly(acrylic acid) in DMSO-d6.
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Figure 2.11. Aqueous GPC chromatogram obtained of poly(acrylic acid) synthesised via free radical
polymerisation of acrylic acid for 2 hours at 60 °C in THF at 25% w/w solids.

'H NMR spectroscopic analysis confirmed the success of the synthesis of PAA. However, the
resulting polymer was not 100% pure as judged by the presence residual vinyl monomer peaks in
the 'H NMR spectrum between 5.5 and 6.5 ppm (see Figure 2.10), indicating. Despite two rounds
of precipitation and purification, isolation of pure polymer was difficult as a result of its highly
viscous consistency. It is clear that more efficient purification and drying methods were required
for this synthesis. GPC analysis also indicated successful polymer synthesis (Figure 2.11). As a result
of the charged nature of the poly(acrylic acid), the quality of the chromatograms obtained were

comparatively poor as a result of the interactions between the polymer and columns in the GPC.
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Figure 2.12. Assigned *H NMR spectrum of precipitated poly(N, N-dimethylacrylamide) in CDCls-d.
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M_ = 80,100 g mol?
D,,= 2.72
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Figure 2.13. DMF GPC chromatogram obtained of poly(N,N-dimethylacrylamide) synthesised via free radical
polymerisation of N, N-dimethylacrylamide for 2 hours at 60 °C in methanol at 25% w/w solids.

PDMA was shown to have a more substantially improved purification compared to PAA, as
evidenced by the comparatively weaker vinyl proton peaks in the 'H NMR spectrum (Figure 2.12).
It is clear there is still monomer present in the sample. GPC analysis also indicated successful
polymerisation (Figure 2.13), as well evidencing that some branching or crosslinking may have

occurred based on the dispersity obtained (Pw=2.72).
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Figure 2.14. Assigned *H NMR spectrum of twice precipitated poly(2-hydroxyethyl methacrylate) in DMSO-
deé.
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M, = 137,700 g mol*
D, = 2.22
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Figure 2.15. DMF GPC chromatogram obtained of poly(2-hydroxyethyl methacrylate) synthesised via free
radical polymerisation of 2-hydroxyethyl methacrylate for 2 hours at 60 °C in methanol at 25% w/w solids.

As with the purification of PAA, *H NMR spectroscopic analysis indicated a successful synthesis of
PHEMA but with residual HEMA monomer (Figure 2.14). Additionally, as seen with the GPC analysis
of PDMA (Figure 2.13), the GPC data obtained for PHEMA (Figure 2.15) also showed a broader
molecular weight distribution, indicated by the obtained dispersity (Pm = 2.22). In all cases where
polymer purification was challenging, there was also a higher degree of residual solvent content.

Importantly, this may have adversely affected subsequent solubility screenings of the polymers.
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Figure 2.16. Assigned *H NMR spectrum of purified poly(diacetone acrylamide) in MeOD-d4.
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Figure 2.17. DMF GPC chromatogram obtained of poly(diacetone acrylamide) synthesised via free radical
polymerisation of diacetone acrylamide for 2 hours at 60 °C in ethanol at 25% w/w solids.

'H NMR analysis showed the success of the polymerisation of DAAM (Figure 2.16) as shown by the
absence of vinyl monomer peaks, usually present between 5.5 and 6.0 ppm. Despite having some
residual solvent peaks, they appear to comparably lower than those with more difficult purification

processes. GPC analysis indicated success of polymer synthesis (Figure 2.17).
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Figure 2.18. Assigned *H NMR spectrum of purified poly (benzyl methacrylate) in DMSO-d6.

G.L. Maitland, PhD Thesis, Aston University, 2024 69



Chapter 2: Synthesis of homopolymers via free radical and RAFT polymerisation and solubility
screenings in ionic liquids

M_ = 66,300 g mol
D, =2.13

10 11 12 13 14 15 16 17
Time (min)

Figure 2.19. DMF GPC chromatogram obtained of poly(benzyl methacrylate) synthesised via free radical
polymerisation of benzyl methacrylate for 2 hours at 60 °C in THF at 25% w/w solids.

Confirmation of successful synthesis and purification of PBzMA is shown in Figure 2.18, where no
monomer peaks are observed. As with other polymers such as PDMA, PHEMA and PDAAM, broad
molecular weight distribution for this polymer was demonstrated by the relatively high dispersity

obtained by GPC analysis (Pm=2.13 in Figure 2.19).

2.3.3 Synthesis of macro-CTAs via RAFT solution polymerisation

A series of macro-CTAs were synthesised via RAFT solution polymerisation for the purpose of
investigating their solubilities in [EMIM][DCA] and [EMIM][EtOSOs]. This was conducted in addition
to free radical polymerisations in order to assess the effect the RAFT end-group functionality on
the ability of the given polymer to solubilise in the ILs. All macro-CTAs were synthesised with a
target DP of 50 as future block copolymer syntheses would require a relatively short stabiliser block
to yield worms. Furthermore, in order to be considered as a stabiliser block, it was necessary that
the macro-CTAs synthesised were soluble in the ILs. All macro-CTAs were characterised by *H NMR

spectroscopy (Figures 2.3-2.6) and GPC (Figures 2.20-2.23).
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Figure 2.20. DMF GPC chromatogram obtained of poly(2-hydroxyethyl methacrylate) synthesised via RAFT
solution polymerisation of 2-hydroxyethyl methacrylate for 6 hours at 70 °C in methanol at 40% w/w solids.

M, = 3,500 g mol?
D,,= 1.41
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Figure 2.21. DMF GPC chromatogram obtained of poly(N,N-dimethylacrylamide) synthesised via RAFT
solution polymerisation of N,N-dimethylacrylamide for 6 hours at 70 °C in ethanol at 70% w/w solids.
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Figure 2.22. DMF GPC chromatogram obtained of poly(diacetone acrylamide) synthesised via RAFT solution
polymerisation of diacetone acrylamide for 6 hours at 70 °C in methanol at 40% w/w solids.

M, = 1,900 g mol?
P, = 1.60
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Figure 2.23. DMF GPC chromatogram obtained of poly(benzyl methacrylate) synthesised via RAFT solution
polymerisation of benzyl methacrylate for 6 hours at 70 °C in THF at 40% w/w solids.
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Table 2.3. Comparison of molecular weight and dispersity values of free radical homopolymers and their
RAFT macro-CTA counterpart. All data presented is obtained via GPC analysis.

Free radical homopolymer Macro-CTA
M, (g mol?) P M, (g mol?) Dy
PHEMA 137,700 2.22 5,000 1.36
PDMA 80,100 2.72 3,500 1.41
PDAAM 22,200 2.47 600 1.42
PBzMA 66,300 2.13 1,900 1.60

When synthesising the polymers via RAFT polymerisation, it is clear that the polymerisations were
more controlled as confirmed by the relatively lower molecular weight (M,) and dispersity of these
polymers despite longer reaction time (6 hours for RAFT polymerisation, 2 hours for free radical
polymerisation), as obtained by GPC analysis. For example, PHEMA synthesised via free radical
polymerisation exhibited an M, of 305,500 g mol™?, which is substantially larger when compared
to the PHEMA macro-CTA synthesised by RAFT polymerisation, which had an M, of 5,000 g mol™.
Furthermore, the dispersity of PHEMA formed via free radical polymerisation (Bu = 2.22) was also
noticeably higher than the RAFT-synthesised PHEMA macro-CTA (Pm = 1.36). The difference
between molecular weight and dispersity is observed in all the cases where a free radical

homopolymer and macro-CTA were synthesised. (See Table 2.3)

2.3.4 Polymer solubility screenings in ionic liquids

A series of homopolymers synthesised by both free radical polymerisation and RAFT solution
polymerisation was synthesised in order to assess their solubilities in two hydrophilic ILs,
[EMIM][DCA] and [EMIM][EtOSOs]. The homopolymers were added to the selected IL at 4.76%
w/w solids and gently heated to 70 °C for up to 4 hours. This temperature was selected as this was
the estimated temperature at which subsequent PISA syntheses would take place. The results from
the solubility screenings of the homopolymers synthesised via free radical polymerisation is

summarised in Table 2.4:
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Table 2.4. Summary of solubility screenings conducted for homopolymers synthesised via free radical
polymerisation. A tick indicates successful solubilisation into the corresponding IL, and a cross indicates
insolubility.

Solubility at room temperature Solubility at 70 °C

Polymer [EMIM][DCA] [EMIM][EtOSOs] | [EMIM][DCA] | [EMIM][EtOSOs]
PAA x x v x
PMA v v v v
PHEMA v x v x
PDMA v x v x
PDAAM x x x x
PBzMA x x x x

Based on the findings of the free radical polymer solubility screenings, PAA was initially found to
be insoluble in both ILs. Interestingly, when PAA was heated to 70 °C in [EMIM][DCA], the IL
appeared to solubilise the polymer forming a free-flowing solution, however upon removing the
solution from the oil bath, the solution became much more viscous and turbid, suggesting PAA
was insoluble in [EMIM][DCA] at room temperature and therefore potentially displaying some
thermoresponsive behaviour. Moreover, PAA was found to be insoluble in [EMIM][EtOSOs].
However, the use of this polymer and [EMIM][EtOSOs] for the generation of ionogels has been
previously reported by Chen et al.>° where AA was synthesised via free radical polymerisation with
the aid of a crosslinker in the IL to yield stretchable ionogels. Based on this, it may be reasonable
to assume that the inefficiency of the purification process of PAA could have had an adverse effect

on the solubility in the [EMIM][EtOSOs] in this research, and therefore was seen to be insoluble.

PDAAM and PBzMA appeared to be insoluble in both ILs up to 70 °C. Based on this, in addition to
the miscibility of their respective monomers with these ILs, these polymers show promise as the
core-forming block in block copolymer syntheses via RAFT dispersion polymerisation. In contrast,
PMA was found to be soluble in both ILs up to 70 °C and therefore could be considered as an
appropriate stabiliser block. Interestingly, PHEMA and PDMA were both found to be soluble in
[EMIM][DCA] but insoluble in [EMIM][EtOSOs]. This could potentially be due to these polymers
having a higher affinity to [EMIM][DCA] relative to [EMIM][EtOSOs] as a result of the former’s
relatively higher hydrophilicity and lower viscosity (14.6 cP for [EMIM][DCA], and 94.2 cP for
[EMIM][EtOSOs] at room temperature). Moreover, the comparatively lower viscosity of the

[EMIM][DCA] may have resulted in the increased polymer affinity as a result of more efficient
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solution mixing. Based on these observations, PHEMA and PDMA showed promise to be used as
stabiliser blocks for PISA syntheses in [EMIM][DCA].

Further screenings were conducted for selected homopolymers, or macromolecular chain transfer
agents (macro-CTAs) that were synthesised via RAFT solution polymerisation. The results for these

screenings are summarised in Table 2.5 below:

Table 2.5. Summary of solubility screenings conducted for macro-CTAs synthesised via RAFT solution
polymerisation. A tick indicates successful solubilisation into the corresponding IL, and a cross indicates
insolubility.

Solubility at room temperature Solubility at 70 °C

Polymer [EMIM][DCA] [EMIM][EtOSO:;] [EMIM][DCA] [EMIM][EtOSO:]
PHEMA v v v v
macro-CTA

PDMA v v v v
macro-CTA

PDAAM v x v x
macro-CTA

PBzMA x x x x
macro-CTA

When synthesised via RAFT solution polymerisation, PHEMA was shown to be soluble in both ILs.
This was also observed for PDMA, where both of these polymers were insoluble in [EMIM][EtOSOs]
as free radical homopolymers. This showed that the macro-CTAs formed had a higher affinity for
the less hydrophilic IL than the free radical counterparts. The ability of [EMIM][DCA] to solubilise
these macro-CTAs but not the homopolymers synthesised via free radical polymerisation is
attributed to the more controlled RAFT polymerisation that yields a lower molecular weight
polymer. For example, free-radical PHEMA homopolymer had a substantially larger molecular
weight (M,) of 137,000 g mol?, whereas the PHEMA macro-CTA had a molecular weight (M) of
5,000 g mol™. Also, it is much more likely that the macro-CTAs exhibit a more linear structure
compared to the potentially crosslinked/branched structure formed during the uncontrolled free
radical polymerisation. This is also reflected in the dispersities obtained for each polymer, where
the macro-CTA dispersities were all shown to be comparably lower then the free radical polymers.
These observations and results may be due to one, or both of the following: (i) the RAFT CTA
functionality aids IL solubility; (ii) the much lower molecular weight of the macro-CTAs provides

better IL solubility.
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Overall, both of these polymers can in fact be considered as potential stabiliser blocks for
subsequent RAFT dispersion polymerisations. Additionally, PDAAM was found to be soluble in
[EMIM][DCA] when synthesised via RAFT solution polymerisation yet remained insoluble in
[EMIM][EtOSOs]. Thus, PDAAM could be considered as a potential stabiliser block or core-forming
block in [EMIM][DCA] or [EMIM][EtOSOs], respectively. This observation further shows the

stronger affinity that [EMIM][DCA] has towards the solubilisation of this selection of polymers.

2.4 Conclusions

In summary, extensive preliminary work was conducted in order to design appropriate subsequent
block copolymers. Firstly, miscibility screenings of monomers in two different ionic liquids,
[EMIM][DCA] and [EMIM][EtOSOs], were conducted in order to assess suitability of monomers
should they be selected as forthcoming stabiliser or core-forming blocks. Ideally, they were
required to be fully miscible with the ILs, most importantly for dispersion polymerisations when
synthesising the block copolymers. This is because worm-like micelles have been reported to be
more readily accessible via dispersion polymerisation as opposed to other polymerisation routes
such as emulsion polymerisation. For this reason, monomers that were found to be immiscible
with the ILs such as n-butyl methacrylate, n-propyl methacrylate and styrene were eliminated and
no longer investigated for future use. Following on from miscibility screenings, polymers were then
synthesised via free radical polymerisation, with varying degrees of success regarding polymer
purification as judged by *H NMR spectroscopy, which may have adversely affected the solubility
screening studies. Alongside this, a series of polymers were synthesised via RAFT solution
polymerisation, which demonstrated that RAFT polymerisation provided enhanced control of the
synthesis as expected, with narrower molecular weight distributions and lower molecular weight
for each polymer being confirmed by GPC analysis. This was also reflected in the solubility
screenings where some RAFT-synthesised polymers were soluble in the ILs, whereas their free
radical counterparts were not, potentially due to branching or crosslinking. Those that were
soluble in the ILs could be considered as future stabiliser blocks. On the other hand, those that
were shown to be insoluble in the ILs could be considered as core-forming blocks for subsequent
RAFT dispersion polymerisations, providing that the respective monomers were miscible with the
ILs. Specifically, it was deduced that PBzMA was the most suitable as the core-forming block, given
that it was insoluble in both ILs up to 70 °C, and BzZMA monomer was miscible with the ILs. In
contrast, PHEMA and PDMA could potentially be used as suitable stabiliser blocks, as their

monomer were miscible with both ILs, and solubility studies showed that they were both soluble
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in the ILs up to 70 °C. However, PHEMA was selected as the stabiliser block for forthcoming block

copolymer syntheses as this particular polymer is able to chain extend with BzZMA due to PHEMA's

better leaving group ability as a macro-CTA as a result of greater steric stabilisation. PDMA in the

form of a macro-CTA would comparatively be a poorer leaving group for chain extension using

BzMA, there would be poorer control of the RAFT polymerisation during chain extension.>! These

studies enable the design of appropriate block copolymer syntheses via RAFT dispersion PISA that

would increase the likelihood of generating worm gels.
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RAFT dispersion polymerisation of benzyl methacrylate

3.1 Introduction

lonic liquids (ILs) are typically defined as liquid electrolytes, with melting points below 100 °C,
solely comprising ions.' 2 Compared to many traditional organic solvents, ILs exhibit advantageous
properties such as high ionic conductivity, good thermal stability and low vapour pressure.® Owing
to the vast number of unique combinations of cations and anions, key physicochemical properties
of ILs can be tailored for specific applications.>* Hence, ILs have been utilised for a diverse number
of applications in electrochemistry, catalysis and analysis as well as being used as performance
additives such as anti-static agents> ® and dispersing agents.*”- Due to their low vapour pressure
and high thermal stability, utilising ILs as electrolyte components in batteries can potentially
address flammability issues associated with traditional organic solvent-based electrolytes.? ° Of
particular relevance to this work, ILs have been used to develop so-called polymeric ionogels,'% 11

which are a class of gel electrolyte formed from the immobilisation of IL in a polymer matrix.

lonogels have been used in a range of electrochemical applications such as electrolytes in lithium-

19-22 1, 23-25

ion batteries, 1*® dye-sensitized solar cells and actuators , and offer an alternative to

liquid electrolytes thus significantly reducing the risk of potentially hazardous leakage.

There have been several different approaches reported that use polymers to prepare ionogels.
Generally, physically crosslinked or chemically crosslinked ionogels can be generated depending
on the preparation method.?® ?’ For example, chemically crosslinked ionogels can be prepared by
(i) the polymerisation of vinyl monomers in an IL with the addition of a crosslinker to immobilise
the 1L 2832 or (ji) utilising poly(ionic liquids).33-% In contrast, physically crosslinked ionogels have
37-40 (”)

been prepared utilising (i) hydrogen bonding, ion-dipole interactions,® (iii) the self-

9-11,41-43

assembly of block copolymers or random copolymers** in an IL with the aid of a co-solvent.

