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Abstract

As an inherently unstable dispersed system, liquid foam requires surfactant for effective for-
mation and stabilisation. However, the performance of conventional hydrocarbon-based small-
molecule surfactants has now reached its design limit. Amphiphilic copolymers have emerged
as promising alternatives, offering both superior foamability and a broader range of tuneable
structural parameters. Nevertheless, their fundamental macromolecular nature poses signif-
icant challenges for their rigorous characterisation and the underlying structure-performance
relationships remain unclear.

Copolymer compositions with optimal surface activity were identified through Design of Ex-
periment (DoE) analysis of published data. In particular, statistical copolymers containing
the 3,5,5-trimethylhexyl substituent as the hydrophobic unit and oligo(ethylene glycol) as the
hydrophilic segment exhibited exceptional foamability. A series of statistical copolymers with
various backbone structures, molecular weights, and comonomer ratios were synthesised via
free radical copolymerisation to explore performance optimisation. Foam studies revealed that
the (meth)acrylic backbone structure significantly affected foamability. Small-angle X-ray scat-
tering (SAXS) was employed to characterise copolymer micelles in aqueous solution, revealing
a strong correlation between comonomer composition, copolymer architecture, and foaming
activity. Copolymers exhibiting superior foamability formed loosely packed micelles, which
facilitates rapid surface adsorption. Synthesis of the analogous vinyl ether-based copolymers
was also attempted for comparison with the best-performing acrylic statistical copolymers.

Furthermore, eight tertiary amine-based dihydrophilic statistical copolymers were prepared to
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investigate the influence of polyelectrolyte charge on chain flexibility. The conformations of both
charged and uncharged chains were analysed using SAXS combined with the polymer reference
interaction site model (PRISM) to evaluate the role of electrostatic interactions in modulating
chain stiffness. The degree of protonation significantly influences the chain conformation and
hence governs the aqueous solution behaviour.

In summary, this thesis provides new insights regarding the design of interfacially-active copoly-
mer surfactants. In particular, tailoring the copolymer structure leads to optimal interfacial

stabilisation efficiency.
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Chapter 1

Introduction

1.1 Background

The foam performance of surfactants can be judged by evaluating foamability and long-term
foam stability. However, conventional small molecule surfactants may have reached their
physical and chemical limits in terms of structural optimisation.! For example, the limiting
surface tension for the best-performing hydrocarbon-based surfactants is about 25 mN-m~!. %
To achieve lower surface tension, researchers have developed speciality surfactants with super-
hydrophobic groups, such as perfluoro/polyfluoroalkyl compounds (PFAS) and silicone-based
surfactants. The limiting surface tension of PFAS can be as low as 15 mN-m~!,2 while that of
silicone-based systems is around 20 mN-m~!,%> However, there are growing concerns regarding
the environmental persistence and biosafety profiles for both perfluorinated and silicone-based
surfactants, so their continued use over the longer term seems unlikely.®~'” For example, the
bioaccumulation and potential toxicity of PFAS has prompted many countries to restrict their
production and use.'!'~!3 Similarly, the potential pollution risks of silicone-based surfactants
have also prompted stricter regulations.'* From the perspective of green chemistry and sustain-
able development, there is an urgent need to develop next-generation environmentally-friendly

surfactants that offer sufficiently high performance to enable the replacement of existing per-

fluorinated and silicone-based products.
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Given the well-documented limited structural tunability of small molecule surfactants,! poly-
meric surfactants provide a promising alternative. Recently, Jennings et al. reported that a class
of acrylic-based amphiphilic statistical copolymers exhibited excellent interfacial activity, with
a limiting surface tension just below 25 mN-m~!.® Moreover, such copolymers exhibited supe-
rior foamability for ethanol-rich ethanol-water mixtures. Notably, such performance could not
be achieved using the corresponding diblock copolymers prepared using the same hydrophilic
and hydrophobic comonomers. This indicates that the copolymer architecture plays a key role
in determining surface activity.®

Nevertheless, there are rather few systematic studies of the quantitative relationship between
chemical structure, comonomer composition, copolymer architecture, chain flexibility and
the resulting interfacial behaviour of statistical copolymer surfactants. In this thesis, such
parameters are evaluated with the aim of optimising both initial foamability and long-term

foam stability.
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1.2 Basic Concepts in Polymer Science

In 1920, the Chemistry Nobel Laureate Otto Wieland famously asserted that organic molecules
could not exceed a molecular weight of 5,000 g-mol‘l, which reflected prevailing scientific
opinion at that time.'> However, Herman Staudinger challenged this paradigm by proposing the
existence of polymers: long-chain molecules comprising individual repeat units linked together
by covalent bonds. Despite huge initial scepticism, this hypothesis was finally accepted by
the scientific community by around 1930, due to Herman Staudinger’s and Wallace Carothers’
pioneering contributions to the emerging field of polymer science.'® Over the past century,
polymer science has achieved remarkable success, enabling the development of a diverse range

of synthetic polymers that have revolutionised our daily lives.

(a) Linear Homopolymer (b) Statistical copolymer (c) Alternating copolymer
(d) Graft copolymer (e) Block copolymer (f) Block-statistical copolymer

lelocks %
Multiblocks

Figure 1.1: Examples of various (co)polymer architectures.

Polymer properties depend on the chemical structure of their repeat units and how these units
are connected together to form the polymer backbone.!” A linear homopolymer consists of
a single type of repeat unit (Figure 1.1a). Nevertheless, such polymers may exhibit a broad
range of physical and chemical behaviour, depending on the type of repeat unit, the degree

of polymerisation (DP) and dispersity (D). In addition, the incorporation of two or more
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comonomers enables the design of various copolymer architectures, depending on the spatial
arrangement of the repeat units. In statistical copolymers, two comonomers are statistically
distributed along the copolymer chains (Figure 1.1b). In contrast, alternating copolymers
comprise a strictly regular ABABAB comonomer sequence (Figure 1.1c). Graft copolymers
are formed by grafting side-chains to a linear backbone, resulting in branched architectures
(Figure 1.1d). Moreover, modern synthetic polymer chemistry has enabled the controlled
synthesis of many well-defined block copolymers (Figure 1.1e) and block-statistical copolymers
(Figure 1.1f).18

Unlike small organic molecules such as toluene or ethylene, polymer molecules in the same
sample do not exhibit an identical molecular weight. Instead, polymers exhibit a molecular
weight distribution (MWD) because they typically comprise a wide range of chain lengths. To
accurately describe the MWD, statistical methods are required.!” Two important parameters
are the number-average molecular weight (M,,, Equation 1.1) and the weight-average molecular
weight (M,,, Equation 1.2), which are mathematically defined moments on the MWD curve of

a polymer:

M, = ZZ"’% (1.1)
A2 AL
_ anMi _ ZWIMI (12)

= =
2 niM; 2 Wi
where n; is the number of chains with mass M;, and , wj; is the total mass of chains of mass

M; (where w; = n; - M;).
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Figure 1.2: Schematic representation of a unimodal polymer molecular weight distribution,
where M, lies near the peak maximum and M,, is located at higher molecular weight.