Over the past few decades, reversible addition-fragmentation chain transfer (RAFT) polymerisation
has emerged as a popular method of reversible deactivation radical polymerisation (RDRP) to
generate an extensive range of functional, well-defined diblock copolymers.*®> Exploiting its
versatility, RAFT-mediated polymerisation-induced self-assembly (PISA)***° has been

demonstrated as a convenient tool to synthesise block copolymer nanoparticles in a range of

50-52 53-55

media such as alcohols*®>2, non-polar solvents®>> and water®¢1, PISA has many advantages over
traditional block copolymer self-assembly methods, for example it can be conducted at high
copolymer concentrations (up to 50% w/w)®> © and does not require post-polymerisation
processing steps such as solvent/pH switching and film rehydration.>® ®* In a typical PISA reaction,

a soluble macromolecular chain transfer agent (macro-CTA, i.e. the stabilizer block) is chain
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extended using a monomer that polymerises to form an insoluble block, resulting in the formation
of nanoparticles comprising amphiphilic AB diblock copolymer chains.®® PISA can be conducted
under dispersion or emulsion conditions, depending on whether the monomer that is polymerised
to form the insoluble structure-directing block is miscible (dispersion)*® > -7 or immiscible

(emulsion).%8 9

To date, there have been very few reports of PISA being conducted in IL. Zhang and Zhu? reported
the synthesis of a series of diblock copolymers via RAFT dispersion polymerisation in a relatively
hydrophobic IL, 1-butyl-3-methylimidazolium hexafluorophosphate ([BMIM][PF¢]), whereby a
functionalised poly(ethylene glycol) macro-CTA was chain extended using three different
monomers (2-hydroxyethyl methacrylate, styrene or n-butyl methacrylate). This seminal work
demonstrated the potential for preparing dispersions of functional block copolymer nanoparticles
in IL via convenient PISA protocols, however only isotropic nanoparticles (spheres or vesicles) were
successfully obtained as confirmed by transmission electron microscopy (TEM) studies. We do
note one instance in this study where the formation of so-called ‘rod-like aggregates’ or ‘stretched
vesicles’ species was demonstrated, however these anisotropic objects were only present as a
minor population. Similarly, Zhou et al.”® reported the preparation of poly(ethylene glycol)-b-
polystyrene (PEG-b-PS) nanospheres and vesicles via RAFT dispersion polymerisation in
[BMIM][PFg]. In this further study, the same PEG-b-PS block copolymer was also synthesised via
alcoholic PISA in order to assess the effect of solvent choice on polymerisation kinetics. It was
demonstrated that block copolymer synthesis conducted in this IL was faster: 95% monomer
conversion was achieved within 12 hours in [BMIM][PF¢] compared to only 20% and 65% within
the same time frame for reactions conducted in methanol and a methanol/water mixture,
respectively. Demarteau et al.’”! reported the synthesis of poly(ionic liquid)-containing block
copolymers via aqueous emulsion PISA, yielding spherical particles with diameters >300 nm as
confirmed by TEM analysis. Specifically, the hydrophilic IL diallyl dimethylammonium chloride
(DADMAC) was functionalised to form mono- and di- functional poly(diallyl dimethylammonium
chloride) (PDADMAC) macro-CTAs that were subsequently used to prepare di- and triblock
copolymers via RAFT aqueous emulsion polymerisation of styrene to vyield spherical
polyelectrolyte latex particles. lonogel membranes were prepared in this previous study via post-
polymerisation formulation, where the particles dispersed in agueous medium were mixed with
ionic liquid electrolyte with the aid of toluene co-solvent for 10 hours before being casted onto

Teflon.
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Despite PISA formulations being developed in ILs, there have been no reports of a system that
yields worm-like micelles, which typically occupy phase space where the degree of polymerisation
of the structure-directing block lies between those for spherical micelles and vesicles.®> Worm-like
micelles provide a route to soft gel materials at lower copolymer concentrations (23% w/w)’? than
the polymer concentrations typically required for ionogel preparation (up to 10% w/w).1* Whilst
there have been recent advances in this area, developing PISA formulations that provide access to
worm gels in ILs would represent a much more facile route to functional ionogel materials using
straightforward synthesis and preparation routes without the need for post-polymerisation

processing or purification.

Herein, for the first time, a RAFT-PISA formulation that yields diblock copolymer spheres, worms
and vesicles in IL is described. Specifically, poly(2-hydroxyethyl methacrylate)-b-poly(benzyl
methacrylate) (PHEMA-b-PBzMA) block copolymer nanoparticles were synthesised via RAFT
dispersion polymerisation in 1-ethyl-3-methylimidazolium dicyanamide ([EMIM][DCA]) (Scheme
3.1). PHEMA was selected as the stabiliser block for this system as a result of successful solubility
screenings carried out in Chapter 2, that indicated PHEMA was soluble in [EMIM][DCA] up to 70 °C
and 10% w/w solids concentration. Additionally, solubility screenings conducted on PBzMA
homopolymer in Chapter 2 indicated suitability of its use as a core-forming block in a potential
PISA system in [EMIM][DCA]. Detailed characterisation of the block copolymer nanoparticles was
conducted, including 'H nuclear magnetic resonance (NMR) spectroscopy, gel permeation
chromatography (GPC), dynamic light scattering (DLS), transmission electron microscopy (TEM),
small-angle X-ray scattering (SAXS), oscillatory rheology, thermogravimetric analysis (TGA) and
electrochemical impedance spectroscopy (EIS). For the first time, this new PISA formulation
facilitates the in situ formation of self-standing worm ionogel electrolyte materials at copolymer
concentrations >4% w/w via efficient and convenient synthesis routes without the need for organic
co-solvents, crosslinkers, post-polymerisation processing or purification. Importantly, we
demonstrate that the worm ionogels developed in this work exhibit comparable electrochemical

properties to that of the ionic liquid alone, showcasing their potential as gel electrolytes.
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Scheme 3.1. Synthesis of poly(2-hydroxymethacrylate) (PHEMA) macro-CTA via RAFT solution
polymerisation in methanol at 60 °C, followed by RAFT dispersion polymerisation of benzyl methacrylate
(BzMA) in 1-ethyl-3-methylimidazolium dicyanamide ([EMIM][DCA]) at 70 °C to yield PHEMA-b-PBzMA
diblock copolymers.

3.2 Experimental

3.2.1 Materials

2-Hydroxyethyl methacrylate (HEMA) and benzyl methacrylate (BzMA) were purchased from
Sigma Aldrich and passed through a basic alumina column prior to use in order to remove the
inhibitor. 2,2'-Azobisisobutyronitrile (AIBN) was purchased from Molekula and was recrystallised
from methanol prior to use. 4-Cyano-4-(phenylcarbonothioylthio) pentanoic acid (CPTP) RAFT
agent was purchased from Sigma Aldrich and used as received. Reagent grade methanol and
diethyl ether were purchased from Fisher Scientific. Dimethyl sulfoxide-d6 and methanol-d4 for *H
NMR analysis were purchased from Goss Scientific. 1-Ethyl-3-methylimidazolium dicyanamide

[EMIM][DCA] was acquired from BASF.

3.2.2 *H Nuclear magnetic resonance (NMR) spectroscopy

'H NMR spectra were obtained in either MeOD-d4 or DMSO-d6 using a Bruker Avance Neo 300
MHz spectrometer. Both crude and pure samples were prepared by dissolving approximately 40
mg of sample in 0.7 mL of appropriate deuterated solvent. Typically, 16 scans were averaged per
spectrum and all chemical shifts are expressed in ppm. *H NMR spectra were referenced using

peaks present as a result of residual solvent.

3.2.3 Gel permeation chromatography (GPC)

Molecular weight distributions were obtained by using an Agilent Infinity Il multi-detector gel
permeation chromatography (GPC) instrument comprising a guard column and two PL gel mixed-
C columns. The mobile phase contained 0.10% w/v LiBr in HPLC grade DMF and the flow rate was
fixed at 1 mL min? at 80 °C. The GPC was calibrated using near-monodispersed poly(methyl

methacrylate) standards (M, range = 535-1,591,000 g mol™).
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3.2.4 Dynamic light scattering (DLS)

Dynamic light scattering (DLS) studies were conducted using a Zetasizer Nano ZS instrument
(Malvern Panalytical, UK) at a fixed scattering angle of 173°. The block copolymer dispersions were
diluted in [EMIM][DCA] (Refractive index = 1.51 as determined by Soriano et al.”®, viscosity = 14.6
cP) to 0.10% w/w prior to light scattering studies at 25 °C. The polydispersity index (PDI) and
average diameter (D) were calculated, and data were averaged over three sets of approximately

thirteen runs each of 30 seconds duration.

3.2.5 Transmission electron microscopy (TEM)

Bright field transmission electron microscopy (TEM) studies were conducted using a JEOL2100
instrument operating at 200 kV. Prior to analysis, block copolymer dispersions were diluted with
[EMIM][DCA] to 0.15% w/w, placed on carbon-coated copper grids, blotted using filter paper and
allowed to dry overnight, following a previously reported protocol.”* No staining agent was

required.

3.2.6 Small-angle X-ray scattering (SAXS)

Small-angle X-ray scattering (SAXS) patterns were recorded for 1.0% w/w copolymer dispersions in
[EMIM][DCA] in 1.5 mm diameter polycarbonate capillaries at a synchrotron source (beamline
B217%, Diamond Light Source, UK) using monochromatic X-ray radiation (X-ray wavelength A =
0.9408 A, sample-to-detector distance of 3.712 m corresponding to scattering vector g ranging
from 0.0045 to 0.34 A') and an EigerX 4M detector (Dectris, Switzerland). Scattering data were
reduced using standard protocols from the beamline and were further analyzed using Irena SAS
macros for Igor Pro’®. Background-subtracted SAXS data were fitted to an appropriate model (or a
combination models when a mixed phase is observed): (i) Gaussian chains’’, (ii) spherical

micelles’®, (iii) worm-like micelles’®, (iv) vesicles.”®

3.2.7 Helium pycnometry

The solid-state density of PHEMA30 macro-CTA was determined using a Micromeritics AccuPyc Il
1345 pycnometer at 20 °C using a 1 cm? cup. The instrument was calibrated using a 0.718537 cm?
ball bearing calibrant. The reported value was an average of 10 measurements. The solid-state

density of PBzMA was previously determined using helium pycnometry to be 1.15 g cm3. &
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3.2.8 Synthesis of poly(2-hydroxyethyl methacrylate) (PHEMA) macromolecular chain
transfer agent (macro-CTA) via RAFT solution polymerisation

The synthesis of the PHEMA30 macro-CTA at 50% w/w solids was conducted as follows. A 100 mL
round-bottomed flask was charged with 2-hydroxyethyl methacrylate (HEMA; 20 g; 154 mmol), 4-
cyano-4-(phenylcarbonothioylthio)pentanoic acid (CPTP; 0.859 g; 3.0 mmol), 2,2’-
azobisisobutyronitrile (AIBN; 100.9 mg; 615 umol; CPTP/AIBN molar ratio = 5) and methanol (21
g). The sealed reaction flask was purged with nitrogen for 30 minutes prior to being placed in a
preheated oil bath at 60 °C and stirred for 6 hours. The resulting PHEMA (Figure 3.1) (HEMA
conversion = 40%; M, = 8,000 g mol™, Py = My/M, = 1.25) was purified by twice precipitating into
a ten-fold excess of diethyl ether and dried on a rotary evaporator until all solvent was removed
as judged by *H NMR spectroscopy (see Figure 3.2). The resulting PHEMA macro-CTA was obtained

as a pink solid.
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Figure 3.1. Assighed 'H NMR spectrum of crude PHEMA macro-CTA in MeOH-d,.

= [Integral (d’)] = 2H 3.1

Ip = [Integral (d)] 3.2
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% Conversion =—2— x 100% = —2> % 100% = 40% 3.3
I+ I 2.00 +1.35

The mean degree of polymerisation (DP) of this macro-CTA was calculated to be 30 using *H NMR
spectroscopy by comparing the integrated signals corresponding to the five CPTP aromatic protons
at 7.2-8.0 ppm relative to the peak at 4.0-4.1 ppm corresponding to the two oxymethylene protons
of PHEMA (see Figure 3.2). Thus the CTA efficiency of the CPTP RAFT agent was estimated to be
67% (see Equation 3.6).

HO d
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—— J .
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Figure 3.2. Assigned *H NMR spectrum of purified PHEMA3o macro-CTA in MeOH-ds.

The degree of polymerisation (DP) of the PHEMA macro-CTA and the CTA efficiency was calculated

using the following equations:

[Integral (g-i)] = 5H 3.4

PHEMA Dp = 202 @] _ 03

30 3.5
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Target DP x NMR conversion
Actual PHEMA DP

% CTA efficiency = x 100 3.6

3.2.9 Synthesis of poly(2-hydroxyethyl methacrylate)-block-poly(benzyl methacrylate)
(PHEMA-b-PBzMA) diblock copolymer via RAFT dispersion polymerisation in 1-ethyl-3-
methylimidazolium dicyanamide ([EMIM][DCA])

A typical RAFT dispersion polymerisation for the synthesis of PHEMA30-PBzMA29; at 15% w/w solids
was conducted as follows. Benzyl methacrylate (BzMA; 0.52 g; 2.96 mmol), 2,2'-
azobisisobutyronitrile (AIBN; 0.3 mg; 1.97 umol), PHEMA3;, macro-CTA (0.04 g; 9.87 umol; macro-
CTA/initiator molar ratio = 5; PBzMA target degree of polymerisation = 300) and 1-ethyl-3-
methylimidazolium dicyanamide ([EMIM][DCA]; 3.18 g) were added to a 14 mL sample vial. The
sealed reaction mixture was purged with nitrogen for 30 minutes prior to being placed in a
preheated oil bath at 70 °C whilst stirring for 2 hours (BzMA conversion = 98%; M, = 52,900 g mol
! Dw=1.35).
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Figure 3.3. Assigned representative *H NMR spectrum of crude PHEMA;z0-b-PBzMA, in DMSO-ds.
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Example calculation:

Im = [Integral (q’)] = 2H 3.6

Ip = [Integral (q)] 3.7

% Conversion =—2— x 100% = —=>>_ x 100% = 97% 3.8
Im+ I 2.00 + 56.58

3.3 Results and discussion

3.3.1 Synthesis of PHEMA macro-CTA

A PHEMA macromolecular chain transfer agent (macro-CTA) with a mean degree of polymerisation
(DP) of 30 was synthesised via RAFT solution polymerisation in methanol at 60 °C using 4-cyano-
4-(phenylcarbonothioylthio)pentanoic acid (CPTP) as a chain transfer agent (Scheme 3.1).
Commonly in macro-CTA syntheses, polymerisations are quenched before reaching high (= 80%)
monomer conversion in order to retain RAFT end groups by avoiding monomer-starved
conditions,®! thus enabling high blocking efficiencies in subsequent block copolymer syntheses. In
this study, the RAFT solution polymerisation of HEMA was quenched after 6 hours, affording a
monomer conversion of 40% as judged by 'H NMR spectroscopy (Figure 3.1). This yielded a
relatively short PHEMA3, macro-CTA stabiliser block, which is often favourable for the proceeding
PISA syntheses when targeting higher order nanoparticle morphologies (i.e. worms and vesicles).®?
The retention of RAFT end groups was confirmed by the *H NMR spectrum of the purified macro-
CTA by presence of the aromatic protons within the Z-group of the RAFT agent (see Figure 3.2).
The synthesised PHEMA30 macro-CTA exhibited a relatively narrow molecular weight distribution
(Pm = 1.25), indicating that this RAFT solution polymerisation of HEMA was well-controlled.
Additionally, helium pycnometry measurements indicated a solid-state PHEMA3 density of 1.26 g

cm3, which is in good agreement with previously reported values.®

3.3.2 Synthesis and characterisation of PHEMA-b-PBzMA block copolymers in [EMIM][DCA]

A representative kinetic study of the chain extension of PHEMA3, with benzyl methacrylate (BzMA)
in [EMIM][DCA] at 70 °C and 15% w/w solids was conducted when targeting a PBzMA DP of 300
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(Figure 3.4). Aliquots from the reaction solution were taken at 5 minute intervals during the first
hour, then every 10 minutes thereafter to monitor the polymerisation kinetics. An induction period
up to 25 minutes is observed, followed by a relatively slow rate of polymerisation up to 60 minutes,
as is common for RAFT solution polymerisation (i.e. where block copolymer chains are fully
soluble). After 60 minutes, a significant rate enhancement was observed, which typically indicates
the onset of micellar nucleation where a critical length of the solvophobic block is reached, above
which the propagating block becomes insoluble. This rate enhancement arises due to the
preferential migration of unreacted monomer into the nanoparticle cores within which the
polymerisation proceeds, thus providing a higher effective local monomer concentration at the
site of polymerisation.®® 84 At 120 minutes, monomer conversion reached 90%. In the present PISA
formulation, the critical PBzMA DP for the assembly of PHEMA30-b-PBzMA, nanoparticles during
PISA in [EMIM][DCA] was determined to be 72. At this critical point in the PISA synthesis (when
BzMA monomer conversion reaches 24%), the observed rate of polymerisation increased by a
factor of approximately 6 (Figure 3.4a). GPC data obtained showed good control over the as judged
by the low mass dispersities throughout and linear evolution of molecular weight with monomer
conversion (Figure 3.4b). Additionally, GPC traces confirm efficient chain extension of the PHEMA 3,
macro-CTA during the RAFT dispersion polymerisation of benzyl methacrylate in [EMIM][DCA]
(Figure 3.4c).
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Figure 3.4. Kinetic study for the RAFT dispersion polymerisation of BzMA (target PBzMA DP = 300) in
[EMIM][DCA] at 15% w/w solids using a PHEMA30 macro-CTA: a) BzMA conversion vs. time (blue data) and
semi-log kinetic (red data) plots; b) M, and Dy vs. BzZMA conversion. Dashed blue line indicates linear
progression of molar mass growth; c) DMF GPC chromatograms of aliquots taken during the reaction where
the growth of molecular weight is indicated by a shift to the left over time. GPC data was obtained against
poly(methyl methacrylate) standards.
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Following this kinetic study, the optimum polymerisation time for complete monomer conversion
was identified as 2 hours. Thus, a series of PHEMA3¢-b-PBzMA, block copolymers at 15% w/w with
varying target DPs of the core-forming PBzMA block (i.e. ‘y’ values) was synthesised (Table 3.1 and
Figure 3.5). Importantly, high monomer conversions (296%) were obtained for all syntheses as
determined by *H NMR spectroscopy. The determination of the PBzMA DP was not possible by
end-group analysis via *H NMR spectroscopy analysis as a result of the region in which the aromatic
protons appearing in the spectra (7.2-8.0 ppm) being crowded with additional peaks attributed to
protons present in the IL (Figure 3.3). Therefore, the actual PBzMA DP was calculated by
multiplying the BzMA monomer conversion by the targeted PBzMA DP. A range of dispersions
were formed (Figure 3.5), with initial observations indicating that varying morphologies were
synthesised based on comparisons to previous PISA formulations.®® Transparent fluids formed at
lower PBzMA DPs typically indicate the presence of either dissolved polymer chains (i.e. no PISA
occurred) or spheres. Dispersions of PHEMA30-b-PBzMA, where y = 233-317 yielded free-standing
gels, suggesting the formation of worm-like nanoparticles that can form an extended percolating
gel network.”? Beyond this gel phase, turbid free-flowing solutions at higher PBzMA DPs (>330) are

characteristic of the presence of vesicles.

Increasing target DP of core-forming block (PBzMA)

>
l : 3 l I 'm J 34 246 -
Li:J H % - ah.l

Figure 3.5. Digital image showing the physical appearance of the series of PHEMA3z0-b-PBzMA, block
copolymer dispersions in [EMIM][DCA] at 15% w/w solids. Number labels on sample vials denote the actual
PBzMA core-forming block DP, as determined using *H NMR spectroscopy. Inverted sample vials indicate
free-standing gels.
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Table 3.1. Summary of targeted copolymer composition, BZMA conversion, actual copolymer composition,
GPC M, and Dw (= Mw/M,), and DLS diameter and PDI for the series of PHEMA30-b-PBzMA, diblock
copolymers prepared by RAFT dispersion polymerisation of BzMA in [EMIM][DCA] at 70 °C and 15% w/w,
using AIBN initiator ([PHEMA3o macro-CTA]/[AIBN] molar ratio = 5.0). PHEMA30-b-PBzMA, is denoted as Hso-
B, for brevity.

H NMR spectroscopy DMF GPC DLS
BzMA .
Target ) Actual M th M, Diameter
o conversion . 1 4 Dwm PDI
composition (%) composition (g mol™) | (g mol™?) (nm)

Hso - Hso 4,184 8,000 1.24 - -
H30-Bso 97 Hs0-Bag 12,688 18,100 1.24 34 0.99
H30-B1oo 98 Hs0-Bsg 21,322 24,900 1.21 39 0.98
H30-B1so 97 H30-B1a4s 29,780 24,000 1.20 47 0.85
H30-B200 98 H30-B1ss 38,591 42,500 1.24 90 0.32
Hs0-B210 98 Hs0-B2o1 40,353 40,600 1.21 137 1.00
H30-B220 98 H30-Ba16 42,115 40,000 1.34 100 0.67
H30-B230 99 H30-B22s 44,230 41,400 1.39 134 0.57
H30-B240 97 H30-B233 45,111 45,500 1.30 88 0.84
Hs0-B2so 97 H30-B240 46,873 47,800 1.23 153 0.14
H30-B2so 96 H30-B2so 48,107 46,700 1.30 129 0.04
H30-B270 98 H30-B2s2 50,750 50,700 1.34 210 0.24
H30-Baso 96 H30-B2so 51,455 53,100 1.26 221 0.11
H30-Baso 96 H30-B279 53,217 48,700 1.43 134 0.13
H30-B3go 97 H30-Baa1 55,331 52,900 1.31 238 0.06
H30-Bs1o 98 H30-Bso1 57,093 56,800 1.33 31 0.60
H30-B32o 98 H30-B314 59,384 57,000 1.29 146 0.28
H30-Bs3o 96 H30-Bs17 59,913 60,200 1.34 145 0.47
H30-B3ao 97 H30-Bs3o 62,203 57,500 1.36 245 0.07
H30-Bsso 97 H30-B3ao 63,966 57,300 1.49 356 0.07
H30-Bago 99 H30-Bass 73,833 66,700 1.43 272 0.08
H30-Baso 99 H30-Baas 82,644 67,200 1.53 273 0.08
H30-Bsoo 98 H30-Baso 90,397 79,900 1.56 692 0.58

As expected, the molecular weight of the block copolymer increases as the DP of the PBzMA core-
forming block increases. GPC confirms a clear shift to shorter retention times for the block
copolymers compared to the PHEMA3, macro-CTA with negligible precursor macro-CTA chains
remaining in all block copolymer samples, characteristic of both an increase in molecular weight
and efficient macro-CTA chain-extension during the PISA synthesis (Figure 3.6). The slight
discrepancies between the molecular weight obtained by GPC and that obtained by end-group
analysis via *H NMR spectroscopy (Figure 3.6b) can be attributed to the poly(methyl methacrylate)
calibration standards used for GPC analysis.®® In contrast to the molar mass dispersity of the

PHEMA3, macro-CTA (Pm = 1.25), the dispersities obtained for the block copolymers shown in
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Figure 3.6 were similar up to a target PBzMA DP of 200 (bwm < 1.24), indicating good control of the
molecular weight distribution during the PISA syntheses. Some loss of control was observed when
targeting higher PBzMA DPs, for example a target DP of 400 where Dy = 1.43, which is often a
characteristic of block copolymers synthesised via RAFT-PISA when targeting relatively high core-
forming block DPs.5% % 72 The high molecular weight tailing observed in GPC traces when targeting
higher PBzMA DPs is most likely due to some low level of termination by combination as has been

previously observed for PISA formulations involving BzZMA.%
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a)
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Figure 3.6. DMF GPC data obtained for PHEMAszo-b-PBzMA, block copolymers synthesised via RAFT
dispersion polymerisation of benzyl methacrylate in [EMIM][DCA] at 15% w/w solids. GPC data was obtained
against poly(methyl methacrylate) standards. A) Chromatograms obtained for a selection of PHEMA30-b-
PBzMA, block copolymers, where PHEMA is denoted as H and PBzMA is denoted as B. b) M, vs. PBzMA DP
(blue), where the blue line indicates the line of best fit, and Dy vs. PBzZMA DP (orange), where the red dashed
line indicates the theoretical M, vs. PBzMA DP. Theoretical M, and DP were obtained by *H NMR
spectroscopy, and actual M, and by were obtained by GPC analysis.
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3.3.3 Characterisation of PHEMA30-b-PBzMA, nanoparticles

DLS studies were conducted to characterise the PHEMA;0-b-PBzZMA, nanoparticles in
[EMIM][DCA], indicating the formation of nano-objects ranging in DLS diameter from ~40 nm to
~700 nm (see Table 3.1 and Figure 3.7a). Whilst DLS analysis is not ideally suited to the analysis of
anisotropic nanoparticles, the apparent diameter returned can provide a ‘sphere equivalent’ size.
It is noteworthy that nanoparticles formed when targeting PBzMA DPs of 340-450 were ~250-350
nm in diameter with narrow size distributions (DLS polydispersity index, PDI < 0.08) which, given
that this PBzMA DP range is above the range where gels are obtained, suggests the formation of
vesicles. DLS size distributions of selected PHEMA30-b-PBzMA, dispersions are shown in Figure

3.7a.
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a)
Hsu'Bzgl
D =238 nm H?,B‘Bsss
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Figure 3.7. a) DLS data obtained for 0.15% w/w dispersions of PHEMA30-b-PBzMA396 (red), PHEMA3q-b-
PBzMA,s1 (green) and PHEMAzo-b-PBzMA 146 (blue) in [EMIM][DCA], b) TEM images obtained for 0.15 % w/w
dispersions of PHEMA30-b-PBzMA3z9s (red) and PHEMA30-b-PBzMAs; (green) in [EMIM][DCA], and c)
Background-subtracted SAXS patterns recorded at 1.0% w/w for PHEMA30-b-PBzMA, chains (orange),
spheres and chains mixture (blue), spheres and worms mixture (green) and vesicles (red) in [EMIM][DCA].
Dashed lines represent model fits obtained, where the Gaussian chain model (Appendix 7.1.4) was used for
H30-Bas, the spherical micelle model (Appendix 7.1.1) was employed for H3o-B14s, @ combination of spherical
micelle and worm like micelle model (Appendix 7.1.2) was used for H3o-B291, and the vesicle model (Appendix
7.1.3) was employed for fitting H3o-B3gs.. Gradients of 0, -1 and -2 are shown as a guide to the eye indicate
the presence of spheres, worms and vesicles, respectively.
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The presence of nanoparticles was also confirmed by TEM and SAXS (Figures 3.7b, 3.7c, 3.8 and
3.9-3.30). In particular, TEM analysis of PHEMA30-b-PBzMA3s in [EMIM][DCA] indicated the
presence of vesicles, which was further evidenced by SAXS analysis by fitting background-
subtracted data to a well-established vesicle model.” For this sample, SAXS data were successfully
fitted using a vesicle model alone indicating a pure phase of vesicles with a mean overall vesicle
diameter of 315 nm, which is comparable to the overall DLS diameter observed by DLS, and the
mean membrane thickness was determined to be 29 nm. Most importantly, TEM analysis
indicated the presence of PHEMAso-b-PBzMA,s: worms (Figure 3.7b), suggesting that the
corresponding 15% w/w free-standing ionogel was formed as a result of the presence of worm-
like micelles.® The presence of worms was further evidenced by fitting the background-subtracted
SAXS data for PHEMA3o-b-PBzMA,9; to a worm-like micelle model,”® which indicated a mean worm
thickness of 43 nm and a worm length of ~150 nm. In addition to the worm-like micelle model,
fitting the SAXS data for this 1% w/w PHEMA30-b-PBzMA,s: dispersion required a population
(17.4% v/v) of spherical nanoparticles with 21 nm in diameter. SAXS data obtained for PHEMA 30-
b-PBzMA14s nano-objects suggested the presence of aggregated particles as indicated by the
significant upturn in scattering intensity at low g values. Nevertheless, this background-subtracted
scattering pattern was well fitted to a spherical micelle model® that indicated the presence of
spheres with a mean diameter of 20 nm, with the upturn at low q being represented by an
additional power-law relationship. DLS analysis of these nanoparticles also supports the presence
of aggregates, with a clear bimodal distribution of smaller particles with similar diameters to those
observed by SAXS and larger aggregates between approximately 100 nm and 5 um in diameter.
As a result of this bimodal and broad distribution, the mean DLS diameter was 47 nm with a high
PDI value (0.85). TEM analysis also appears to support these observations, however high quality

TEM images were difficult to obtain (see Figure 3.8).
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Figure 3.8. TEM images obtained for a 0.15% w/w dispersion of PHEMA30-b-PBzMA4¢.

Finally, SAXS data for a 1% w/w PHEMA30-b-PBzMA4s in [EMIM][DCA] were obtained, which
confirmed the presence of molecularly dissolved block copolymer chains. This supports the
detailed kinetic study of this PISA formulation (see Figure 3.4) that identified the critical PBzZMA
DP for self-assembly in [EMIM][DCA] as approximately 72. Indeed these data were well fitted to a

1”7, indicating polymer chains with a radius of gyration of 2.9 nm. In addition

Gaussian chain mode
to the four datasets presented in Figure 3.7c, SAXS analysis was conducted on all PHEMA3,-b-
PBzMA, samples and fitted to appropriate models (see Figures 3.9-3.30 and Table 3.2), further
confirming that this new PISA formulation yields nanoparticle dispersions containing spheres,

worms and vesicles in [EMIM][DCA] ionic liquid.
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Table 3.2. Summary of parameters obtained when fitting SAXS data to appropriate models (Appendix 7.1).
Pspherer Pworm AN Puegicie are the volume fraction of spheres, worms and vesicles, respectively. Dy, pere
is the spherical nanoparticle diameter (Dsypere = 2Rs + 4R,, where R; is the radius of gyration of the
stabiliser block and R, is the core radius). T, o, is the worm thickness (Tyyorm = 2R, + 4R,, where R,, is
the worm core cross-sectional radius). L,y is the worm length. D, is the overall vesicle diameter
(Dyesicie = R + Ty + 4Ry, where Ry, is the centre of the vesicle to the centre of the membrane and T,,, is
the membrane thickness). Rgcop is the radius of gyration of dissolved copolymer chains. v is the extended

volume parameter. PHEMA;0-b-PBzMA, is denoted as H3zo-By for brevity.

Spherical micelle . . . Gauss.ian
model Worm-like micelle model Vesicle model chain
model
Sample Psphere D(s:::)re Pworm 1;::::)“ L(V;:;T Pvesicle D(\::Ti‘c)le (::Tn‘) 1(2:31)3 v
Hs0-Bag 2.90 | 0.5
Hs0-Bgg | 0.0141 20.0
Hs0-B14s | 0.0227 20.4
Hs0-B1ggs | 0.0066 20.7 0.0124 35.6 140
Hs0-B2o1 | 0.0118 22.7 0.0085 34.5 256
H30-B21s | 0.0160 21.1 0.0068 32.2 600
H30-B22s | 0.0084 21.3 0.0123 35.4 212
H30-B23s | 0.0127 21.9 0.0080 35.1 156
H30-B24o | 0.0036 22.3 0.0121 38.7 159
H30-Baso 0.0050 17.4 600
H30-B2ss | 0.0052 21.3 0.0223 39.0 212
H30-B2ss | 0.0020 215 0.0127 42.8 216
H30-B27s | 0.0054 214 | 0.0111 40.3 197
H30-B2g1 | 0.0017 20.7 0.0079 42.7 149
H30-B3o1 | 0.0172 21.6 | 0.0056 39.2 240
H30-Bs14 0.0012 19.6 100 0.0175 409 24.6
H30-Bs17 0.0007 17.8 100 0.0174 440 25.1
H30-Bs3o 0.0040 59.2 100 0.0155 348 25.4
H30-B340 0.0008 38.1 104 0.0166 311 26.3
H30-B3gs 0.0147 315 29.0
Hs0-Baas 0.0162 302 31.3
H30-Baso 0.0530 307 33.3
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Figure 3.9. Background-subtracted SAXS data obtained for 1.0% w/w PHEMA3o-PBzMA,s in [EMIM][DCA] at
25 °C. Dashed lines represent the model fit obtained using the Gaussian chain model (Appendix 7.1.4).
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Figure 3.10. Background-subtracted SAXS data obtained for 1.0% w/w PHEMA30-PBzMAgg in [EMIM][DCA] at
25 °C. Dashed lines represent the model fit obtained using the spherical micelle model (Appendix 7.1.1) with
an additional power law to account for the upturn in scattering at low g.
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Figure 3.11. Background-subtracted SAXS data obtained for 1.0% w/w PHEMA3o-PBzMA4¢ in [EMIM][DCA]
at 25 °C. Dashed lines represent the model fit obtained using the spherical micelle model (Appendix 7.1.1).
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Figure 3.12. Background-subtracted SAXS data obtained for 1.0% w/w PHEMA30-PBzMA19¢ in [EMIM][DCA]
at 25 °C. Dashed lines represent the model fit obtained using a combination of the spherical micelle model
(Appendix 7.1.1) and worm-like micelle model (Appendix 7.1.2).
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Figure 3.13. Background-subtracted SAXS data obtained for 1.0% w/w PHEMA3,-PBzMA0; in [EMIM][DCA]

at 25 °C. Dashed lines represent the model fit obtained using a combination of the spherical micelle model
(Appendix 7.1.1) and worm-like micelle model (Appendix 7.1.2).
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Figure 3.14. Background-subtracted SAXS data obtained for 1.0% w/w PHEMA30-PBzMA216 in
[EMIM][DCA] at 25 °C. Dashed lines represent the model fit obtained using a combination of the spherical

micelle model (Appendix 7.1.1) and worm-like micelle model (Appendix 7.1.2).
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Figure 3.15. Background-subtracted SAXS data obtained for 1.0% w/w PHEMA3,-PBzMA,2g in [EMIM][DCA]

at 25 °C. Dashed lines represent the model fit obtained using a combination of the spherical micelle model
(Appendix 7.1.1) and worm-like micelle model (Appendix 7.1.2).
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Figure 3.16. Background-subtracted SAXS data obtained for 1.0% w/w PHEMA30-PBzMA;33 in [EMIM][DCA]
at 25 °C. Dashed lines represent the model fit obtained using a combination of the spherical micelle model
(Appendix 7.1.1) and worm-like micelle model (Appendix 7.1.2).
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Figure 3.17. Background-subtracted SAXS data obtained for 1.0% w/w PHEMA35-PBzMA,40 in [EMIM][DCA]

at 25 °C. Dashed lines represent the model fit obtained using a combination of the spherical micelle model
(Appendix 7.1.1) and worm-like micelle model (Appendix 7.1.2).
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Figure 3.18. Background-subtracted SAXS data obtained for 1.0% w/w PHEMA30-PBzMA;s0in [EMIM][DCA]
at 25 °C. Dashed lines represent the model fit obtained using the worm-like micelle model (Appendix 7.1.2).