The M, represents a weighted average based on the number of polymer chains. Thus this
parameter is relatively sensitive to the presence of lower molecular weight species within the
distribution. In contrast, M,, is weighted by the mass of each chain and is therefore biased
towards higher molecular weight species. Most synthetic polymers have relatively broad
MWDs, so My, is usually significantly greater than M, (see Figure 1.2).

Dispersity is a crude measure of the width of the molecular weight distribution curve and is

defined according to Equation (1.3):!7

(1.3)

If D lies close to unity, then the MWD is relatively narrow and the polymer chains are relatively
uniform in length (and mass). Conversely, a high D value (e.g. above 2.0) indicates a broad
MWD curve. In general, near-monodisperse polymers are considered to have a dispersity below

1.20. P is strongly influenced by the polymerisation chemistry.'>?’ Perfectly monodisperse
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polymers cannot be prepared by conventional synthetic methods but are known in nature. For
example, proteins typically exhibit a unique molecular weight owing to the precise control
achieved during their biosynthesis.?!

To assess the molecular weight and dispersity of polymers, size exclusion chromatography
(SEC), also known as gel permeation chromatography (GPC), is widely employed. This
technique typically requires calibration with polymer standards of known molecular weight
to determine M,, My, and P.?> When coupled with a static light scattering (SLS) detector,
SEC can also provide an absolute M,, without the need for calibration.?? In addition to SEC,
other characterisation methods such as matrix-assisted laser desorption/ionisation time-of-flight
mass spectrometry (MALDI-TOF MS),?* nuclear magnetic resonance (NMR) spectroscopy, and
intrinsic viscosity measurements can be used to determine polymer molecular weight.

The glass transition temperature (7;) marks the transition of a polymer from a glassy state to a
rubbery state.!” Below the T, the local mobility of chain segments is restricted, and the polymer
is brittle. Above the T;, the chain segments acquire significant mobility, resulting in rubber-like
elastic behaviour. In contrast to the melting point of a small molecule, which corresponds to a
well-defined phase transition from solid to liquid, the 7; does not represent a true phase change.
Rather, it denotes a gradual transition in a polymer’s dynamic and mechanical behaviour.

For statistical copolymers, variations in T, are closely associated with the weight fraction of
each comonomer within the copolymer. These variations are commonly predicted using the

Fox equation (1.4):%6

1
M W2 (1.4)
Tg Tg,l Tg,Z

where Ty, T, | and Ty » describe the glass transition temperatures (in K) of the overall copolymer
and the two corresponding homopolymers, respectively and w; and w, are the respective

comonomer weight fractions, respectively.
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1.3 Polymerisation

Polymerisation is the chemical process by which multiple monomer units are covalently
linked together to produce long-chain macromolecules. Most polymerisation mechanisms
can be broadly classified as either step-growth or chain-growth processes.!” In step-growth
polymerisation, polymer chains are formed through successive reactions between monomers,
oligomers and polymers. In contrast, chain-growth polymerisation involves the generation
of an active centre that propagates the polymer chain via the sequential addition of multi-
ple monomer units. Chain-growth mechanisms can be further categorised into free radical,
ionic, and reversible-deactivation radical polymerisation (RDRP) techniques, such as nitroxide-
mediated polymerisation (NMP),?” atom transfer radical polymerisation (ATRP)?® and re-
versible addition-fragmentation chain transfer (RAFT)!'® polymerisation. These methods differ
significantly in terms of their degree of control over the molecular weight distribution, disper-
sity, copolymer architecture and chain-end functionality. Moreover, radical copolymerisation
provides a powerful strategy for tuning copolymer composition and physical properties. A com-
prehensive understanding of the underlying polymerisation mechanism is therefore essential for

the design of polymer materials, particularly amphiphilic copolymers.

1.3.1 Chain-Growth Polymerisation

@
® .. .. Chain-growth
@ O —  {O-O~O~O-O-O-0-0~0-0%
) 0 Polymerisation
® o ® ©
@ @ @
Reactive centre: Radical Cation Anion

Figure 1.3: Schematic representation of chain-growth polymerisation. Each red circle denotes
a monomer repeat unit. The active centre can be a radical, a cation, or an anion.
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Chain-growth polymerisation is a type of reaction in which monomers are added sequentially
to a growing polymer chain via an active centre, resulting in the formation of polymers (Fig-
ure 1.3). Polymer chains grow continuously once initiated. In conventional uncontrolled free
radical polymerisation, high molecular weight chains are typically formed at an early stage and
the molecular weight is relatively independent of the monomer conversion during the poly-
merisation, whereas in controlled chain-growth polymerisation, such as anionic and RDRP, the
molecular weight increases linearly with conversion, reflecting its living nature (Figure 1.4).
The general mechanism of chain-growth polymerisation involves four key steps: initiation,
propagation, chain transfer, and termination. Based on the nature of the active centre, chain-
growth processes can be classified into radical, cationic, anionic, or coordination polymerisation

(Figure 1.3).17

Free Radical
Uncontrolled

Degree of Polymerisation

Anionic, RDRP
Controlled
0 50 100

Conversion/ %

Figure 1.4: Schematic representation of the evolution of molecular weight as a function of
monomer conversion for free radical, living anionic and RDRP.

A major achievement in chain-growth polymerisation is the development of living polymerisa-
tion, which has no intrinsic termination step.!”>? The active centres on the polymer chain-ends

remain reactive throughout the reaction, which enables precise control over the target molecular
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weight, D and the copolymer architecture. Living polymerisation allows the construction of
block copolymers through the sequential addition of two or more comonomers. Common ex-
amples include living anionic polymerisation, living cationic polymerisation, and living radical
polymerisation (LRP). The term "LRP’ has been largely replaced by "TRDRP’, as recommended
by IUPAC in 2010.2%3% Nitroxide-mediated polymerisation,?’ atom transfer radical polymeri-
sation,”® and reversible addition-fragmentation chain transfer'® polymerisation all fall within

the framework of RDRP.

1.3.1.1 Ionic Polymerisation

Ionic polymerisation is a form of chain-growth polymerisation in which initiation and propa-
gation occur via either anionic or cationic active centres.!” Compared with free radical poly-
merisation, ionic polymerisations impose stricter requirements on both monomer structures
and reaction conditions. Whereas radical polymerisation is compatible with a broad range

of monomers, cationic polymerisation is typically restricted to monomers bearing electron-

1 31 132

donating substituents such as isobutyl,?! phenyl*? or alkoxy groups.®? In contrast, anionic

polymerisation is effective only with monomers containing electron-withdrawing groups such

1 34 135

as carbonyl,** vinyl®> or phenyl groups.*® This high degree of selectivity is primarily due to the
weak stabilisation of the propagating ionic species, which are highly reactive and sensitive to
protic impurities (e.g. water).!”