G.L. Maitland, PhD Thesis, Aston University, 2024 104



Chapter 3: Polymerisation-induced self-assembly in 1-ethyl-3-methylimidazolium dicyanamide:
RAFT dispersion polymerisation of benzyl methacrylate

I(a)

0.005 0.05
A-1
q (A)
Figure 3.19. Background-subtracted SAXS data obtained for 1.0% w/w PHEMA30-PBzMA6s in [EMIM][DCA]

at 25 °C. Dashed lines represent the model fit obtained using a combination of the spherical micelle model
(Appendix 7.1.1) and worm-like micelle model (Appendix 7.1.2).
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Figure 3.20. Background-subtracted SAXS data obtained for 1.0% w/w PHEMA3,-PBzMA;65 in [EMIM][DCA]
at 25 °C. Dashed lines represent the model fit obtained a combination of the spherical micelle model
(Appendix 7.1.1) and worm-like micelle model (Appendix 7.1.2).
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Figure 3.21. Background-subtracted SAXS data obtained for 1.0% w/w PHEMA3,-PBzMA,75 in [EMIM][DCA]

at 25 °C. Dashed lines represent the model fit obtained using a combination of the spherical micelle model
(Appendix 7.1.1) and worm-like micelle model (Appendix 7.1.2).

I(a)

0.005 0.05
q(A?)

Figure 3.22. Background-subtracted SAXS data obtained for 1.0% w/w PHEMA;,-PBzMA;s; in [EMIM][DCA]
at 25 °C. Dashed lines represent the model fit obtained using a combination of the spherical micelle model
(Appendix 7.1.1) and worm-like micelle model (Appendix 7.1.2).
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Figure 3.23. Background-subtracted SAXS data obtained for 1.0% w/w PHEMA30-PBzMA30; in [EMIM][DCA]

at 25 °C. Dashed lines represent the model fit obtained using a combination of the spherical micelle model
(Appendix 7.1.1) and worm-like micelle model (Appendix 7.1.2).

I(q)

0.005 0.05
q (A1)

Figure 3.24. Background-subtracted SAXS data obtained for 1.0% w/w PHEMA30-PBzMA314in [EMIM][DCA]
at 25 °C. Dashed lines represent the model fit obtained using a combination of the worm-like micelle
(Appendix 7.1.2) and vesicle models (Appendix 7.1.3).
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Figure 3.25. Background-subtracted SAXS data obtained for 1.0% w/w PHEMA30-PBzMA3;7 in [EMIM][DCA]

at 25 °C. Dashed lines represent the model fit obtained using a combination of the worm-like micelle
(Appendix 7.1.2) and vesicle models (Appendix 7.1.3).

l(q)

0.005 0.05
A-1
q (A7)
Figure 3.26. Background-subtracted SAXS data obtained for 1.0% w/w PHEMA;,-PBzMAs30 in [EMIM][DCA]

at 25 °C. Dashed lines represent the model fit obtained using a combination of the worm-like micelle
(Appendix 7.1.2) and vesicle models (Appendix 7.1.3).
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Figure 3.27. Background-subtracted SAXS data obtained for 1.0% w/w PHEMA30-PBzMA3z40 in [EMIM][DCA]

at 25 °C. Dashed lines represent the model fit obtained using a combination of the worm-like micelle
(Appendix 7.1.2) and vesicle models (Appendix 7.1.3).
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Figure 3.28. Background-subtracted SAXS data obtained for 1.0% w/w PHEMA;5-PBzMA;s6 in [EMIM][DCA]
at 25 °C. Dashed lines represent the model fit obtained using the vesicle model (Appendix 7.1.3).
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Figure 3.29. Background-subtracted SAXS data obtained for 1.0% w/w PHEMA30-PBzMA446 in [EMIM][DCA]
at 25 °C. Dashed lines represent the model fit obtained using a vesicle model (Appendix 7.1.3).
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Figure 3.30. Background-subtracted SAXS data obtained for 1.0% w/w PHEMA30-PBzMA4g0in [EMIM][DCA]
at 25 °C. Dashed lines represent the model fit obtained using a vesicle model (Appendix 7.1.3).
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3.4 Conclusions

In summary, a series of PHEMA30-b-PBzMA, block copolymers were synthesised via RAFT
dispersion polymerisation of benzyl methacrylate in [EMIM][DCA] at 70 °C and 15% w/w solids. A
kinetic study carried out indicated high monomer conversions could be achieved within 120
minutes, with the critical PBzMA DP for self-assembly being determined as 72. This is the point at
which the PBzMA core-forming block is sufficiently long to become insoluble in [EMIM][DCA] and
thus induce self-assembly. GPC analysis of the block copolymer series demonstrated good control
of the polymerisation when targeting a range of PBzMA DPs. A range of dispersions were yielded
including transparent, free-flowing liquids (PBzMA DPs between 98 and 220), free-standing gels
(PBzMA DPs between 233 and 330), and viscous turbid solutions (PBzMA DPs >340), each of which
are a good indication of the presence of spheres, worms and vesicles, respectively. This was further
evidenced by a combination of DLS, SAXS and TEM analyses. From SAXS analysis, it was found that
the PHEMA;0-b-PBzMA;s; free-standing gel, which lies at the centre of the gel phase, had the
highest proportion of worms (82.6% v/v) out of all the dispersions, and TEM visually confirmed the
presence of worms. For the first time, this PISA formulation facilitates a more convenient and facile
route to in situ generation of free-standing worm ionogels, which show considerable promise in
future electrochemical applications as ionic liquid-based gel electrolytes. Importantly, the need for
post-polymerisation processing/purification and the aid of co-solvents or crosslinkers has been

eliminated, further demonstrating this formulation’s promise as future gel electrolytes.
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Chapter 4: Characterisation of worm gels prepared via polymerisation-induced self-assembly in 1-
ethyl-3-methylimidazolium dicyanamide

4.1 Introduction

lonogels are defined as an ionic liquid (IL) trapped in a crosslinked network such as an inorganic
network or a polymer network. Depending on their targeted application, mechanical and
rheological properties are essential to consider.! Current ionogels formulations consist of relatively

soft gels which are ideal for applications such as actuators,?* sensors® and wearable electronics.®

Several methods of enhancing mechanical properties of soft ionogels have been reported, such as
introducing sacrificial bonds into polymer networks in order to dispel energy.” For example,
double-network (DN) ionogels®’® have been found to be much tougher than single-network
ionogels. DN ionogels have an elastic network, as a well as a brittle network which are both
characterised as soft and brittle, respectively. lonogels can also be toughened by incorporating
non-covalent interactions between the IL and polymer network such as hydrogen bonding or
electrostatic interactions. Alternatively, non-covalent interactions between polymer chains can
strengthen ionogels. More relevant to this research, mechanical properties of ionogels can be
improved by forming phase-separated domains of block polymers.® ¥ 12 Specifically, block
copolymers composed of an IL-philic and an IL-phobic block can phase separate in the ionic liquid
to form uniform networks as a result of the breakage of non-covalent interactions in the polymer
network, therefore toughening the gels when the energy dissipates. Typically, these block
copolymers are synthesised via reversible addition-fragmentation chain transfer (RAFT)
polymerisation, followed by purification and then mixing with the IL with the aid of a co-solvent to
facilitate the formation of the ionogel. The co-solvent is then removed by evaporation, affording

microphase-separated polymer networks in the chosen IL (Figure 4.1).

Block Copolymer Based Phase Separation

(a) Monomers ~~: IL-philic segment ~~: IL-phobic segment |ll: Hydrogen bonds Uniform domain

e A
5 e I & N~ 7-‘(]/'\
B . VA
o b 1) RAFT; 2) Precipitate Add cosolvent (IL + Drying 5 Obtained ionogel
o _ . D ——— B Ay —

in methanol; 3) Drying | % organic solvent) @ {
Mixture Block copolymers Dissolving Organic solvent evaporation Phase-separated domain

Figure 4.1. Soft but toughened ionogels synthesis from phase separation of block copolymers.”
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The work conducted in Chapter 3 showed that in situ formation of block copolymer soft worm
ionogels in 1-ethyl-3-methylimidazolium dicyanamide, [EMIM][DCA], is possible without the need
for post-polymerisation processing or a co-solvent aid. For this Thesis, it is important to understand

the rheological properties of the soft worm ionogels to ensure they are mechanically robust.

Using oscillatory rheology, it is generally acknowledged that a ‘true’ gel can be confirmed by a
reasonably linear viscoelastic behaviour of the gels and frequency-independence of storage
modulus (i.e. the elastic component) and loss modulus (i.e. the viscous component) (G’ and G”,
respectively), with G” being substantially lower than G’.**> Moreover, strain-sweeps enable the
determination of the strain at which the worm ionogels degel, often termed the strain at break

(Figure 4.2).

*

Log G’, G”
Log G’, G”

-1
Shear strain (%) Angular frequency (rad s!)

Figure 4.2. a) Representative strain-sweep trend expected for viscoelastic materials. The crossover of G’
and G” indicates the critical strain of degelation. b) Representative frequency-sweep trend expected for
viscoelastic materials. G’ and G” are frequency-independent moduli, with G being considerably lower
than G'.

Depending on the desired application, ionogels are required to operate at high temperatures and
over broad temperature ranges.! Thermogravimetric analysis (TGA)'* is a commonly used to obtain
a thermal profile of a given polymer. In essence, this is measured by the weight change of the
polymer with respect to temperature and time.*® The weight change of the polymers can be caused
by a range of physical processes such as vaporisation and desorption etc., or by oxidation and
decomposition. TGA has been shown to be a well-established technique for characterising

ionogels, notably demonstrating high decomposition temperatures and long-term thermal
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stability at high temperatures, particularly in comparison to hydrogels with no ionic liquid (IL)

content.'®

lonic conductivity is an essential feature of ionogels. In comparison to ionogels fabricated using
poly(ionic liquids) (PILs), ionogels composed of ILs that can move freely as a mobile phase amongst
host networks generally display a higher ionic conductivity.! Furthermore, the choice of IL affects
the ionogel ionic conductivity. IL that consist of anions with weak ability to hydrogen bond such as
dicyanamide ([DCA]) and hexafluorophosphate ([PFs]) typically display improved ionic
conductivity,'” as well as ion sizes and viscosity of the ILs. However, in this Thesis, the effect of
polymer content within the ionogel on the electrochemical properties of the material is
investigated. The higher the proportion of ILs, the better the electrochemical properties of the
ionogels are expected to be. lonic conductivity is one way of assessing the electrochemical

1.'® reported the fabrication of an ionogel for

properties of the ionogels. For example, Chen et a
strain sending consisting of poly(urethane-urea) (PUU) copolymer and [EMIM][DCA].
Systematically increasing the IL content of the ionogels from 20% w/w to 60% w/w demonstrated
an increasing ionic conductivity from 0.072 S m™ up to 2.25 S m, respectively. However, tensile
testing of each ionogel indicated that the IL itself acted as a plasticiser, as judged by the increasing
trend in breaking strain but decreasing Young’s modulus and tensile strength. In essence, as the IL
content increases, the ionogels become weaker yet more flexible.

)¥ is a useful technique for determining

Electrochemical impedance spectroscopy (EIS
electrochemical characteristics such as diffusion and ion exchange between materials and their

interfaces.’® Notably, EIS has been used to characterise ionogels for several electrochemical

21-24 25-27

applications, such as lithium-ion batteries, supercapacitors and dye-sensitised solar cells
(DSSCs).% Specifically in this Chapter, EIS is used to determine the bulk resistance of the ionogels

by plotting so-called Nyquist plots and extracting the x-intercept at high frequencies.

In this Chapter, rheological, electrochemical and thermal properties of the previously synthesised
poly(2-hydroxyethyl methacrylate)-block-poly(benzyl methacrylate) (PHEMA-b-PBzMA) block
copolymers worm ionogels prepared in [EMIM][DCA] at 15% w/w are explored. Critical gel
concentration (CGC) screenings are conducted in order to assess the concentration at which
degelation occurs and subsequent rheological analysis is conducted on each sample to assess the

viscoelastic properties of the worm ionogels.
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4.2 Experimental

4.2.1 Materials

Poly(2-hydroxyethyl methacrylate)so macromolecular chain-transfer agent (PHEMA3, mCTA) was
synthesised as previously described in Chapter 3 (2-hydroxyethyl methacrylate (HEMA)conversion
= 40%; M, = 8,000 g mol?, Dy = 1.25). Benzyl methacrylate (BzMA) was purchased from Sigma
Aldrich and passed through a basic alumina column prior to use in order to remove the inhibitor.
2,2’-Azobisisobutyronitrile (AIBN) was purchased from Molekula and was recrystallised from
methanol prior to use. Dimethyl sulfoxide-d6 (DMSO-d6) for *H NMR analysis was purchased from
Goss Scientific. 1-Ethyl-3-methylimidazolium dicyanamide, [EMIM][DCA], was acquired from BASF.

4.2.3 Oscillatory rheology

The loss and storage moduli were measured as a function of shear strain between 0.1% and 100%
at a fixed angular frequency of 6.28 rad s to assess the gel strength. The moduli were also
measured as a function of frequency between 1 rad s and 100 rad s* at a fixed complex shear

strain of 1.0%. All measurements were conducted at 25 °C.

4.2.4 Electrochemical impedance spectroscopy (EIS)
Electrochemical impedance spectroscopy (EIS)!® measurements were performed in a symmetrical
two electrode configuration. Stainless steel spacers (15.5 mm diameter, 0.5 mm thickness) were
used as the electrodes and were separated by either Whatman Grade 1 Qualitative Filter Paper
soaked in [EMIM][DCA] or an ionogel sample, within a sealed CR2032 coin cell. EIS was performed
using a PGSTAT302N potentiostat (Metrohm Autolab B.V., The Netherlands) over the frequency
range 1 MHz — 200 mHz with a 10 mV RMS perturbation voltage. Bulk resistance values were
extracted from Nyquist plots by taking the high frequency intercept of the x-axis. Measurements

were performed in triplicate.

4.2.5 Thermogravimetric analysis (TGA)

Thermogravimetric analysis (TGA) was used to assess the thermal behaviour of the gels, focusing
on their thermal degradation temperature relative to the IL alone. The thermal degradation was
measured by monitoring the relative change in mass as a function of increasing temperature. TGA
was performed using a PerkinElmer TGA 8000 under nitrogen atmosphere (flow rate 40 mL min?).

All samples were heated from 150 °C to 600 °C at a rate of 10 °C min™.
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4.2.6 Synthesis of additional poly(2-hydroxyethyl methacrylate)-block-poly(benzyl
methacrylate) (PHEMAsq-b-PBzMAy) block copolymers for critical gel concentration (CGC)

studies

PHEMA30-b-PBzMA, block copolymers were synthesised via the same protocol as reported in
Chapter 3. A degree of polymerisation of 300 for the second block, PBzMA, was targeted and
syntheses were conducted at copolymer concentrations ranging from 10% w/w to 1% w/w. The
block copolymers were initially characterised using 'H nuclear magnetic resonance (NMR)
spectroscopy, gel permeation chromatography (GPC) and dynamic light scattering (DLS). The same

protocols used for these were as described in Chapter 3.

4.3 Results and discussion

4.3.1 Rheological studies of worm ionogels

Rheological studies of all 15% w/w PHEMA30-b-PBzMA, dispersions that were synthesised in
Chapter 3 were conducted to assess their viscoelastic properties. Specifically, angular frequency
and strain sweeps were conducted (see Figures 4.4). The storage modulus, G’, obtained at 1% strain
and an angular frequency of 6.28 rad s! for each nanoparticle dispersion was plotted as a function

of PBzMA DP as shown in Figure 4.3.

12000 -
. Gel phase
10000 - * o
. K
8000
= ] ¢
< 6000 ] ¢
L) ]
4000 -
] . .
2000 : . ol
0 : e T T q 1 1 T T ‘le T T 1 1 T “’ L] T ’I T l‘
40 140 240 340 440
PBzMA DP

Figure 4.3. Initial G’ vs. PBzZMA DP for the PHEMA3o-b-PBzMA, series at 15% w/w, at a fixed angular
frequency of 6.28 rad s, shear strain of 1.0% and 25 °C. The region outlined in red denotes the gel range
based on inversion tests.
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Samples with PBzMA DP < 228 exhibited a relatively low initial G’ (<2,500 Pa), which coincides with
their physical form of transparent free-flowing liquids. SAXS patterns for dispersions in this PBzMA
DP range show that morphologies change from dissolved chains when PBzMA < 100 (see Figure
3.9 in Section 3.3.3) to mixtures of spheres and worms for PBzMA DPs between 96 and 228. The
G’ value increased from ~2,500 Pa to ~10,000 Pa as the PBzMA DP was increased from 228 to 291,
which corresponds to the DP range that forms free-standing gels (see Figure 3.5 in Section 3.3.2).
Generally, this is in good agreement with fitting corresponding SAXS data which indicated the
presence of worm-like particles, often with a small population of spheres, with samples that
exhibited the highest G’ value possessing the highest proportion of worms. The presence of more
worm-like nanoparticles most likely results in gels with increased G’ as a result of an increase in
the number of inter-worm contacts and thus the formation of a more extended percolating
network.?® At PBzMA DPs between 314 and 330, G’ decreases from approximately 7,000 Pa to
1,000 Pa, and fitting SAXS data indicates a substantial decrease in the proportion of worm-like
structures alongside a considerable increase in the proportion of vesicles. This coincides with the
physical appearance of these dispersions changing from free-standing gels to free-flowing turbid
liquids over this PBzMA DP range. At PBzMA DPs > 330, G’ decreases from approximately 1,000 Pa
to a limiting value of ~100 Pa, and SAXS fittings confirm the presence of vesicular morphologies
only. Additionally, oscillatory rheology studies of each free-standing gel sample confirmed their
linear viscoelastic behaviour and relatively frequency-independent variation of G’ (Figures 4.4-4.25

for all data), indicating the generation of ‘true’ gels.3°
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Figure 4.4. Oscillatory rheology data obtained for 15% w/w PHEMA30-PBzMA4s in [EMIM][DCA] at 25 °C. a)
Strain sweep at a fixed angular frequency of 6.28 rad s and b) frequency sweep at fixed a strain of 1.0%.
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Figure 4.5. Oscillatory rheology data obtained for 15% w/w PHEMA30-PBzMAgg in [EMIM][DCA] at 25 °C. a)
Strain sweep at a fixed angular frequency of 6.28 rad s and b) frequency sweep at fixed a strain of 1.0%.
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Figure 4.6. Oscillatory rheology data obtained for 15% w/w PHEMA30-PBzMA 146 in [EMIM][DCA] at 25 °C. a)
Strain sweep at a fixed angular frequency of 6.28 rad s and b) frequency sweep at fixed a strain of 1.0%.
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Figure 4.7. Oscillatory rheology data obtained for 15% w/w PHEMA30-PBzMA 196 in [EMIM][DCA] at 25 °C. a)
Strain sweep at a fixed angular frequency of 6.28 rad s and b) frequency sweep at fixed a strain of 1.0%.
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Figure 4.8. Oscillatory rheology data obtained for 15% w/w PHEMA30-PBzMA,0s in [EMIM][DCA] at 25 °C. a)
Strain sweep at a fixed angular frequency of 6.28 rad s and b) frequency sweep at fixed a strain of 1.0%.
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Figure 4.9. Oscillatory rheology data obtained for 15% w/w PHEMA30-PBzMA;16 in [EMIM][DCA] at 25 °C. a)
Strain sweep at a fixed angular frequency of 6.28 rad s and b) frequency sweep at fixed a strain of 1.0%.
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Figure 4.10. Oscillatory rheology data obtained for 15% w/w PHEMA3o-PBzMA;,5 in [EMIM][DCA] at 25 °C.
a) Strain sweep at a fixed angular frequency of 6.28 rad s and b) frequency sweep at fixed a strain of 1.0%.
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Figure 4.11. Oscillatory rheology data obtained for 15% w/w PHEMA30-PBzMA;33 in [EMIM][DCA] at 25 °C.
a) Strain sweep at a fixed angular frequency of 6.28 rad s and b) frequency sweep at fixed a strain of 1.0%.
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Figure 4.12. Oscillatory rheology data obtained for 15% w/w PHEMA30-PBzMA,43 in [EMIM][DCA] at 25 °C.
a) Strain sweep at a fixed angular frequency of 6.28 rad s and b) frequency sweep at fixed a strain of 1.0%.
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Figure 4.13. Oscillatory rheology data obtained for 15% w/w PHEMA3o-PBzMA;s0 in [EMIM][DCA] at 25 °C.
a) Strain sweep at a fixed angular frequency of 6.28 rad s and b) frequency sweep at fixed a strain of 1.0%.
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Figure 4.14. Oscillatory rheology data obtained for 15% w/w PHEMA30-PBzMA,¢s in [EMIM][DCA] at 25 °C.
a) Strain sweep at a fixed angular frequency of 6.28 rad s and b) frequency sweep at fixed a strain of 1.0%.
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Figure 4.15. Oscillatory rheology data obtained for 15% w/w PHEMA30-PBzMA6s in [EMIM][DCA] at 25 °C.
a) Strain sweep at a fixed angular frequency of 6.28 rad s and b) frequency sweep at fixed a strain of 1.0%.
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Figure 4.16. Oscillatory rheology data obtained for 15% w/w PHEMA30-PBzMA275 in [EMIM][DCA] at 25 °C.
a) Strain sweep at a fixed angular frequency of 6.28 rad s and b) frequency sweep at fixed a strain of 1.0%.
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Figure 4.17. Oscillatory rheology data obtained for 15% w/w PHEMA30-PBzMA,s: in [EMIM][DCA] at 25 °C.
a) Strain sweep at a fixed angular frequency of 6.28 rad s and b) frequency sweep at fixed a strain of

1.0%.
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Figure 4.18. Oscillatory rheology data obtained for 15% w/w PHEMA30-PBzMAg30; in [EMIM][DCA] at 25 °C.
a) Strain sweep at a fixed angular frequency of 6.28 rad s and b) frequency sweep at fixed a strain of 1.0%.
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Figure 4.19. Oscillatory rheology data obtained for 15% w/w PHEMA30-PBzMAz14 in [EMIM][DCA] at 25 °C.
a) Strain sweep at a fixed angular frequency of 6.28 rad s and b) frequency sweep at fixed a strain of 1.0%.
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Figure 4.20. Oscillatory rheology data obtained for 15% w/w PHEMA3o-PBzMAg337 in [EMIM][DCA] at 25 °C.
a) Strain sweep at a fixed angular frequency of 6.28 rad s and b) frequency sweep at fixed a strain of 1.0%.
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Figure 4.21. Oscillatory rheology data obtained for 15% w/w PHEMA30-PBzMA330 in [EMIM][DCA] at 25 °C.
a) Strain sweep at a fixed angular frequency of 6.28 rad s and b) frequency sweep at fixed a strain of 1.0%.
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Figure 4.22. Oscillatory rheology data obtained for 15% w/w PHEMA30-PBzMA3z40 in [EMIM][DCA] at 25 °C.
a) Strain sweep at a fixed angular frequency of 6.28 rad s and b) frequency sweep at fixed a strain of 1.0%.
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Figure 4.23. Oscillatory rheology data obtained for 15% w/w PHEMA30-PBzMAsg6 in [EMIM][DCA] at 25 °C.
a) Strain sweep at a fixed angular frequency of 6.28 rad s and b) frequency sweep at fixed a strain of 1.0%.
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Figure 4.24. Oscillatory rheology data obtained for 15% w/w PHEMA30-PBzMA4ss in [EMIM][DCA] at 25 °C.
a) Strain sweep at a fixed angular frequency of 6.28 rad s and b) frequency sweep at fixed a strain of 1.0%.
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Figure 4.25. Oscillatory rheology data obtained for 15% w/w PHEMA30-PBzMA4go in [EMIM][DCA] at 25 °C.
a) Strain sweep at a fixed angular frequency of 6.28 rad s and b) frequency sweep at fixed a strain of 1.0%.

G.L. Maitland, PhD Thesis, Aston University, 2024 128



Chapter 4: Characterisation of worm gels prepared via polymerisation-induced self-assembly in 1-
ethyl-3-methylimidazolium dicyanamide

As previously discussed, the critical gel concentration of PHEMA30-b-PBzMA, block copolymer
worms appeared to be >4% w/w based on inversion tests. This was further evidenced when
monitoring the G’ of each dispersion (see Figure 4.26), which highlights a significant decrease in
G’ for copolymer concentrations <4% w/w. Importantly, angular frequency sweeps confirmed that
G’ > G” for worm dispersions at copolymer concentrations above this observed CGC (see Figure

4.26), as expected.
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Figure 4.26. a) Digital images of critical gelation concentration (CGC) screenings conducted for the synthesis
of PHEMA30-b-PBzMA3q0 (300 = target DP of PBzMA) between 1% w/w and 10% w/w. b) G’ vs. % w/w solids
of each gel at a fixed angular frequency of 10 rad s™, 1% strain and 25 °C. Vertical red dashed lines denote
the CGC.
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4.3.2 Additional syntheses of PHEMA3zo-b-PBzMA, block copolymers for critical gelation
concentration (CGC) studies

In order to maximise electrochemical properties whilst still achieving ionogel formation, it is
important to reduce the polymer content. In order to assess the minimum copolymer
concentration required to generate a worm ionogel for this formulation, commonly referred to as
the critical gel concentration (CGC), a series of targeted PHEMA30-b-PBzMA300 block copolymers
were synthesised at copolymer concentrations between 10% w/w and 1% w/w. This target
composition was selected for CGC studies since it lies near the centre of the gel phase indicated in
Figure 4.3 and has the highest proportion of worms as confirmed by SAXS (82.6% v/v worms)
(Section 3.3.3, Figure 3.22 and Table 3.2). Free-standing gels are no longer formed at copolymer
concentrations where there are insufficient worm contacts to form a physically crosslinked
network, thus yielding free-flowing fluids.?® These block copolymers were characterised by *H NMR
spectroscopy, GPC and DLS prior to rheological studies. The summary of these results are found
below in Table 4.1 and select DLS data is presented in Figures 4.27-4.32. Based on the work
conducted in Chapter 3, where free-standing gels indicated worm gels as confirmed by
nanoparticle characterisation, it was assumed that free-standing gels that were yielded at the
concentrations >4% w/w in this chapter also contained a sufficient proportion of worm-like

morphologies.
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Table 4.1. Summary of targeted copolymer composition, BZMA conversion, actual copolymer composition,
theoretical M,, GPC M, and Dy (= Mw/M,), and DLS diameter and PDI for targeted PHEMA30-b-PBzMA300
diblock copolymers prepared by RAFT dispersion polymerisation of BzMA in [EMIM][DCA] at 70 °C and
various copolymer concentrations, using AIBN initiator ([PHEMA3, macro-CTA]/[AIBN] molar ratio = 5.0).
PHPMA;0-b-PBzMA, is denoted as Hzo-By for brevity.

H NMR spectroscopy DMF GPC DLS
Copolymc::r BZMA.‘ Actual M th M, Diameter
concentration | conversion e 1 1 D PDI
(% w/w) (%) composition (g mol™*) | (g mol™?) (nm)
15 97 Hs0-B291 55,331 52,900 1.31 238 0.06
10 90 Hs0-B270 51,761 53,200 1.36 500 0.36
9 94 Hs0-B2s2 53,875 56,100 1.43 324 0.27
8 89 Hs0-B2e7 51,232 53,100 1.32 361 0.30
7 89 H30-B2e7 51,232 50,200 1.47 317 0.41
6 98 H30-B294 55,990 53,200 2.12 200 0.28
5 97 H30-B291 55,461 69,500 1.67 770 0.76
4 98 H30-B294 55,990 53,600 1.94 - -
3 92 Hs0-B276 52,818 63,000 1.39 -
2 99 H30-B297 56,518 43,600 1.67 -
1 95 H30-B2ss 54,404 33,500 1.49 -
I T T 7 T T rrny ™ LN B B R | T T 7 rrrri
10 100 1000 10000

Diameter (nm)

Figure 4.27. DLS data obtained for 0.15% w/w dispersion of PHEMA30-b-PBzMA;70. Synthesis was carried out
at 10% w/w copolymer concentration.
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Figure 4.28. DLS data obtained for 0.15% w/w dispersion of PHEMA30-b-PBzMA;s,. Synthesis was carried out
at 9% w/w copolymer concentration.
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Figure 4.29. DLS data obtained for 0.15% w/w dispersion of PHEMA30-b-PBzMAs7. Synthesis was carried out
at 8% w/w copolymer concentration.
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Figure 4.30. DLS data obtained for 0.15% w/w dispersion of PHEMA30-b-PBzMA;s7. Synthesis was carried out
at 7% w/w copolymer concentration.
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Figure 4.31. DLS data obtained for 0.15% w/w dispersion of PHEMA30-b-PBzMA;s4. Synthesis was carried out
at 6% w/w copolymer concentration.
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Figure 4.32. DLS data obtained for 0.15% w/w dispersion of PHEMA30-b-PBzMA;s;. Synthesis was carried out
at 5% w/w copolymer concentration.

4.3.3 Thermal and electrochemical properties of block copolymer worm ionogels

Thermogravimetric analysis (TGA) was used to investigate the thermal stability of selected samples
relative to [EMIM][DCA] (Figure 4.33). [EMIM][DCA] appeared to have an onset degradation
temperature of approximately 305 °C, which is similar to previously reported studies.?! Similarly,
the 15% w/w PHEMAs0-b-PBzMA;s; ionogel also appeared to have a onset degradation
temperature of approximately 305 °C, showing that the polymer content in the ionogel has
minimal effect on the degradation temperature thus demonstrating that this formulation has good
short term thermal stability, an important parameter for future polymer gel electrolytes. In order
to further understand this, bulk PHEMA3,-b-PBzMAs3; was analysed by TGA under the same
conditions (Figure 4.33). This bulk block copolymer appeared to have a lower degradation
temperature of approximately 230 °C, indicating that the thermal stability of the polymer is
potentially improved as a result of the presence of the IL to form the ionogel. This is also observed

in TGA studies conducted on all other block copolymer samples, summarised in Table 4.2.
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Figure 4.33. Thermogravimetric analysis (TGA) data obtained for bulk PHEMA;0-b-PBzMA,s; block
copolymer (blue), pure [EMIM][DCA] (orange), and 15% w/w PHEMA30-b-PBzMA;91 worm ionogel (grey).

Table 4.2. Summary of onset degradation temperatures obtained by thermogravimetric analysis (TGA) of
each PHEMA3o-b-PBzMA, block copolymer. All were analysed as prepared at 15% w/w in [EMIM][DCA] with
the exception of bulk [EMIM][DCA] and bulk polymer. PHEMA;0-b-PBzMA, is denoted as Hso-By for brevity.

Block copolymer composition Onset degradation temperature (°C)
[EMIM][DCA] 305
Bulk H30-B3o3 230

H30-B24o 310
H30-B2so 290
H30-B2s2 290
H30-B2gg 289
H30-Ba7g 285
H30-B2o1 305
H30-B3o1 284
H30-B314 285
H30-Bs17 290
H30-B340 281

Electrochemical impedance spectroscopy (EIS) was used to compare the bulk resistance of block

copolymer worm ionogels and the ionic liquid alone (Table 4.2). The bulk resistance was obtained

by generating Nyquist plots as represented in Figure 4.34.
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Figure 4.34. Nyquist plots obtained for [EMIM][DCA] (blue) and PHEMA;0-b-PBzMA,qs; (orange) via
electrochemical impedance spectroscopy. The inset graph shows the magnified low Z' region to better
indicate the x-intercept used to determine bulk resistance.

EIS data obtained showed that the ionic liquid, [EMIM][DCA], had a marginally lower bulk
resistance (1.67 £ 0.04 Q) than that of the representative worm ionogel (PHEMA30-b-PBzMA;s1)
which had a bulk resistance of 1.79 + 0.15 Q. When considering the standard deviation in these
values, which were determined from repeating results in triplicate, the differences in bulk
resistance of the ionogel and [EMIM][DCA] were deemed to be statistically insignificant, meaning
that the presence of 15% w/w non-ionic PHEMA;0-b-PBzMA;9; did not negatively impact the
electrochemical properties of the IL. This is also observed in the EIS analysis obtained for each of
the block copolymers (Table 4.3) which shows the majority of gels displaying a lower bulk
resistance. This is important and suggests that these gel electrolytes formed using this new

approach have great potential for potential applications in the energy storage sector.
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Table 4.3. Summary of bulk resistances obtained by electrochemical impedance spectroscopy (EIS) of each
PHEMA;0-b-PBzMA, block copolymer gel. All were analysed as prepared at 15% w/w in [EMIM][DCA].
PHEMA;0-b-PBzMA, is denoted as Hso-B, for brevity.

Block copolymer composition Bulk resistance (Q)
[EMIM][DCA] 1.67 £0.04
H30-B2so 0.76 £0.03
H30-Bzs2 0.75+£0.00
H30-B26g 0.86 + 0.00
H30-B279 1.19+0.01
H30-Baa1 1.79+£0.15
H30-Bso1 0.49 £ 0.01
H30-Bs14 0.51+0.01
H30-Bs17 0.59+0.00

4.4 Conclusions

In summary, PHEMA3o-b-PBzMA, worm ionogels at 15% w/w in [EMIM][DCA] prepared in Chapter
3 were characterised by oscillatory rheology, TGA and EIS. The viscoelastic properties of all worm
ionogels were investigated using oscillatory rheology. Gels that were composed of the highest
proportion of worms, as confirmed by SAXS, generally exhibited higher G’ values, indicating that
the increased stiffness of gels is attributed to the increased proportion of inter-worm contacts
present in the dispersions. Lower G’ values were observed for free-flowing dispersions containing
spherical nanoparticles or relatively smaller proportions of worms. Additionally, the gel dispersions
were confirmed as ‘true’ gels due to exhibiting frequency-independent moduli. Thermal stability
studies of the worm ionogels was also carried out using TGA. The onset thermal degradation of
each gel was recorded and compared with that of [EMIM][DCA] to assess the effect of polymer
content on the ionogels. Interestingly, bulk PHEMA3,-b-PBzMA9; had an onset degradation
temperature of 230 °C, whereas the [EMIM][DCA] alone had an onset degradation temperature of
305 °C. The onset degradation temperatures of the ionogels were recorded to be in the range of
280 and 310 °C indicating that the presence of the polymer content in the ionogels did not
significantly affect the thermal stability provided by [EMIM][DCA]. Overall, the ionogels were
shown to have good thermal stability. Additionally, EIS was used to obtain bulk resistances of each
ionogel as well as [EMIM][DCA] in order to assess the effect of polymer content on the
electrochemical properties provided by [EMIM][DCA]. Generally, EIS analysis demonstrated that

the ionogels had comparable electrochemical properties compared to [EMIM][DCA] alone.
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Therefore, it can be concluded that the polymer content merely provided the mechanical strength

required for gelation and had minimal effect on the electrochemical properties in the ionogels.