Although ionic polymerisation has enabled the large-scale production of polystyrene, polydiene
rubbers or other thermoplastic elastomers,?’ it has far fewer commercial applications than free
radical polymerisation in the area of multifunctional polymer synthesis due to its sensitivity to
impurities and limited monomer scope.!” However, it offers several important advantages. Most
notably, the active centres remain reactive over relatively extended periods unless deliberately
quenched. This enables the synthesis of polymers with narrow MWDs, particularly by anionic

polymerisation.!”-1%-38 While cationic polymerisation generally affords less precise control over

dispersity, it does provide useful access to vinyl monomers that are poorly suited to radical
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Table 1.1: Summary of monomer suitability for radical, cationic and anionic polymerisation.'’

Type of chain polymerisation

Monomer Chemical structure - —— —
Radical Cationic  Anionic

Ir I

H
>~
Ethylene H v X v

\H
1,3-diene N v Ve Ve
Styrene : A\ v v v

0
Vinyl ester ¢\°J'LR v X X
@]
AR
Acrylate o v X v
@]
YJ\O, R
Methacrylate v X v
0
\)LN R
Acrylamide H v X v
0
YJ\N - R
Methacrylamide H v X v
_R
Vinyl ether Zo X v X

polymerisation, such as vinyl ethers.3>

Table 1.1 summarises the compatibility of various common monomers with three different
polymerisation mechanisms. Free radical polymerisation exhibits broad applicability across
a wide range of monomers, while ionic polymerisation is highly sensitive to the specific
substituents on the monomer.

Only vinyl monomers bearing both electron-donating and electron-withdrawing groups such
as 1,3-dienes and styrene are generally compatible with both cationic and anionic polymeri-
sation. In contrast, monomers containing exclusively electron-withdrawing groups such as

(meth)acrylates and (meth)acrylamides are typically suitable only for free radical or anionic
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polymerisation.

An important case of cationic polymerisation is vinyl ethers.’® The strong electron-donating
effect of the oxygen atom significantly increases the electron density on the vinyl group,
making these monomers typically unsuitable for either radical or anionic polymerisation.!”

However, this same feature stabilises the carbocation intermediate that is formed during cationic

polymerisation, thereby making vinyl ethers highly suitable for such formulations.

Cationic Polymerisation

During initiation, Lewis acids (e.g. BFs, AlCl3)%041

are usually used in conjunction with
protic sources (such as water or alcohols) to generate the initiating carbocations that lead to
polymerisation at relatively low temperature (Scheme 1.1):

BF; + H,0 /= BF3-OH,

BF3-OH, + (CH3),C=CH, —3= (CHj3),HC"*(BF;0H)

Scheme 1.1: Cationic initiation mechanism for isobutene when using a boron trifluoride-water
initiator-coinitiator system.*’

During propagation, the active carbocation chain-ends attack the carbon-carbon double bonds
of incoming monomers, generating new carbocation species and thereby extending the polymer
chain. Cationic polymerisation is characterised by a rapid rate of reaction and extreme sensitivity
to proton impurities such as water, alcohols, and amines, and therefore rigorously anhydrous
conditions are required. To moderate this reactivity and suppress undesirable chain transfer
side-reactions,*> cationic polymerisations are typically conducted at low temperatures (e.g.
~78°C).* Termination can occur via the introduction of nucleophilic reagents.!” Owing to the
extremely fast kinetics, cationic polymerisation is generally more difficult to control in terms
of molecular weight and dispersity.!74>4

Vinyl ethers represent a class of monomers that effectively stabilise the corresponding carbo-

cations. Their C=C bond is electron-rich, while the alkoxy substituent serves as an electron-

donating group; together, these features contribute to carbocation stabilisation. Upon elec-
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trophilic attack by a cationic initiator, the resulting intermediate adopts a resonance-stabilised
structure, as illustrated in Scheme 1.2.

®

Scheme 1.2: Resonance stabilisation of the carbocation intermediate during cationic polymeri-
sation of a generic vinyl ether monomer.

Vinyl ethers are generally considered to be only amenable to cationic polymerisation. However,
Sugihara and co-workers reported that free radical polymerisation of certain vinyl ethers bearing
specific substituents is also feasible.*> In particular, when the R group consists of a short
hydrocarbon or PEG chain, the oxygen atoms within the ether group can engage in hydrogen
bonding interactions with water that stabilise the resulting radical intermediate, see Figure 1.5.
N
O.

HT
“o R

Figure 1.5: Hydrogen bonding-assisted stabilisation of the vinyl ether, as suggested by Sugihara
and co-workers.*

1.3.1.2 Free Radical Polymerisation (FRP)

Free radical polymerisation (FRP) is one of the most widely employed chain-growth polymeri-
sation techniques and is applicable to a broad range of vinyl monomers, such as styrene,*®
acrylates,*’” and methyl methacrylate.*® Owing to its operational simplicity and tolerance to-
wards various functional groups and reaction conditions, FRP can be performed under relatively
mild conditions without the need to rigorously eliminate water. However, oxygen can react with
free radicals to form less reactive peroxy species,* thereby retarding or even inhibiting the
polymerisation.’® Hence, degassing the reaction mixture and performing the polymerisation
under an inert atmosphere (e.g. nitrogen or argon) is typically required to eliminate oxygen.

Free radical polymerisation generally proceeds via initiation, propagation and termination, as

illustrated in Scheme 1.3.17
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Scheme 1.3: General reaction scheme for a free radical polymerisation. The thermal decompo-
sition of initiator is the slow rate-determining step. Once radicals are formed, they immediately
react with monomer to form a monomer radical adduct, which then reacts with many more
monomer units to produce a polymer radical. Termination of such polymer radicals can pro-
ceed by either combination or disproportionation. Here, k4 denotes the rate constant for initiator
decomposition, k; is the rate constant for initiation, k, is the rate constant for propagation, and
k is the overall rate constant for termination.!”

Free radical polymerisation is initiated by the generation of free radicals via various mechanisms,
including thermal decomposition, redox reactions, photochemical activation, ionising radiation,
plasma, or electrochemical initiation.!” External initiators (I) are commonly employed to
enhance initiation efficiency. Upon homolytic cleavage, the initiator produces free radicals
(I=), which then react with a reactive monomer (M) to form a monomer-radical adduct (M;e).
Such radicals subsequently react with multiple monomer units to rapidly generate propagating

polymer radicals (Pe), see Scheme 1.3.
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Termination marks the final stage of a free radical polymerisation. Termination typically
occurs via two primary mechanisms: combination and/or disproportionation.!” In the case
of combination, two polymer radicals react with each other to form a single polymer chain,
effectively doubling the molecular weight. In the case of disproportionation, one radical chain
end abstracts a hydrogen atom from another, resulting in the formation of one chain bearing a
saturated chain-end and a terminal vinyl group at the end of the other chain, see Scheme 1.3.
In addition to the three principal stages of free radical polymerisation, chain transfer side-
reactions also play a critical role in determining the molecular weight and dispersity of the
resulting polymer. Chain transfer involves the transfer of a radical from a growing polymer
radical to monomer, solvent,”' polymer,>? initiator, or an added chain transfer agent, thereby
terminating the original chain and initiating growth from a new radical species, see Scheme 1.4.
This prevents the original chain from reaching a higher molecular weight and creates a new
chain, thus reducing the average chain length (or mean DP). On the other hand, chain transfer
to polymer can lead to the formation of branched structures and is accompanied by an increase
in My,. However, chain transfer does not affect the overall rate of polymerisation, as the radical
concentration in the reaction mixture remains constant before and after the chain transfer event.

P, + M —3» P,—R + M’

P, + § — P,—R + S’

P, + P, —» P,—R + P,

P, + I —» P,—R + I’

P, + CTA —3= Py,—R + CTA

Scheme 1.4: Chain transfer reaction to monomer (M), solvent (S), polymer (Py,), initiator (I5)
and chain transfer agent (CTA). R is either a hydrogen atom or a fragment derived from the
chain transfer species, depending on the type of chain transfer reaction.!’

The overall rate of polymerisation (R,) is expressed by Equation (1.5):

1/2
fkd[lz]) (1.5)

Ry = kp[M] (T
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where k,, is the rate constant for propagation, [ M] is the monomer concentration, f* denotes the
initiator efficiency, kq is the rate constant for homolytic dissociation of the initiator, [/,] is the
initiator concentration and k. is the overall termination rate constant, including both combination
and disproportionation. This expression is derived based on the steady-state approximation, in
which the rate of initiation (R;) is assumed to be equal to the rate of termination (R;), as shown

in Equation (1.6) - (1.7):

Ri = 2fkq[l2] = Ry = 2[Py']? (1.6)
1/2
[Pn] = (%Elz]) (1.7)

where [P,’] denotes the polymer radical concentration. According to the steady-state approxi-
mation, [P,’] is small and remains constant owing to the balance between the rates of radical
generation and consumption. This approximation has been verified by electron spin resonance
(ESR) spectroscopy studies.”>

The kinetic chain length, Dy, is defined as the mean number of monomer units polymerised per
radical centre, and is equal to the ratio of the rate of polymerisation to the rate of initiation, as

expressed in Equation (1.8):

Ry kM|
R 2(fkaki[I])"

Dy = (1.8)

In the case of combination by termination, the DP is equal to 2Dy, whereas for disproportion-
ation termination, the DP is equal to Dx. Both termination pathways occur simultaneously, in
most practical free-radical polymerisation systems, leading to average DP values between these

two extremes and contributing to relatively broader MWDs (1.5 < P < 2.0)."7

According to
Equation (1.8), the DP is directly proportional to the monomer concentration and inversely pro-
portional to the square root of the initiator concentration. This relationship underpins a general

principle in free radical polymerisation: higher [M]/[I,]"? yield polymers with higher molecu-

lar weights, while lower ratios result in lower molecular weights. Free radical polymerisation is
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extensively employed for industrial polymer syntheses owing to its operational simplicity, broad
monomer compatibility, and mild reaction conditions. However, its inherent lack of control
over chain termination and chain transfer leads to even broader MWDs (P > 2.0) and limited
control over the copolymer architecture.!”>152 For applications requiring more precise control
over the target molecular weight, MWD and copolymer structure, living radical polymerisation

techniques are often adopted to overcome the inherent limitations of conventional FRP,!3:28-54
1.3.1.3 Reversible Deactivation Radical Polymerisation (RDRP)

P-

k
Qﬁ) + P-X === p-X
kdeaﬂ'f ~

kp \‘\\\ \x NO
) ~ S~ Termination 7™ Termination
Active chain ‘:k Dormant chain A

Scheme 1.5: General mechanism for RDRP. The propagating radical (P¢) is converted into
the corresponding dormant species (P-X) through a reversible activation-deactivation process,
thereby limiting irreversible termination and enabling controlled polymer growth.>

In conventional free radical polymerisation, the high reactivity of radical species leads to fre-
quent chain termination and transfer events, resulting in broad molecular weight distributions
and limited structural control. RDRP addresses these limitations by introducing a reversible
activation-deactivation mechanism, in which growing chains alternate dynamically between
active and dormant states. This significantly reduces termination events and confers control

).>> RDRP preserves the operational simplicity and

over polymer characteristics (Scheme 1.5
broad monomer scope of traditional free radical polymerisation, while affording greater syn-
thetic precision. The development of RDRP has considerably expanded the design space of
functional polymers. Compared to conventional FRP, RDRP can produce polymers with nar-
rower molecular weight distributions and well-defined end-group functionalities, facilitating the

synthesis of block copolymers, gradient copolymers, and polymer brushes. The three principal

RDRP techniques are discussed in turn below.
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Nitroxide-mediated Polymerisation (NMP)

Nitroxide-mediated polymerisation (NMP) is the earliest reported controlled radical polymeri-
sation, being first proposed by Solomon et al.’®>7 In their initial experiments, nitroxide radicals
were found to effectively trap propagating radicals generated from vinyl monomers, forming
stable alkoxyamine structures at relatively low temperatures. Subsequent studies revealed that
increasing the temperature induced the reversible dissociation of these alkoxyamines, releas-
ing active radicals capable of initiating polymerisation, thereby enabling the synthesis of low
molecular weight acrylic polymers and oligomers.

Building on this new concept, Georges et al. reported the controlled polymerisation of styrene
mediated by TEMPO (2,2,6,6-tetramethylpiperidinyl-N-oxyl), which resulted in polystyrene
with relatively low dispersity (P ~ 1.2 - 1.3).8

The NMP mechanism involves a reversible addition-dissociation equilibrium between prop-
agating radicals and persistent nitroxide radicals to form ’dormant’ alkoxyamine species (as
illustrated in Scheme 1.6). This dynamic equilibrium establishes a balance between active and
dormant chains, such that only a small fraction of propagating polymer radicals is present at
any given time. As a result, polymer growth proceeds in a controlled fashion, minimising

termination and enabling regulation of molecular weight and architecture.?’

:R‘I k act P- ‘R1
P-0 -N\ —_— Qﬂ) + O-N
R, Kdeact ko \Rz

Alkoxyamine

. Active chain  Nitroxide
Dormant chain

Scheme 1.6: General NMP mechanism. The propagating radical (Pe) reversibly reacts with a
nitroxide radical (N-QOe) to form a dormant alkoxyamine species (P-O-NR;). This establishes
a dynamic equilibrium between active and dormant chain-ends, thereby enabling controlled
chain growth and suppressing irreversible termination.>

The stability of nitroxide radicals is a critical aspect of NMP. The dissociation energy of
the C-O bond can be tuned by varying the steric and electronic properties of substituents on

the nitrogen atom.®® This changes the minimum temperature required to achieve reversible
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dissociation and broadens the types of monomers that are amenable to NMP.°1:%2 NMP has
been applied to the polymerisation of styrenes, acrylic acid, and acrylamides.®>-%> However,
the polymerisation of methacrylic monomers remains challenging, due to their propensity to
undergo radical disproportionation side-reactions under typical NMP conditions.