In particular for electronic applications, it is important to maintain if not maximise the
electrochemical properties of the [EMIM][DCA] in the ionogels. Therefore, it is fundamental that
the minimum amount of polymer content that provides mechanical strength is contained within
the ionogel. For this reason, CGC studies were conducted so as to determine the concentration at
which inter-worm contacts are no longer possible, thus yielding free-flowing dispersions based on
tube inversion tests. PHEMA3o-b-PBzMA, block copolymers were synthesised in [EMIM][DCA] at
concentrations between 10% w/w and 1% w/w targeting a PBzMA DP of 300 for each. The
screenings identified the CGC as >4 % w/w, which was in good agreement with the rheological
studies carried out of each dispersion. Importantly, this research demonstrates that the PISA
formulation described in Chapter 3 to generate ionogels in situ displays desirable electrochemical,
thermal and rheological characterisation for electronic application. Moreover, this formulation
requires a very low copolymer concentration to be able to form ionogels, enabling the superior
electrochemical properties of the [EMIM][DCA] to be maintained when used in future potential

polymer gel electrolytes.
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5.1 Introduction

Polymerisation-induced self-assembly (PISA) has been shown to be a convenient and versatile
technique for accessing well-defined nano-objects such as spheres, worms and vesicles.! These
morphologies are dictated by the relative block volume fraction, i.e. the relative lengths of the
stabiliser and core-forming block in a given block copolymer. In practice, however, other
parameters also need to be considered in order to access higher order morphologies such as
copolymer concentration and solvent choice. Some reported PISA formulations in ionic liquids (ILs)
have generated only spherical morphologies such as spheres? or vesicles.® This is presumably
because anisotropic worm-like nanoparticles occupy a very narrow phase space between core-
forming block degrees of polymerisation (DPs) that form spheres and vesicles and thus are more
inaccessible compared to other morphologies.*® As previously discussed in this Thesis (Section
1.4.3), many parameters can contribute to obtaining higher order morphologies (e.g. worms and

vesicles), which have been explored extensively in the literature”*°

Most relevant to this Chapter, dispersion PISA has been conducted in an extensive solvent selection

4, 11-13 8, 10, 14-16

such as alcohols, non-polar, and water.> 72°, Moreover, solvent choice has been
shown to affect access to higher order morphologies.® 2> For example, introduction of water into
an ethanolic PISA system was explored by Jones et al.?! when synthesising poly(N,N-
dimethylacrylamide)-block-(poly(benzyl methacrylate) (PDMA-b-PBzMA) block copolymers via
RAFT dispersion polymerisation of BzMA. The introduction of water into the system (ethanol:
water ratio of 80:20 w/w) increased the kinetic rate of the reaction, however it hindered the
formation of higher order morphologies such as worms and vesicles, both of which were able to
be accessed in a pure ethanol solvent system. Derry et al.® reported the synthesis of poly(lauryl
methacrylate)-block-poly(benzyl methacrylate) (PLMA-b-PBzMA) block copolymer nanoparticles
via RAFT dispersion polymerisation of BzZMA in two non-polar solvents. It was found that at a
copolymer concentration of 20% w/w and similar block copolymer compositions, the formation of

different morphologies were achieved. In mineral oil, a pure worm phase was successfully

accessed, whereas in poly(a-olefin) oil, a sphere, worm and vesicle mixture was observed.

Despite the ever-increasing reports of RAFT-PISA formulations in several solvents, there is still
considerable scope for developing PISA formulations in ionic liquids (ILs). Aside from studies

carried out by Zhang et al.3, Zhou et al.?®, and Yamanaka et al.?’, PISA in ILs has been considerably
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overlooked. Chapter 3 and Chapter 4 of this Thesis explore the synthesis and characterisation of
block copolymers synthesised via PISA in 1-ethyl-3-methylimdazolium dicyanamide
(IEMIM][DCA]), in which spheres as well as higher order morphologies such as worms and vesicles
could be obtained. Herein, a PISA formulation in 1-ethyl-3-methylimidazolium ethyl sulphate
([EMIM][EtOS0s]) (Scheme 5.1) at 15% w/w and 20% w/w solids is reported, in an effort to extend
the scope of PISA in ILs to generate ionogels from another hydrophilic IL. Utilising the same block
copolymer as in Chapter 3, poly(2-hydroxyethyl methacrylate)-block-poly(benzyl methacrylate)
(PHEMAXx-b-PBzMA,), spherical nanoparticles could be accessed, in particular spheres. Worm gels
were not attainable in this particular IL over a wide range of PBzMA core-forming block DPs (196-
594) at both copolymer concentrations investigated (15% w/w and 20% w/w solids), however this

formulation has paved the way to investigate other parameters to generate worm gels in this IL.

(
o RAFT dispersion HsC CN ¢

olymerisation
o poly Ho

S~ ~ g
- o

N
N P

‘ s BzMA o / S\“/©
o] [~/ V7 [macro-CTA)/[AIBN] = 5 [~ P
K/ j/:; [EMIM][EtOS0,4], 70°C, 1 h Y /):C\H S
HO s —_— Ho P o] 0
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PHEMA;; macro-CTA PHEMA-b-PBzMA

Scheme 5.1. RAFT dispersion polymerisation of benzyl methacrylate (BzMA) in [EMIM][EtOSOs] at 70 °C to
yield PHEMA30-b-PBzMA, diblock copolymers.

5.2 Experimental

5.2.1 Materials

Poly(2-hydroxyethyl methacrylate)so macromolecular chain-transfer agent (PHEMA3, mCTA) was
synthesised as previously described in Chapter 3 (2-hydroxyethyl methacrylate (HEMA)conversion
= 40%; M, = 8,000 g mol™?, Py = 1.25). Benzyl methacrylate (BzMA) was purchased from Sigma
Aldrich and passed through a basic alumina column prior to use in order to remove the inhibitor.
2,2'-Azobisisobutyronitrile (AIBN) was purchased from Molekula and was recrystallised from
methanol prior to use. Dimethyl sulfoxide-d6 (DMSO-d6) for *H NMR analysis was purchased from
Goss Scientific. 1-Ethyl-3-methylimidazolium ethyl sulphate, [EMIM][EtOSOs], was acquired from
BASF.
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5.2.2 *H Nuclear Magnetic Resonance (NMR) spectroscopy

'H NMR spectra were obtained in DMSO-d6 using a Bruker Avance Neo 300 MHz spectrometer. .
Both crude and pure samples were prepared by dissolving approximately 40 mg of sample in 0.7
mL of appropriate deuterated solvent Typically 16 scans were averaged per spectrum and all
chemical shifts are expressed in ppm. *H NMR spectra were referenced using peaks present as a

result of residual solvent.

5.2.3 Gel Permeation Chromatography (GPC)

Molecular weight distributions were obtained by using an Agilent Infinity Il multi-detector GPC
comprising a guard column and two PL gel mixed-C columns. The mobile phase contained 0.10%
w/v LiBr in HPLC grade DMF and the flow rate was fixed at 1 ml min™* at 80 °C. The GPC was
calibrated using near-monodispersed poly(methyl methacrylate) standards (M, range = 535-

1,591,000 g mol™).

5.2.4 Dynamic light scattering (DLS)

Dynamic light scattering (DLS) studies were conducted using a Zetasizer Nano ZS instrument
(Malvern Panalytical, UK) at a fixed scattering angle of 173 °. The block copolymer dispersions were
diluted in [EMIM][EtOSOs] (refractive index = 1.48, viscosity = 94.2 cP) at 0.10% w/w prior to light
scattering studies at 25 °C against polystyrene latex standards. The polydispersity index (PDI) and
average diameter (D) were calculated, and data were averaged over approximately thirteen runs

each of 30 seconds duration.

5.2.5 Small-angle X-ray scattering (SAXS)

Small-angle X-ray scattering (SAXS) patterns were recorded for 1.0 % w/w copolymer dispersions
in [EMIM][EtOSOs] in 1.5 mm diameter polycarbonate capillaries at a synchrotron source
(beamline B21%, Diamond Light Source, UK) using monochromatic X-ray radiation (X-ray
wavelength A = 0.9408 A, sample-to-detector distance of 3.712 m corresponding to scattering
vector g ranging from 0.0045 to 0.34 A') and an EigerX 4M detector (Dectris, Switzerland).
Scattering data were reduced using standard protocols from the beamline and were further
analyzed using Irena SAS macros for Igor Pro?°. Background-subtracted SAXS data were fitted to

aspherical micelle model®.
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5.2.6 Synthesis of poly(2-hydroxyethyl methacrylate)-b-poly(benzyl methacrylate) diblock
copolymer nanoparticles via polymerisation-induced self-assembly  (PISA) in
[EMIM][EtOSO3]

A typical RAFT dispersion polymerisation for the synthesis of PHEMA30-PBzMA,97 at 15% w/w solids
was conducted as follows: BzMA (0.85 g; 4.8 mmol), 2,2’-azobisisobutyronitrile (AIBN; 0.5 mg; 3.2
umol) and PHEMA3o macro-CTA (65 mg; 16 pmol; macro-CTA/initiator molar ratio = 3.0; PBzMA
target degree of polymerisation = 300) were dissolved in 1-ethyl-3-methylimidazolium ethyl
sulphate ([EMIM][EtOSOs]; 3.65 g) in a 14 mL sample vial. The sealed reaction mixture was purged
with nitrogen for 30 minutes prior to being placed in a preheated oil bath at 70 °C whilst stirring

for 1 hour (BzMA conversion = 99%; M, = 54,500 g mol™, Py =1.27).

a b \”/C
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' c'
o 0

o ™~ 'Y
L d
M
2.00126.03
10 9 8 7 6 5 4 3 2 1

Chemical shift (ppm)

Figure 5.1. Assigned H NMR spectrum for the reaction mixture directly after RAFT dispersion
polymerisation of benzyl methacrylate in [EMIM][EtOSOs] at 15% w/w solids.

As seen in Chapter 3, BzMA conversions for RAFT dispersion polymerisations in [EMIM][EtOSOs]

are calculated using equations 5.1, 5.2 and 5.3:
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Im = [Integral (d’)] = 2H 5.1

I, = [Integral (d)] 5.2

% Conversion =

2 100% 5.3
Im+Ip

The degree of polymerisation of the PBzMA block in each block copolymer was calculated using

equation 5.4:

PBzMA DP = BzMA conversion x target PBzMA DP 5.4

5.3 Results and discussion

5.3.1 Kinetic study of the RAFT polymerisation of benzyl methacrylate in [EMIM][EtOSO3]

A representative kinetic study of the chain extension of PHEMA3, macro-CTA with BzMA in
[EMIMI][EtOSOs;] at 70 °C and 15% w/w solids was conducted when targeting a PBzMA DP of 300
(Figure 5.2). Aliquots from the reaction solution were taken at 5 minute intervals in order to

monitor the polymerisation kinetics.

The critical PBzMA DP for the assembly of PHEMA3;0-b-PBzMA, nanoparticles during PISA in
[EMIM][EtOSOs] was determined to be approximately 132. At this critical point in the PISA

synthesis, the observed rate of polymerisation increased by a factor of approximately 7.

The first 25 minutes of the polymerisation process were comparatively slow, but after that, there
was a noticeable rate enhancement, indicating the beginning of micellar nucleation, which occurs
when a critical degree of polymerisation of the core-forming block is reached, above which the
block copolymer becomes insoluble. The substantial increase in propagation rate is as a result of
preferential migration of unreacted monomer into the micelle cores where polymerisation occurs,
which results in a greater effective local monomer concentration at the polymerisation site.® 1
This is also observed when conducting PISA in [EMIM][DCA] for the same block copolymer
(Chapter 3).
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When compared to the reaction rate of the dispersion polymerisation of BzZMA in [EMIM][DCA],
the polymerisation rate in [EMIM][EtOSOs] is noticeably faster, requiring only one hour to reach
full monomer conversion. In contrast, PISA in [EMIM][DCA] requires 2 hours to reach full
conversion of BzMA. This is perhaps due to the viscosity of the [EMIM][EtOSO3;] compared to
[EMIM][DCA]. The higher viscosity may have accelerated the rate of the reaction as the heat does
not as quickly dissipate upon solution mixing. Additionally, the critical DP for self-assembly was
132 in [EMIM][EtOSOs], and 72 in [EMIM][DCA], indicating that a relatively longer core-forming

block is required for self-assembly to occur in [EMIM][EtOSOs].
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Figure 5.2. Kinetic study for the RAFT dispersion polymerisation of BzZMA (target DP 300) in [EMIM][EtOSO3]
at 15% w/w solids using a PHEMA3o macro-CTA: a) BzZMA conversion vs. time (blue data) and semi-log kinetic
(orange data) plots; b) M, and Dy vs. BZMA conversion. Dashed blue line indicates linear progression of
molar mass growth; c) DMF GPC chromatograms. GPC data was obtained against poly(methyl methacrylate)
standards.
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5.3.2 Synthesis of PHEMAzo-b-PBzMA, diblock copolymer nanoparticles via PISA at 15%
w/w solids

Following on from this kinetic study, a series of PHEMA30-b-PBzMA, block copolymers were
synthesised at 15% w/w in [EMIM][EtOSOs] targeting PBzMA DPs from 200 to 1000, as shown in
Table 5.1 and Figure 5.3 below.

Table 5.1. Summary of targeted copolymer composition, BZMA conversion, actual copolymer composition,
theoretical M,,, GPC M, and Dy (Mw/M,), and DLS diameter and PDI for the series of PHEMAso-b-PBzMA,
diblock copolymers prepared by RAFT dispersion polymerisation of BzZMA in [EMIM][EtOSO3] at 70 °C and
15% w/w, using AIBN initiator ([PHEMA3, macro-CTA]/[AIBN] molar ratio = 5.0). PHEMA30-b-PBzMA, is
denoted as Hso-By for brevity.

Target BzMA Actual M,,+° (g mol™?) | M,? (g mol?) P’
composition | conversion® (%)| composition

H30-B2oo 98 H30-B19s 38,721 38,100 1.24
H30-B2so 99 H30-B2as 47,884 45,800 1.23
H30-Bzoo 99 H30-B2g7 52,954 54,500 1.27
H30-Bsso 98 H30-B3as 60,508 59,900 1.28
H30-Baoo 98 H30-Bsa2 68,554 65,500 1.31
H30-Baso 96 H30-Basz 75,123 68,000 1.52
H30-Bsoo 92 H30-Baeo 79,721 79,200 1.36
H30-Bsso - - 94,500 66,300 2.12
H30-Beoo 95 H30-Bs7o 97,784 93,700 1.42
H30-B1ooo 98 H30-Boso 165,110 167,200 1.69

2Determined by *H NMR spectroscopy. "Determined by DMF GPC against poly(methyl methacrylate)
standards.
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Increasing target DP of core-forming block (PBzMA)

Figure 5.3. Digital image showing the physical appearance of the series of PHEMA30-b-PBzMA, block
copolymer dispersions in [EMIM][EtOSOs] at 15% w/w solids. Number labels on sample vials denote the
actual PBzMA core-forming block DP, as determined using *H NMR spectroscopy.

Initial observations of this block copolymer series (Figure 5.3) indicate the absence of sufficient, if
any, worm-like structures that can physically crosslink and form an extended percolating
network,*! evidenced by the lack of freestanding gels. All block copolymers dispersions appeared
to be free-flowing solutions. Transparent fluids at lower BzMA DPs (DP < 248) and turbid solutions
at higher BzZMA DPs (DP > 297) indicate the presence of spherical nanoparticles.* However, further
nanoparticle analysis was required in order to distinguish the specific type of spherical

nanoparticle present, i.e. spheres, vesicles or mixed phases.

GPC analysis of this PHEMA30-b-PBzMA, series was conducted (Figure 5.4). As seen in the GPC
chromatograms in Figure 5.4a, there is a clear shift in molecular weight upon chain extension of
the PHEMA3;, macro-CTA, with no residual PHEMA3;, macro-CTA remaining in the samples as
evidenced by the absence of the molecular weight peak for this precursor. This indicates efficient

chain extension of the macro-CTA during the dispersion polymerisation of the BzMA.
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Figure 5.4. a) Selected DMF GPC chromatograms (vs poly(methyl methacrylate) standards) obtained for
PHEMA;0-b-PBzMA, block copolymers synthesised via RAFT dispersion polymerisation of benzyl
methacrylate in [EMIM][EtOSOs3] at 70 °C and 15% w/w solids; b) M, vs PBzMA DP for PHEMA30-b-PBzMA,
block copolymers in [EMIM][EtOSO;] at 15% w/w solids obtained using DMF GPC (vs. poly(methyl
methacrylate) standards). The PHEMA3o macro-CTA used for this polymerisation is also shown as a black
trace for reference.
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5.3.3 Synthesis of PHEMAz0-b-PBzMA, diblock copolymer nanoparticles via PISA at 20%
w/w solids

In an effort to attempt to yield freestanding gels in [EMIM][EtOSOs], a series of block copolymers
were also synthesised at 20% w/w solids (Table 5.2 and Figure 5.5). Previous literature has reported
that increasing the weight concentration has enabled the accessibility of worm phases (mixed and
pure).> 10133234 The plock copolymers were initially characterised by *H NMR spectroscopy and

GPC (Figure 5.6), of which the results are summarised in Table 5.2.

Table 5.2. Summary of PHEMA;0-b-PBzMA, block copolymers synthesised in [EMIM][EtOSOs] at 20% w/w.