Compared with other controlled polymerisation techniques, NMP offers the distinct advantage
of a simplified formulation. It does not require metal catalysts; polymerisation can proceed using
just monomer, an initiator, and a suitably designed alkoxyamine.?’” Moreover, NMP-synthesised
polymers generally do not require complex post-polymerisation purification, making this tech-
nique particularly attractive for applications that demand metal-free environments or high-purity

polymer products.

Atom Transfer Radical Polymerisation (ATRP)

Atom transfer radical polymerisation (ATRP) was independently reported in 1995 by Wang and
Matyjaszewski®® and Sawamoto et al.®” The fundamental ATRP mechanism is based on the
reversible transformation between active polymer radicals and dormant halogen-capped species
(typically bromide or chloride), mediated by a transition metal catalyst, which is normally a
copper complex. During initiation, a halogenated initiator (R-X) undergoes an atom transfer
reaction with a low-valent copper complex (Cu(I)/L), thereby generating an active radical (Re)
and a corresponding Cu(II)-X/L complex, see Scheme 1.7. The resulting radical initiates chain

growth through successive addition of multiple monomer units.

k P
P-X + ML === Am + 0 X=Mt™L
Ikc&‘eat:t k
p
Halogenatec_i Metal Active chain Oxidised
dormant chain complex metal complex

Scheme 1.7: General ATRP mechanism. The dormant halogen-terminated species (R-X)
undergoes reversible activation via atom transfer with a metal complex (Cu(I)/L), generating
an active radical (Pe) and an oxidised metal complex (Cu(IDX/L).28

A dynamic equilibrium between activation and deactivation is established during ATRP,
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whereby the propagating polymer radicals are continuously and reversibly converted into dor-
mant halogen-capped species. This equilibrium maintains a very low polymer radical concen-
tration, effectively suppressing irreversible termination and conferring excellent control over
polymer chain growth.?

ATREP is suitable for the controlled polymerisation of a wide range of monomers, including
styrenes, (meth)acrylates, (meth)acrylamides, and various functional vinyl monomers. Its
advantages include mild reaction conditions and broad compatibility with both monomers

and initiators.”® However, residual metal catalysts are problematic for certain applications,®

particularly in applications requiring high purity, such as electronics and biomaterials.®*~">
To address this issue, several refined ATRP formulations have been developed, including

activators generated by electron transfer (AGET),”>74

activators regenerated by electron transfer
(ARGET),”>7% and initiators for continuous activator regeneration (ICAR).”® These variants
significantly reduce the required metal catalyst loading, simplify purification, and extend ATRP

applicability to aqueous media and other environmentally-friendly solvents.

Reversible Addition-Fragmentation Chain Transfer (RAFT) Polymerisation

Reversible addition-fragmentation chain transfer (RAFT) polymerisation was first reported in
1998 by Chiefari et al.”” In this seminal study, RAFT was introduced as a novel controlled
radical polymerisation technique with “excellent efficiency and broad versatility”. In essence,
the addition of a small quantity of an organosulfur compound to a conventional free radical
polymerisation conferred precise control, enabling the synthesis of polymers with exceptionally
narrow MWDs (typically D < 1.20) and well-defined copolymer architectures. Moreover,
this approach proved to be applicable across a broad range of monomer types and reaction
conditions. Since its invention, RAFT polymerisation has attracted considerable interest from
both academic and industrial research groups and has evolved into one of the most widely

adopted methods in the field of controlled radical polymerisation.'8
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Scheme 1.8: General mechanism for RAFT polymerisation.”® The process begins with con-
ventional radical initiation and propagation, followed by reversible addition of the propagating
radical (Py*) to a chain transfer agent (CTA), forming a stabilised intermediate. This intermedi-
ate undergoes [S-scission to release a new radical (Re), which can reinitiate polymerisation and
form a second propagating chain (Pp,*).

The fundamental mechanism of RAFT polymerisation is based on a reversible addition-
fragmentation chain transfer process involving RAFT chain transfer agents (RAFT-CTAs),
typically dithiocarbamates or trithiocarbonates or dithiobenzoates.!® During initiation, a rad-
ical initiator undergoes thermal decomposition to generate primary radicals. These radicals
initiate the polymerisation of monomer, producing active propagating radicals (Pje and Pye),

consistent with the mechanism of conventional free radical polymerisation (Scheme 1.8).
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Unlike in conventional FRP, the propagating radicals do not immediately react with monomers.
Instead, they tend to undergo rapid reversible chain transfer with the thiocarbonylthio group
of the RAFT agent to form a stabilised intermediate radical. This latter radical is stabilised
by the Z group of the CTA and can undergo [-scission to release a new radical (Re). A
dormant CTA-capped polymer adduct (P,*-CTA) is formed at the same time. Alternatively, the
intermediate radical may undergo fragmentation, regenerating the original propagating radical
P, and releasing the CTA (Scheme 1.8).

Subsequently, the liberated Re must possess high re-initiation efficiency (i.e. k; > kp) to
generate a new radical (Pp,*®). As a result, a dynamic equilibrium is established among active
and dormant chains via a series of rapid, reversible addition-fragmentation events, enabling
continuous transfer and exchange of the active radical centre between polymer chains. However,
towards the end of the polymerisation (i.e. under monomer-starved conditions) the propagating
radicals are more likely to undergo termination, thereby yielding ’dead’ polymer chains.

The efficiency of the RAFT process depends on several critical kinetic parameters: the rate
constant for addition (k,qq) must be sufficiently high to ensure effective trapping of radicals;
the intermediate must be short-lived, with a fast fragmentation rate (kg > k_,qq), and the R
substituent must function as a good leaving group and form a suitable reinitiating radical to
avoid undesirable side-reactions.

In contrast to ATRP, a defining characteristic of RAFT polymerisation is that the target DP is
not governed by the initiator concentration, but rather by the [monomer]/[CTA] molar ratio, as

shown in Equation (1.9):!7

S Mo]
[CTA]o

DP = (1.9

where f is the fractional monomer conversion and [M] and [ CTA(] are the initial concentrations
of monomer and CTA, respectively. Consequently, a typical RAFT formulation employs a
relatively low initiator concentration and maintains a relatively high [CTA]/[initiator] molar
ratio, typically in the range of 5 to 10. This ensures that most of the free radicals are rapidly

intercepted by the CTA and incorporated into the reversible addition-fragmentation process.
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The choice of CTA plays a critical role in determining the level of control achieved during RAFT
polymerisation. As illustrated in Figure 1.6, RAFT CTAs typically comprise trithiocarbonates,
dithioesters, xanthates, or dithiocarbamates.'® The Z group primarily governs the stability of
the intermediate radical species, whereas the R group controls the chain initiation efficiency.
By varying the nature of the Z and R groups, it is possible to tailor the CTA to suit a wide range

of vinyl monomers.

Reactive C=S bond \ s
R
Y

Weak single bond

S S S S
R Z R
Z"IN'IJ'LS’R z R A A
z'
Dithiocarbamates Xanthates Dithioesters Trithiocarbonates

Figure 1.6: Representative chemical structures of the four main classes of RAFT CTAs:
trithiocarbonates, dithioesters, xanthates, and dithiocarbamates. Each CTA contains a Z group,
which determines the stability of the intermediate radical species, and an R group, which
governs the re-initiation efficiency.

The Z group is directly bonded to the C=S bond in the RAFT CTA and plays a key role in
regulating both the addition of propagating radicals and the fragmentation of the intermediate
radical. Its electronic nature influences the reactivity of the thiocarbonyl group and the stability
of the resulting intermediate radical. Electron-withdrawing or conjugated Z groups (aromatic
rings) increase the electrophilic character of the C=S bond, facilitating radical addition and
stabilising the intermediate, which leads to a controlled polymerisation. However, excessive
stabilisation may retard the rate of fragmentation, causing either retardation or inhibition.”
In contrast, electron-rich heteroatoms (e.g. alkoxy groups in xanthates or amino groups in
dithiocarbamates) reduce radical addition reactivity but accelerate intermediate fragmentation,

helping to maintain a dynamic equilibrium.!® Accordingly, highly active monomers (e.g. acry-

lates) benefit from electron-deficient Z groups, whereas low-activity monomers (e.g. vinyl
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acetate) require less electrophilic Z groups to avoid excessive stabilisation of the intermediate
radical species.”’

The R group governs the leaving ability and reinitiation efficiency of the CTA. Ideally, it should
closely resemble the chemical structure of the desired monomer to promote efficient reinitiation.
However, in the polymerisation of methacrylates, overly similar R groups may trigger the

penultimate unit effect, reducing propagation efficiency.””#" In

such cases, either tertiary or
sterically-hindered aromatic alkyl groups are preferred. Conversely, acrylic monomers are
compatible with either primary or secondary alkyl R groups, providing good control over
molecular weight and dispersity.”®

Vinyl monomers are generally classified as more activated monomers (MAMs) or less activated
monomers (LAMs), which differ in reactivity and thus require suitable CTAs for well controlled
RAFT polymerisation. MAMs contain a vinyl group conjugated with an electron-withdrawing
group (e.g. carbonyl, aromatic, nitrile, or a second double bond), including (meth)acrylates,
(meth)acrylamides, acrylonitriles, and styrenes. In contrast, LAMs possess an electron-rich
double bond due to an adjacent electron-donating heteroatom, as seen in vinyl esters (e.g. vinyl
acetate) and vinyl amides (e.g. N-vinylpyrrolidone).'8

In recent years, numerous review articles have outlined guidelines for the selection of
appropriate R and Z groups for RAFT polymerisation, with key recommendations sum-
marised in Figure 1.7.'® Commonly used CTAs include 4-cyano-4-((2-phenylethanesulfonyl)-
thiocarbonylsulfanyl)pentanoic acid (PETTC) and 2-cyano-2-propyl dithiobenzoate (CPDB),
which are suitable for a wide range of methacrylic monomers such as hydroxyethyl
methacrylate (HEMA),3! 2-(dimethylamino)ethyl methacrylate (DMA),3? methylacrylic acid
(MAA),-# and glycidyl methacrylate (GMA).% In contrast, 2-(dodecylthiocarbonothioylthio)-
2-methylpropionic acid (DDMAT) is widely applied to acrylate and acrylamide systems.®86-87
Such RAFT agents provide excellent control over the target molecular weight and dispersity
(D < 1.20) and are broadly applicable for the synthesis of functional homopolymers, statistical

copolymers and block copolymers.®3!1-0



Chapter 1 38

a) R group
CH3 CH3 H H CH CH CH3 CH H CH3
FCN~ |-Ph> |-ph~ |-Ph> |—COOEt >>|—CH2{—CH3 |-CN FPh> |-CHs~ |—CN |—ph
CH; CH; COOEtCN  CHj CH; CH; H CH3 CH3 H H

MAMs MMA, HPAM -

MAMs e St, MA, AM, AN -

VAc, NVP, NVC
LAMS ~-----mmmmmmmmmmmmm e S N Rt —_—>
b) Z group

o}
= .Me N= Me Me
Ph>> S-Ak>N__}> N ~Me~N\;>>N >OPh>OEt~ N°"" ~ N~ >N(Et)

0 le©

N
H
e MMA, HPAM _
MA, AM, AN
MAMs <€ R M AN e -
VAc, NVP, NV
LAMs P ¢, NVP, NVC -

Figure 1.7: (a) Guidelines for selection of the RAFT agent R group for various vinyl monomers,
transfer coefficients and fragmentation rates both decrease from left to right, a dashed line indi-
cates poor conrol; (b) guidelines for selection of the RAFT agent Z group for various monomers,
addition rates decrease and fragmentation rates increase from left to right, a dashed line indicates
poor control. MMA = methyl methacrylate, HPMAM = N-(2-hydroxypropyl)methacrylamide,
St = styrene, MA = methyl acrylate, AM = acrylamide, AN = acrylonitrile, VAc = vinyl acetate,
NVP = N-vinylpyrrolidone and NVC = N-vinylcarbazole (adapted from Ref. [18]).

Over the past two decades, RAFT polymerisation has emerged as one of the most versatile and
efficient RDRP techniques.'® It is particularly advantageous for monomers that are challeng-
ing by other methods, including vinyl acetate, acidic monomers, and those bearing hydroxyl

groups.31:83-8591 RAFT chemistry enables precise control over molecular weight, dispersity, ar-
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chitecture, and end-group functionality, while also offering excellent compatibility with a wide
range of functional monomers and formulations (e.g. bulk, solution, dispersion, or emulsion
polymerisation).

Despite its many advantages, RAFT polymerisation is not without its limitations. Potential

18,77,92

side-reactions may arise with certain amine-based monomers, and some CTAs suffer

from drawbacks such as colour, odour, or toxicity.93’94

However, these challenges can often
be mitigated by optimising reaction conditions or employing end-group removal strategies.
Compared to ATRP and NMP, RAFT polymerisation operates under conditions similar to those
used for traditional FRP, which should aid its adoption by industrial companies.'® While the
relatively high cost of CTAs was once a barrier to commercialisation, the expiration of key

patents and the recent availability of more affordable CTAs have significantly enhanced the

commercial viability of RAFT technology.