Target BzMA conversion® Actual M,+° (g mol?) | M. (g mol?) | Bw°
composition (%) composition

H30-B2oo 99 H30-B1os 33,998 42,900 1.35
H30-Baso 99 H30-Baas 44,908 49,400 1.42
H30-B30o 91 H30-B273 49,013 52,000 1.26
H30-Bsso 99 H30-B3a7 61,165 56,700 1.47
H30-Baoo 99 H30-B3gs 69,211 61,800 1.59
H30-Baso 99 H30-Baas 77,422 74,400 1.49
H30-Bsoo 99 H30-Bags 85,468 77,500 1.58
H30-Bsso 98 H30-Bs39 92,693 90,500 1.46
H30-Bsoo 99 H30-Bsoa 101,725 96,300 1.49
H30-B1ooo 98 H30-Bosgo 165,110 181,000 1.38

aDetermined by *H NMR spectroscopy. "Determined by DMF GPC against poly(methyl methacrylate)
standards.
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Increasing target DP of core-forming block (PBzMA)

Figure 5.5. Digital image showing the physical appearance of the series of PHEMA3so-b-PBzMA, block
copolymer dispersions in [EMIM][EtOSOs] at 20% w/w solids. Number labels on sample vials denote the
actual PBzMA core-forming block DP, as determined using *H NMR spectroscopy.
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Figure 5.6. a) Selected DMF GPC chromatograms (vs. poly(methyl methacrylate) standards) obtained for
PHEMA;0-b-PBzMA, block copolymers synthesised via RAFT dispersion polymerisation of benzyl
methacrylate in [EMIM][EtOSOs] at 70 °C and 20% w/w solids. The PHEMA;, macro-CTA used for this
polymerisation is also shown as a dashed black line for reference; b) M, vs PBzZMA DP for PHEMA30-b-PBzMA,
block copolymers in [EMIM][EtOSO;] at 20% w/w solids obtained using DMF GPC (vs. poly(methyl
methacrylate) standards). Theoretical M, is shown as a dashed red line.
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Similarities are observed for the block copolymer series at 20% w/w solids when compared to the
block copolymers dispersions at 15% w/w solids. Firstly, at both weight concentrations, BzZMA
monomer conversion reach £99% within one hour. Secondly, only free-flowing fluids are yielded
at all PBzMA DPs, indicating only spherical nanoparticles are present, and no freestanding gels are
observed, indicating worm-like nanoparticles are absent. GPC also indicates efficient chain
extension of the macro-CTA at 20% w/w, evidenced by a growth in molecular weight and lack of

macro-CTA molecular weight peak (Figure 5.6a).

It has been established that when targeting higher DPs of the core-forming block, a loss of control
over the polymerisation can be observed.? However, at both copolymer concentrations, there is
unexpectedly no discernible trend in the dispersity. Instead, fluctuation in the dispersity is seen.
This is unlike block copolymer syntheses in [EMIM][DCA] (Chapter 3), where the expected loss of
control at higher PBzMA DPs is observed. Additionally, some tailing in observed in GPC traces of
the block copolymers, which could be attributed to a low level of termination by combination
which has been observed in previously reported syntheses involving the polymerisation of benzyl

methacrylate.®

5.3.4 Nanoparticle characterisation of PHEMA30-b-PBzMA, spherical nano-objects

DLS was initially used to confirm the presence of nanoparticles. Sphere-equivalent diameters and
PDI values for each 0.15% w/w dispersion was recorded and plotted in Figures 5.7-5.8 for

nanoparticles prepared at 15% w/w and Figure 5.9-5.10 for nanoparticles prepared at 20% w/w.
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Figure 5.7. DLS data obtained for selection of 0.15% w/w dispersions of PHEMA3-b-PBzMA, (H30-By for
brevity) nanoparticles synthesised at 15% w/w solids in [EMIM][EtOSOs].
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Figure 5.8. Dynamic light scattering (DLS) studies showing intensity-average diameter (blue) and
polydispersity (orange) for 0.15% w/w dispersions of PHEMA3,-b-PBzMA, nanoparticles synthesised at 15%
w/w solids in [EMIM][EtOSOs].
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Figure 5.9. DLS data obtained for selection of 0.15% w/w dispersions of PHEMA3-b-PBzMA, (H30-By for
brevity) nanoparticles synthesised at 20% w/w solids in [EMIM][EtOSOs].
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Figure 5.10. Dynamic light scattering (DLS) studies showing intensity-average diameter (blue) and
polydispersity (orange) for 0.15% w/w dispersions of PHEMA3,-b-PBzMA, nanoparticles synthesised at 20%
w/w solids in [EMIM][EtOSOs].
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When synthesised at 15% w/w solids, DLS indicated a sphere-equivalent nanoparticle size range
from ~30 nm to ~200 nm. For nanoparticles with PBzMA DPs in the range of 196-392, there is a
very steady increase in diameter from ~30 nm to ~60 nm. For the sample with a PBzMA DP of 432,
there is a substantial jump in nanoparticle diameter to ~180 nm, after which for higher DPs, there
is fluctuation in the sizes without a notable trend, therefore a power law trendline was not

suitable.

In contrast, nanoparticles synthesised at 20% w/w solids had a diameter range of ~40 nm to ~210
nm. Again, there was a considerable increase in nanoparticle size at a specific PBzMA DP, but this
time a slightly lower DP than those prepared at 15% w/w solids. Specifically, the nanoparticle size
increases from ~60 nm to ~130 nm between a PBzMA DP of 347 to 396, respectively. After a PBzMA

DP of 396, there is a noticeable, yet less dramatic jump in diameter.

The presence of spheres and vesicles was confirmed by SAXS analysis (Figures 5.11-5.14 and 5.16
and Table 5.3). All block copolymers with lower PBzMA DPs (<343) prepared at 15% w/w and also
those prepared at 20% w/w with PBzMA DPs <347 contained spherical nanoparticles as confirmed
by fitting their respective background-subtracted scattering pattern to a well-established spherical

micelle model (Figures 5.11-5.14).%°

Table 5.3. Summary of parameters obtained when fitting SAXS data to a spherical-micelle model. @sphere is
the volume fraction of spheres. Dsphere is the spherical nanoparticle diameter (Dsphere = 2Rs + 4R, Where R,
is the radius of gyration of the stabiliser block and Rs is the core radius). PHEMA30-b-PBzMA, is denoted as
H30-By for brevity.

Sample Copolymer concentration Psphere Dsphere (nm)
during synthesis (% w/w)
H30-B1gs 15 0.0030 26.0
H30-Basg 15 0.0031 31.3
H30-B2g7 15 0.0041 36.3
H30-B3s3 15 0.0036 48.7
H30-B1ss 20 0.0031 28.6
H30-Baass 20 0.0031 41.3
H30-B273 20 0.0044 37.5
H30-Bs47 20 0.0027 47.1
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a)

0.005 0.05

0.005 0.05
q (A

Figure 5.11. Background-subtracted SAXS data obtained for a) 1.0% w/w PHEMA30-PBzMA;gs in
[EMIM][EtOSO3] at 25 °C prepared at 15% w/w, b) 1.0% w/w PHEMA30-PBzMA 155 in [EMIM][EtOSOs] at 25
°C prepared at 20% w/w. Dashed lines represent the model fit obtained using the spherical-micelle model
(Appendix 7.1.1).
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Figure 5.12. Background-subtracted SAXS data obtained for a) 1.0% w/w PHEMA30-PBzMA,ss in
[EMIM][EtOSO3] at 25 °C prepared at 15% w/w, b) 1.0% w/w PHEMA30-PBzMA,4s in [EMIM][EtOSOs] at 25
°C prepared at 20% w/w. Dashed lines represent the model fit obtained using the spherical-micelle model
(Appendix 7.1.1).
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Figure 5.13. Background-subtracted SAXS data obtained for a) 1.0% w/w PHEMA30-PBzMA,g; in
[EMIM][EtOSO3] at 25 °C prepared at 15% w/w, b) 1.0% w/w PHEMA3o-PBzMA,73 in [EMIM][EtOSOs] at 25
°C prepared at 20% w/w. Dashed lines represent the model fit obtained using the spherical-micelle model
(Appendix 7.1.1).
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Figure 5.14. Background-subtracted SAXS data obtained for a) 1.0% w/w PHEMA30-PBzMAss3 in
[EMIM][EtOSO3] at 25 °C prepared at 15% w/w, b) 1.0% w/w PHEMA3o-PBzMAs47 in [EMIM][EtOSOs] at 25
°C prepared at 20% w/w. Dashed lines represent the model fit obtained using the spherical-micelle model
(Appendix 7.1.1).
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The diameters of the spheres in the nanoparticle dispersions were recorded from both DLS and

SAXS analysis. The comparison of the values obtained is shown in Figure 5.15 below.
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Figure 5.15. Diameter values of the spheres obtained by DLS and SAXS data in 1% w/w nanoparticle
dispersions of PHEMA3,-b-PBzMA, originally prepared at a) 15% w/w solids and b) 20% w/w solids.
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For both copolymer concentrations, SAXS obtained diameter values are shown to be smaller than
that of DLS diameter values. Notably, for spheres prepared at 20% w/w, fluctuation in the diameter

of spheres is observed for both DLS and SAXS obtained diameters.

Due to poor fitting of some models, only the background-subtracted data was plotted without the
models. However, a gradient as a guide to the eye is provided to indicate that there are indeed
spheres and vesicles present in the samples (Figure 5.16). In most cases at higher PBzMA DPs
(target DP > 400) where the most ideal model fit would be a well-established vesicle model, it was

still not possible to fit due to the vesicles appearing to be too large for fitting (Figure 5.17).

15% w/w
—————— 0
- 20% w/w
- 2
E x10
x10°
0.001 0.01 0.1

a(A?)

Figure 5.16. Background-subtracted SAXS data obtained for 1.0% w/w PHEMA30-b-PBzMAss; in
[EMIM][EtOSOs3] at 25 °C prepared at 15% w/w (blue) and 1.0% w/w PHEMA30-b-PBzMA3gs in
[EMIMI][EtOSOs] at 25 °C prepared at 20% w/w (red). Gradients of 0 and -2 are shown as a guide to the eye
to indicate the presence of spheres and vesicles, respectively.
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Figure 5.17. Background subtracted SAXS data obtained for 1% w/w dispersions of PHEMA3o-b-PBzMA,
nanoparticles prepared at 15% w/w (blue) and 20% w/w (red). PHEMA30-b-PBzMA, is denoted as H3o-B, for
brevity.

5.4 Conclusions

In summary, PHEMA30-b-PBzMA, block copolymer spherical nanoparticles can be generated by
polymerisation-induced self-assembly at 70 °Cin [EMIM][EtOSOs] at 15% w/w and 20% w/w solids.
<99% BzMA conversion was achieved in all syntheses within 1 hour and efficient chain extension
of the PHEMA3, macro-CTA was confirmed by GPC. All block copolymer solutions were visually
free-flowing liquids, which were transparent at lower PBzMA DPs (< 392 at 15% w/w and 343 at
20% w/w), and turbid solutions at higher PBzMA DPs. No free-standing gels were obtained as
judged by the inversion test, indicating the absence of worm-like micelles, unlike previous block
copolymers generated in [EMIM][DCA] (Chapter 3). DLS confirmed the presence of nanoparticles
ranging in sizes from ~30 nm to ~200 nm and from ~40 nm to ~210 nm for block copolymers
synthesised at 15% w/w and 20% w/w solids, respectively. For nanoparticles prepared at 15% w/w,
PDI values ranged from 0.05 to 0.26 with no discernible trend. Those with much smaller PDI values
(< 0.06) were well-defined spheres, however those with higher PDI values (£0.17) indicated the
presence of less well-defined spheres, indicating there could be some other morphologies present
Further nanoparticle characterisation was conducted using SAXS, which confirmed the presence

of spheres and vesicles.
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To conclude, choice of solvent can greatly affect the ability to access higher order morphologies as
observed in this chapter and previous literature. One reason that only spherical micelles could be
accessed in [EMIM][EtOSOs] could be that PBzMA core-forming block has a higher affinity for this
IL in comparison to [EMIM][DCA] investigated in Chapter 3, therefore a longer core-forming block
is required to induce PISA. Despite this, the scope of PISA in ionic liquids has been successfully
expanded to include [EMIM][EtOSOs] as a suitable PISA solvent, particularly for generating
spherical nanoparticles. Other parameters can be investigated in order to include worm-like
micelles in the range of morphologies that can be accessed in this IL, such as tuning the T; of the
core-forming block by incorporating a lower T, monomer, or potentially utilising a smaller stabiliser

block to potentially enable to fusion of 2D spheres to ultimately yield worms.
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In conclusion, PISA in ionic liquids has been extended to include [EMIM][DCA] and
[EMIM][EtOSOs]. Most importantly, the PISA synthesis of PHEMA-b-PBzMA nanoparticles in
[EMIM][DCA] enables access to worm ionogels via a convenient and facile synthesis route. This
provides a tangible route to next generation ionogel materials for electrochemical applications.
There is tremendous scope for future work, as a result of the almost inexhaustible combinations
of anions and cations that form ILs, as well as the versatility of monomers that is compatible with
PISA processes. Specifically, starting materials such as renewably-sourced monomers can be
investigated to form sustainably-developed ionogels. Stimulus responsive worm ionogels would be
a significant advancement in this field and may provide a route to fully recyclable gel electrolytes
and thus provide a solution to the future problems surrounding the end-of-life prospects for
batteries such as lithium-ion batteries. As ILs are readily tuneable to include desirable properties,
ionogels in the future can be developed via PISA-mediated syntheses to include favourable

characteristics for more specific electrochemical applications.

Various polymers were explored for their compatibility in two hydrophilic ionic liquids (ILs), 1-
ethyl-3-methylimidazolium dicyanamide ([EMIM][DCA]) and 1-ethyl-3-methylimidazolium ethyl
sulphate ([EMIM][EtOSOs]) at the beginning of this Thesis. A range of hydrophobic and hydrophilic
monomers were tested for their miscibilities in the ILs. Good miscibility with the ILs was essential
for block copolymer design, particularly for generating the core-forming block via RAFT dispersion
polymerisation. Any monomers that were shown to be immiscible with the ILs were eliminated
from the selection and were not used for the proceeding solubility screenings of the polymers in
the ILs. Firstly, polymers synthesised via free radical polymerisation were tested for their solubility
in ILs. This proved to be moderately challenging as the purification of some polymers was more
challenging than others. This in itself could have potentially adverse effects on the solubility
screenings. Concurrently, a series of polymers were also synthesised via RAFT solution
polymerisation, which resulted in lower molecular weights and a relatively more controlled
polymerisation as evidenced by GPC analysis. Additionally, this was reflected in the solubility
studies where selected polymers synthesised via RAFT were readily soluble in the ILs, whereas
their free radical equivalents were not. This was attributed to either the lower molecular weights
of the RAFT-synthesised macromolecular chain transfer agents (macro-CTAs), or the functionality
of the RAFT chain transfer agent (CTA) facilitating solubility in the ILs. Those that were soluble in
the ILs, particularly in the form of a macro-CTA, could have been considered as potential

candidates for stabiliser blocks in future block copolymer syntheses via RAFT dispersion

G.L. Maitland, PhD Thesis, Aston University, 2024 168



Chapter 5: Extending the scope of polymerisation-induced self-assembly in ionic liquids: RAFT
dispersion polymerisation of benzyl methacrylate in 1-ethyl-3-methylimidazolium ethyl sulphate

polymerisation. Some polymers, synthesised by both free-radical and RAFT, were found to be
insoluble in the ILs, thus demonstrating their potential suitability as core-forming blocks. As a
result, poly(2-hydroxyethyl methacrylate) (PHEMA) was selected as the stabiliser block due the
macro-CTA being readily soluble in both ILs. Moreover, poly(benzyl methacrylate) (PBzMA) was
selected to be the core-forming block, due to the monomer being miscible with the ILs, but when
it polymerises it forms an IL-insoluble polymer. This is essential for ensuing block copolymer
syntheses to proceed via RAFT dispersion polymerisation, in which worm gels are known to be
more readily accessible compared to emulsion polymerisation formulations. Because of the
extensive number of combinations of cations and anions that can make up an IL, there is huge
potential scope for expanding on a library of polymers and monomers and their solubilities in, and
miscibilities with, several ILs. This would enable the design of block copolymers for their self-

assembly in ILs to become much more facile and efficient.

A PHEMA macro-CTA with a mean degree of polymerisation (DP) of 30 was synthesised via RAFT
solution polymerisation at 60 °C in methanol. The PHEMA3, macro-CTA was analysed by GPC and
was shown to have a relatively narrow molecular weight distribution (Pu = 1.25) indicating the
polymerisation was well-controlled. The DP of the PHEMA macro-CTA was targeted at 50 and the
polymerisation was allowed to proceed for 6 hours, however due to a fairly low monomer
conversion (40% HEMA conversion), the reaction afforded a PHEMA macro-CTA with an actual DP
of 30. Despite not reaching an ideal conversion, the PHEMA3, macro-CTA was actually shown to be
sufficiently long to act as a stabiliser block and had an ideal DP in order to access higher order
morphologies during block copolymer syntheses via polymerisation-induced self-assembly (PISA).
Tuning the conditions of this reaction in order to achieve higher yield in a shorter time and thus
reduce the amount of unreacted reagents warrants further research. With this in mind, it would
be important to tune the conditions (i.e. lowering the target DP of the PHEMA but changing the
solvent, temperature, reaction time, etc.) but ensure that the control of the polymerisation is not

compromised.