1.3.2 Chain-Growth Copolymerisation

Chain copolymerisation refers to the synthesis of copolymers via a chain-growth mechanism,
wherein two or more distinct monomers are incorporated into the growing polymer chain during
the polymerisation. While it shares the same fundamental mechanism as a homopolymerisation,
the key distinction lies in the presence of two or more comonomers. These comonomers are
incorporated into the copolymer backbone in an alternating, statistical, or block structure,
giving rise to copolymers with diverse copolymer architectures. The general concept of chain
copolymerisation is illustrated schematically in Figure 1.8.

®
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Figure 1.8: Schematic representation of chain copolymerisation when two comonomers are
incorporated into a growing copolymer chain.
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Copolymers can be broadly classified as statistical copolymers, alternating copolymers, block
copolymers, or gradient copolymers (Figure 1.1). However, statistical copolymers are the most
commonly encountered architecture in the context of chain-growth polymerisation. In this case,
the comonomer units are arranged in a statistical sequence, and they are frequently employed
to tailor properties such as glass transition temperature, solubility, and mechanical behaviour.
Alternating copolymers feature a regular ABAB-type sequence, in which the two monomers
alternate in a strict one-to-one fashion. Block copolymers consist of two or more distinct
homopolymer blocks covalently linked together.!”-?> These structures are typically accessed
via RDRP techniques such as RAFT polymerisation or ATRP. The chemical incompatibility
between the two blocks usually drives microphase separation, giving rise to ordered nanos-

tructures via self-assembly in either the solid state or in solution.”®%7

Gradient copolymers, by
contrast, exhibit a gradual compositional change along the polymer backbone.!” This continuous
variation in comonomer content can produce a smooth transition in materials properties.

The reaction kinetics of chain copolymerisation provide critical insight into the relative re-
activity of different comonomers towards the growing chain-ends and serve as the theoretical
foundation for understanding and controlling the copolymer composition, sequence distribution,
and resulting physical properties. In a typical binary free radical copolymerisation involving

two monomers (denoted M; and M), the propagation stage comprises four possible addition

pathways, see Scheme 1.9:

Scheme 1.9: Four possible propagation pathways in the free radical copolymerisation of two
comonomers (M; and M,).!”

where k;;j represents the rate constant for the addition of monomer M; to the active centre with
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chain end M;e. Based on these rate constants, the reactivity ratio (r) is defined as the relative

preference of the active chain-end for each of the two comonomers:

kn

_ _ k2
kiz’

= (1.10)
ka1

ri r

This reactivity ratio reflects the selectivity of the propagating radical during polymerisation.
For example, r; > 1 indicates that M radical preferentially adds M; rather than M,; such
behaviour is described as a preference for self-propagation. Conversely, if 7| < 1, this suggests
a preference for cross-propagation with M. Similarly, 7, describes the relative tendency of
M,e to react with M», as opposed to M;.!”

Assuming steady-state conditions and equal reactivity for the radical centres regardless of their
origin, the Mayo-Lewis equation can be derived.”® This nonlinear relationship describes the
instantaneous mole fraction of monomer M; incorporated into the copolymer F as a function
of the comonomer feed composition f| and the respective comonomer reactivity ratios:

2
Fi = rfi+ hh (L1

rifl+ 2 f+rafy

where f1 = 1 - f,. This equation constitutes the fundamental expression in the kinetics of chain

copolymerisation, allowing prediction of the instantaneous copolymer composition at any given
comonomer feed ratio. Building on this framework, Wu developed a computational model
incorporating the Mayo-Lewis equation and Monte Carlo simulations to predict the evolution
of copolymer composition in response to varying comonomer feed ratios and reactivity ratios.””
Comonomer reactivity ratios are typically determined at low conversion, where the relationship
between copolymer composition and monomer feed ratio is considered most reliable.'” Among
the various methods available, the Kelen-Ttidos approach is widely adopted for copolymerisation
kinetics owing to its strong fitting stability and broad applicability.'!-192 This method is derived
from a linear transformation of the Mayo-Lewis equation, in which two normalised variables,

& and 0, are introduced to scale the data obtained from the Fineman-Ross method:%3101-103
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where « is an arbitrary positive constant, typically defined as the square root of Xpin © Xmax
in practice. The introduction of these normalised variables enhances the uniformity of data
distribution within the coordinate system, effectively reducing deviations and fitting errors.! 7101
As a result, this method is particularly well-suited for systems with limited sample sizes or
unevenly distributed data.'%

By performing a linear regression of 7 versus &, the monomer reactivity ratios r; and r, can
be extracted from the slope and intercept of the fitted line. These values can then be used to
predict the copolymer composition and comonomer sequence distribution. %1192

The theoretical basis of the Kelen-Tiidos method assumes low comonomer conversions, such
that the original comonomer concentrations remain nearly constant. However, in certain appli-
cations, to improve data utilisation or better reflect realistic reaction conditions, refinements to
this methodology have been proposed. A subsequent extended model incorporates corrections
for the instantaneous comonomer concentrations, thereby extending its applicability to higher
conversion ranges (e.g. 40 - 60%) and producing more accurate estimates for the comonomer
reactivity ratios.!00-102

Different combinations of reactivity ratios result in varying comonomer distribution patterns
along the copolymer backbone. When r;r, = 1, the active chain-end exhibits no significant
selectivity between the two monomers, yielding a truly random copolymer. When rir, =
0, cross-propagation is dominant, producing an alternating copolymer with a highly regular
sequence. If both r{ > 1 and r, > 1, then the propagating chain end preferentially adds
the same type of comonomer repeatedly, hence favouring the formation of blocky or gradient
segment distributions. However, this kinetic regime is relatively uncommon for most examples
of free radical copolymerisation.!’

Producing well-defined block copolymers typically requires either anionic polymerisation or

reversible-deactivation radical polymerisation (RDRP) techniques.!828>* On the macroscopic
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level, differing sequence distributions can profoundly influence the thermodynamic phase be-
haviour, mechanical properties, solubility, and self-assembly behaviour of the resulting copoly-
mers.!”

To tune the relative reactivity between comonomers in a copolymerisation, structural modi-
fication of the comonomer(s) is often undertaken. The chemical structure of the monomer
plays a decisive role in determining reactivity ratios, which is mainly controlled by elec-
tronic, resonance and steric effects.!” Electron-withdrawing substituents tend to promote cross-
propagation, whereas electron-donating groups favour homopropagation.!” Resonance effects
such as the conjugation in styrene can stabilise the propagating radical and enhance monomer

selectivity,!04

while sufficient steric hindrance may impede monomer addition altogether. These
structural factors collectively influence the sequence distribution of comonomer repeat units
within the copolymer chain. In addition to monomer structure, the choice of solvent, tem-

perature,'® and pressure!%

can also influence the copolymerisation behaviour. Though often
regarded as a secondary consideration, the reaction medium can induce local deviations in
comonomer composition via partitioning, diffusion, or preferential adsorption, particularly in
heterogeneous systems such as emulsions or high-viscosity formulations.'?7-19 For example, N-
vinylcarbazole may become selectively adsorbed, thereby altering the effective local monomer
concentration near active centres.'%’

The polarity of the solvent can affect comonomer reactivity by either modulating resonance
stabilisation or promoting tautomeric shifts.!” Temperature generally has a moderate influence
on reactivity ratios. For example, in the copolymerisation of styrene and methyl methacry-
late (MMA), both r; and r, increase slightly with temperature, indicating lower selectivity
and a tendency towards more statistical incorporation.!®> While pressure effects are typically
negligible under ambient conditions, they become significant under high-pressure conditions,
whereby a higher number of molecular collisions reduce selectivity and promote ideal random
06

copolymerisation.!