The RAFT dispersion polymerisation of benzyl methacrylate in [EMIM][DCA] at 15% w/w solids was
examined using the PHEMA3p macro-CTA to generate a range of block copolymer nanoparticles by
varying the DP of the PBzMA core-forming block. A representative kinetic study was carried out in
order to determine the optimum time to allow the polymerisations to proceed to full BzMA

conversion. The critical PBzMA DP at which self-assembly occurred was found to be 72. This is the

G.L. Maitland, PhD Thesis, Aston University, 2024 169



Chapter 5: Extending the scope of polymerisation-induced self-assembly in ionic liquids: RAFT
dispersion polymerisation of benzyl methacrylate in 1-ethyl-3-methylimidazolium ethyl sulphate

point at which the PBzMA block is sufficiently long enough to become insoluble and thus self-
assemble. Based on the kinetic study, a series of PHEMA30-b-PBzMA, block copolymers were
synthesised. High monomer conversion of benzyl methacrylate was achieved in all cases (296%)
within 2 hours and reasonably good control was maintained over the polymerisations up to a
target PBzMA DP of 200 (Pwm< 1.24) as confirmed by GPC analysis. Loss of control was observed
when targeting higher DPs, which is typical when targeting higher DP of core-forming blocks. A
range of dispersions was formed during these PISA syntheses from transparent free-flowing fluids,
to free standing soft gels, and to turbid viscous solution, indicating the presence of spheres, worms
and vesicles, respectively, based on previously reported PISA formulations. Furthermore, a
combination of dynamic light scattering (DLS), small-angle X-ray scattering (SAXS) and transmission
electron microscopy (TEM) analyses confirmed the presence of spheres, worms and vesicles.
Importantly, the free-standing gels formed were shown to be as a result of worm-like micelles
present in the samples as confirmed by a combination of nanoparticle and rheological
characterisation. Clearly, the worms were sufficiently long enough to cause physical contacts and
thus induce gelation.

Unlike some other reported PISA formulations that yielded worm gels, no thermoresponsive
behaviour was observed. In order to make PISA formulations for electrochemical applications more
interesting and practical, it would be beneficial to enable reversible worm-to-sphere transitions to
occur, such that gelation can be induced at high temperatures thus reducing the risk of safety
issues such as leakage. This development might also enable recyclability of gel electrolytes,
something that would present a significant advancement in the battery industry. Thus, active

research in this area is warranted.

As a result of these promising syntheses, further characterisation was conducted to assess their
suitability as potential ionogels for electrochemical applications. Rheological studies of all
dispersions were conducted to assess their viscoelastic properties. Dispersions that contained the
highest proportion of worms, as confirmed by SAXS, generally exhibited the highest G’ values,
attributed to the extended percolating network formed as a result of the presence of more worms.
Furthermore, oscillatory rheology studies of each gel dispersion displayed frequency-independent
behaviour of G, indicating that these block copolymer dispersions were ‘true’ gels. In order to
assess thermal properties of the ionogels, thermogravimetric analysis (TGA) was conducted for
each gel. Notably, when bulk PHEMA30-b-PBzMA,s3 was analysed, the onset degradation

temperature was recorded to be 230 °C. In contrast, both [EMIM][DCA] and the ionogels had
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higher onset degradation temperatures of 305 °C and between 280 °C and 310 °C, respectively.
Moreover, these studies demonstrated that the polymer content in the ionogel did not
substantially affect the thermal onset degradation temperature, showcasing that the ionogels have
good short term thermal stability. However, there is scope for further developing understanding
of the thermal stability of the ionogels. For example, long-term thermal stability studies would be
valuable to assess the thermal degradation of the ionogels over longer periods at higher
temperatures. Long-term thermal stability is an essential characteristic for materials with potential
electrochemical applications. The bulk resistance of each gel was also measured by
electrochemical impedance spectroscopy (EIS), as well as [EMIM][DCA] in order to determine the
effect of polymer content on the electrochemical properties provided by the [EMIM][DCA] in the
ionogels. Generally, EIS demonstrated comparable electrochemical properties of the ionogel to
[EMIM][DCA]. This is based on the fact that as the bulk resistance generally increases with

decreasing ionic conductivity.

However, in order to obtain more understanding of the electrochemical properties of the ionogels,
other electrochemical analyses would be advantageous. Specifically, investigating the
performance of the ionogels in real-life applications such as lithium-ion batteries and
supercapacitors would provide invaluable insight into the electrochemical properties of the

currently formulated ionogel materials.

Critical gel concentration (CGC) studies were conducted to determine the concentration at which
the block copolymer dispersion is no longer a free-standing gel, as a result of insufficient inter-
worm contacts in order to induce physical crosslinking. In other words, this is the point at which
degelation occurs, and the dispersions are no longer free-standing. In order to maintain the
superior electrochemical properties of [EMIM][DCA], it is important that the minimum polymer
content is contained within the gel. The block copolymer target composition selected for these
screenings was PHEMA30-b-PBzMA300 since the PHEMA30-b-PBzMA 91 block copolymer synthesised
at 15% w/w were positioned near the centre of the gel range in the block copolymer series
synthesised at 15% w/w solids, and also displayed the highest proportion of worms (82.6% v/v) as
confirmed by SAXS analysis. Block copolymers were synthesised at copolymer concentrations
ranging from 10% w/w to 1% w/w, and the CGC was found to be >4% w/w, based on tube inversion
tests and visual observations, which were supported by the rheological studies conducted of each

dispersion. This proof-of-concept synthesis and characterisation of PHEMA30-b-PBzMA, worm gels
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demonstrates the versatility and ease of utilising PISA to generate ionogels without the

requirement for additives (e.g. co-solvents) or post-polymerisation processing or purification.

PHEMA;0-b-PBzMA, diblock copolymers were also synthesised in [EMIM][EtOSOs] at 15% w/w and
20% w/w solids. A kinetic study of the synthesis of PHEMA30-b-PBzMA, at 15% w/w solids indicated
high monomer conversion of benzyl methacrylate (>99%) within 1 hour. The critical DP of self-
assembly was found to be 198, a much higher DP than that in [EMIM][DCA] (critical DP of 72),
indicating that the [EMIM][EtOSOs] is a better solvent for the PBzMA block, therefore a longer
PBzMA core-forming block is required to induce unfavourable [EMIM][EtOSO;]-PBzMA
interactions and thus self-assembly. DLS was used to obtain sphere-equivalent diameters of
dispersions of each block copolymer, and SAXS was used to confirm the morphologies of each
dispersion. The background-subtracted SAXS data for 1.0% w/w dispersions with lower PBzMA DPs
(targeting <400) were able to be fitted to a spherical micelle model. However, background-
subtracted SAXS data for 1.0% w/w dispersions containing higher PBzMA DPs (targeting >400)
were not satisfactorily fitted to appropriate models, therefore future work includes fitting these
samples to appropriate models to determine the vesicle diameters and mean membrane
thickness. The vesicle diameters obtained can then be compared with sphere-equivalent
diameters obtained by DLS. Worm-like micelles were not present at significant proportions in any
of the dispersions synthesised at 15% w/w or 20% w/w, as confirmed visual observations, the tube
inversion test and SAXS analysis. This could be because the PHEMA stabiliser block provides
sufficient steric stabilisation such that 2D fusion of spheres is hindered, or simply that the worm

phase space in this IL is extremely narrow.

Clearly, further investigation into this PISA formulation in [EMIM][EtOSOs] is required in order to
achieve worm-like micelles. There are multiple options for tuning the formulation based on
previous research that can be implemented to access the highly desired worm gels. One variable
that will be investigated in the future will be shortening the PHEMA stabiliser block so that sphere-
sphere fusion can be achieved, thus enabling the formation of worms. Accessing worms can also
be possible by tuning the core-forming block such that the glass transition temperature (T;) is
lowered therefore improving mobility of the core-forming block chains. For example, this could be
achieved via statistical copolymerisation of BZMA and HEMA to decrease the overall solvophobic

nature of this core-forming block.
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7.1 Structural models for Small-angle X-ray scattering (SAXS) analysis

Programming tools within the Irena SAS Igor Pro macros® were used to implement the scattering

models.

In general, the intensity of X-rays scattered by a dispersion of nano-objects [as represented by the

. . . ds
scattering cross-section per unit sample volume, d—ﬂ(q)] can be expressed as:

dZ (o8] [o0]
d_Q(q) = NS(q)f f F(qmr, ...,rk)zll’(rl’ ...,rk)drll e, ATy 7.1
0o 0

where F(q,1y, ..., 1) is the form factor, ry ..., 7y is a set of k parameters describing the structural
morphology, ‘P(rl' ...,rk) is the distribution function, S(q) is the structure factor and N is the

number density of nano-objects per unit volume expressed as:

%
N= == 7.2
fo ...fo V(ry, ., i)¥(ry, ..., 1 )dry, .., dry

where V(ry, ...,13) is the volume of the nano-object and ¢ is its volume fraction within the
dispersion. Itis assumed that S(g) = 1 at the sufficiently low copolymer concentrations used in this

study (1.0% w/w).

7.1.1 Spherical micelle model

The spherical micelle form factor for Equation 7.1 is given by?

Frpio (@) = Ns*B*A*(q,Rs) + Nofc°Fe(g, Rg) + Ns(Ny — 1B A (q)
+ 2Ny BsBeAs(q, R9)Ac(q)

7.3

where Ry is the volume-average sphere core radius and Ry is the radius of gyration of the coronal
steric stabilizer block (in this case, PHEMA3,). The X-ray scattering length contrasts for the core and
corona blocks are given by s = V(& — &501) and B = V(& — &,1) respectively. Here, &, &,

and &,,; are the X-ray scattering length densities of the core block (épg,pa= 10.41 x 10*° cm™),
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corona block (&épggma= 11.50 x 10° cm?) and [EMIM][DCA] solvent (&= 9.90 x 10 cm™),
respectively. I; and V. are the volumes of the core block (Vpgzi4) and the corona block (Vpygma),

respectively. The sphere form factor amplitude is used for the amplitude of the core self-term:

%2
A.(q,R;) = ®(qR;)exp <— 5 ) 7.4

3[sin(qRs)—qRscos (qRy)]
(qRs)3

where ®(gqR;) = . A sigmoidal interface between the two blocks was

assumed for the spherical micelle form factor (Equation 7.3). This is described by the exponent
term with a width o accounting for a decaying scattering length density at the micellar interface.

This o value was fixed at 2.5 during fitting.

The form factor amplitude of the spherical micelle corona is:

7.5

Rs+2 sin (gr
fRS SMC(”‘)%TZdT %2
Ac(q) = exp | —

Rs+2
[ 2

Ue(r)ridr
The radial profile, u.(r), can be expressed by a linear combination of two cubic b splines, with two
fitting parameters s and a corresponding to the width of the profile and the weight coefficient
respectively. This information can be found elsewhere,** as can the approximate integrated form

of Equation 7.5. The self-correlation term for the coronal block is given by the Debye function:

Z[exp(—qugz) -1+ qugz]

76
q*R,*

Fc(q'Rg) =

where Ry is the radius of gyration of the PHEMA coronal block. In all cases R; was fixed to be 1.4
nm, which is estimated by assuming the total contour length of PHMEA3 is 7.66 nm (30 x 0.255
nm, where 0.225 nm is the contour length of one HEMA monomer unit with two C-C bonds in all-
trans conformation). Given a mean Kuhn length of 1.53 nm, based on the known literature value
for poly(methyl methacrylate)®, an estimated unperturbed R, of 1.4 nm is determined using R; =

(7.66 x 1.53/6)°5.
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The aggregation number, Ng, of the spherical micelle is given by:

7.7

where xg,; is the volume fraction of solvent within the PBzMA micelle cores, which was found to
be zero in all cases. A polydispersity for one parameter (R;) is assumed for the micelle model,
which is described by a Gaussian distribution. Thus, the polydispersity function in Equation 7.1 can

be represented as:
7.8

where o, is the standard deviation for R;. In accordance with Equation 7.2, the number density

per unit volume for the micelle model is expressed as:

_ ®
V)W) dn

7.9

where @ is the total volume fraction of copolymer in the spherical micelles and V (r7) is the total

volume of copolymer within a spherical micelle [V (ry) = (Vi + V.)Ng(r7)].

7.1.2 Worm-like micelle model

The worm-like micelle form factor for Equation 7.1 is given by:

Fw_mic(‘]) = Nwzﬂstsw(Q) + Nwﬁcch(q' Rg) + Nw(Nw - 1)BCZSCC(q)
+ ZNwzﬂsﬁchc(q)

7.10

where all the parameters are the same as those described in the spherical micelle model (Equation

7.3), unless stated otherwise.

The self-correlation term for the worm core cross-sectional volume-average radius R, is:
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Fs (@) = Fyorm (g, Ly, bw)ACSWm«mz(q' Ry) 7.11
where
2 JACLIE
Acsyorm (@ Rw) = [2 ] 7.12
qRyw

and J; is the first-order Bessel function of the first kind, and a form factor F, - (q, Ly, by,) for
self-avoiding semi-flexible chains represents the worm-like micelles, where b,, is the Kuhn length
and L,, is the mean contour length. A complete expression for the chain form factor can be found

elsewhere.®
The mean aggregation number of the worm-like micelle, N, is given by:

TRy, *Ly,
Vs

Ny = (1 - xsol) 7.13

where x,; is the volume fraction of solvent within the worm-like micelle cores, which was found
to be zero in all cases. The possible presence of semi-spherical caps at both ends of each worm is
neglected in this form factor.

A polydispersity for one parameter (R,,) is assumed for the micelle model, which is described by a

Gaussian distribution. Thus, the polydispersity function in Equation 7.1 can be represented as:

(rl - Rw)2>

!
———exp|— >
2mog, 2 20y

where oy is the standard deviation for R,. In accordance with Equation 7.2, the number density

P(r) = 7.14
per unit volume for the worm-like micelle model is expressed as:

_ @
- fooo V(r)¥(r)dr

7.15

where ¢ is the total volume fraction of copolymer in the worm-like micelles and V (r,) is the total
volume of copolymer in a worm-like micelle [V (r) = (V; + V)N, (r)].
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7.1.3 Vesicle model

The vesicle form factor in Equation 7.1 is expressed as:’

Foes(@) = Np*B* A (@) + NypBoc’ Fo(q,Rg) + Ny(Ny — D Boc’ Apc (@)
+ 2Ny 2 B BocAm (@) Ave (@)

7.16

where all the parameters are the same as in the spherical micelle model (see Equation 7.3) unless

stated otherwise.

The amplitude of the membrane self-term is:

7.17

_ Vout(p(qRout) - Vin(p(qRin) qzo'in2
Am(q) = exp | -

Vout - Vi

where R, = Ry, —%Tm is the inner radius of the membrane, R,,: = Ry, +%Tm is the outer
radius of the membrane (R, is the radius from the centre of the vesicle to the centre of the
membrane), V;,, = gan?’ and Vo = gnRouﬁ. It should be noted that Equation 7.16 differs

subtly from the original work in which it was first described.” The exponent term in Equation 7.17
represents a sigmoidal interface between the blocks, with a width o;,, accounting for a decaying
scattering length density at the membrane surface. The value of g;,, was fixed at 2.5 during fitting.

The mean vesicle aggregation number, N,,, is given by:

Voue — Vi
N, = (1 — Xs01) % 7.18
m

where x,; is the volume fraction of solvent within the vesicle membrane, which was found to be
zero in all cases. Assuming that there is no penetration of the solvophilic coronal blocks into the

solvophobic membrane, the amplitude of the vesicle corona self-term is expressed as:

1 sin[q (Rous + Rg)] sin [q(Rin — Rg)]

A =WY(gR,) = 7.19
ve(@) (@ g) 2 q(Rout + Rg) q(Rin — Rg)
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where the term outside the square brackets is the factor amplitude of the corona block polymer

chain such that:

w(gR,) = — 7.20

For the vesicle model, it was assumed that two parameters are polydisperse: the radius from the
centre of the vesicles to the centre of the membrane and the membrane thickness (denoted R,,
and T,,, respectively). Each parameter is considered to have a Gaussian distribution of values, so

the polydispersity function in Equation 7.1 can be expressed in each case as:

1 (rl - Rm)z 1 (Tl - m)z
Y(rr,) = ————exp <— exp|————— 7.21
ve 2MoRs? 20rm® ) \2m0rm? 207m*

where gg,, and a7, are the standard deviations for R, and T,,, respectively. Following Equation

7.2, the number density per unit volume for the vesicle model is expressed as:

@
N = [o¢] [o¢]
fo fo V(ry, 1) W(ry, rp)drdr,

7.22

where @ is the total volume fraction of copolymer in the vesicles and V (ry, 1) is the total volume

of copolymers in a vesicle [V (1,15) = (Vi + Voo )N, (11, 12)].

7.1.4 Gaussian chain model

Data for the 1% w/w solution of PHEMAs-b-PBzMA4s were fitted to a Gaussian chain model.?
Generally, the scattering cross-section per unit sample volume for an individual Gaussian polymer

chain can be expressed as:

ax
E(Q) = (p(Af)ZVmolFmol(q) 7.23

where V01 is the total molecular volume and A¢ is the excess scattering length density of the

copolymer [A = &pypma—pBzMa — [EMIM][DCA] = 0.92 X 10™° cm?], where the scattering length
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VeHEMASPHEMA+VPBzMA SPB2ZMA which for PHEMAsg-b-

denSity of the COpOlymer, gPHEMA—PBZMA =
VPHEMA-PBzMA

PbZMA49 gives EPHEMA—PBZMA = 10.72 x 10_10 Cm_2

, and the scattering length density of
[EMIM][DCA], &[gmimipca; = 9-90x 107° cm™. The generalized form factor for a Gaussian polymer

chain is given by:

1 1 1 1 294
Fnor(q) = [le/(ZU) v (550) - s (5 v )] ‘

where the lower incomplete gamma function is y(s,x) = fox t5"lexp(—t)dt and U is the

modified variable:

q*R, * 7.25
Bcop
U=@+D@v+2)—

Here, v is the extended volume parameter and Rgcop is the radius of gyration of the copolymer

chain.
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