In practice, attaining the desired polymer sequence and material properties requires the holistic



Chapter 1 44

consideration of monomer structure, reaction parameters, and medium-specific effects. Datasets

compiled by Greenley on comonomer reactivity ratios provide an invaluable reference for the

design of statistical copolymerisation systems. %
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1.4 Liquid Foam

Liquid foams are colloidal dispersions characterised by a large liquid-gas interface, in which
the liquid serves as the continuous phase and the gas as the dispersed phase.!%>!1? Owing to
the much higher surface area compared with conventional liquid-gas systems, liquid foams
exhibit higher surface energy, which makes them thermodynamically unstable. This instability
results from several spontaneous processes, including liquid drainage, bubble coalescence, and
eventual collapse. Such foam behaviour reduces the interfacial area and consequently the
surface energy.!0%110

Nevertheless, liquid foams are commonly found in both natural phenomena and industrial
applications. The latter include materials processing, enhanced oil recovery, firefighting, food
production and personal care products. Due to the inherent instability of foams, understanding
and regulating foamability and foam stability remains a key challenge in colloid and interface
science. Surfactants are generally applied to alter the physical and chemical properties of the
liquid-gas interface, thereby affecting both the initial formation and persistence of long-term

foam structures.!09-111

1.4.1 Dispersion, Interface and Surface Tension

To understand the thermodynamically unstable nature of liquid foams and the role of surfactants
in altering surface behaviour, it is necessary to consider the fundamentals of dispersion, inter-
face, and surface tension. These basic concepts contribute to the foundations of foam formation

and stabilisation mechanisms.

1.4.1.1 Dispersion

A dispersion is a heterogeneous system in which one substance, referred to as the dispersed
phase, is distributed within another, known as the continuous phase or dispersion medium.

Depending on the size of the dispersed phase, dispersions are typically classified as molecular,
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colloidal, or coarse. Molecular dispersions, consisting of solute molecules smaller than 1
nm, behave much like solutions and are thermodynamically stable. Coarse dispersions, with
particle sizes exceeding 1 pm, are generally unstable and easily undergo rapid precipitation or
phase separation, especially in the case of liquid-liquid or solid-liquid dispersions. Colloidal
dispersions, whereby the particle size ranges from approximately 1 nm to 1 pm, represent an
important intermediate regime.!!° This domain has been described by Nobel Laureate Wilhelm
Ostwald as “the world of neglected dimensions”, with its own distinctive physical properties and
complex interfacial behaviour.''? Colloidal dispersions possess relatively high interfacial area
and can exhibit unique surface behaviour. Such systems may exhibit physical properties (e.g.
optical properties, diffusion behaviour, and thermodynamic stability) that differ significantly
from those of bulk phases or molecular solutions.''? Colloidal dispersions can be classified

according to the physical states of the dispersed and continuous phases, as summarised in

Table 1.2.

Table 1.2: Classification of various types of colloids.!!?

Disperse phase Disperse medium Nomenclature Examples

Gas Gas N/A* N/A*
Gas Liquid Foam Fire extinguisher, whipped cream
Gas Solid Solid foam Aerogel, sponge

Liquid Gas Liquid aerosol Fog, mist, steam

Liquid Liquid Emulsion Milk, latex, hand cream

Liquid Solid Gel Jelly, agar

Solid Gas Solid aerosol Smoke

Solid Liquid Suspension or sol Paint, ink

Solid Solid Solid sol Alloy, glass

*Gas-gas interfaces do not exist due to the rapid mixing of gas molecules.

Due to their intrinsic instability, the formulation and stabilisation of liquid foams requires a
comprehensive understanding of interfacial forces, surface energy, and the role played by the
surfactant. Consequently, surface science is often studied together with colloid science as a

complementary discipline.!!"
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1.4.1.2 Interface
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Figure 1.9: Intermolecular forces acting at the liquid-gas interface. ), F is the vector sum of
all forces acting on a given molecule. Molecules in the bulk phase are subjected to forces
acting equally in all directions, hence ), F = 0. In contrast, molecules located at the surface
experience either weaker or no interactions from the gas phase and are therefore pulled inward
towards the liquid phase.

An interface, or surface, refers to the transitional region between two adjacent immiscible
phases, where physical and chemical properties change from one phase to the other. Although
often conceptualised as a two-dimensional boundary, a real interface possesses finite thickness,

typically spanning one to several molecular layers. The molecular arrangements and interactions
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vary markedly across this region.!”

Interfaces strongly influence system properties despite their much smaller dimensions compared
to the bulk phases. Depending on the nature of the adjoining phases, interfaces may be classified
as solid-solid, solid-liquid, solid-gas, liquid-liquid, or liquid-gas.!!® These categories can also
be further grouped according to the physical states of the continuous and dispersed phases,
as summarised in Table 1.2. Gas-gas interfaces cannot be formed because gas molecules mix
rapidly via diffusion. However, the eight other possible interfaces are known.

The liquid-gas interface is characterised by asymmetric interactions.!'® Molecules located in
the bulk liquid are uniformly surrounded by neighbouring molecules, resulting in isotropic
interactions that cancel out each other. Hence the vector sum of all forces (3] F) on such
molecules is zero. In contrast, molecules located at the air-water interface are exposed to
no neighbouring molecules on the gas side, leading to unbalanced forces and a net inward
attraction force. As illustrated in Figure 1.9, gas-phase molecules are sparsely distributed and
interact weakly, whereas liquid-phase molecules exhibit stronger interactions. The imbalance
at the interface results in contraction by pulling surface molecule inward to the liquid phase,

highlighting the fundamental role of surface forces in influencing interfacial behaviour.

1.4.1.3 Surface Tension

Surface tension originates from the asymmetry in intermolecular forces acting on molecules
at an interface. Molecules at the boundary experience a net inward force from the denser
phase, which causes the interface to contract and reduce its surface area.!!® This phenomenon
is exemplified by the formation of spherical droplets of water or mercury on solid surfaces, as
shown in Figure 1.10, where the spherical shape corresponds to the minimum surface area for

a given volume.
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Figure 1.10: Mercury and water droplets on an acrylic substrate in air (adapted from Ref.
[113]).

Surface tension (y) quantifies the tendency of a liquid interface to contract and is defined
by the force required to increase unit surface area. It is typically expressed in SI units of

1

mN-m~". Surface tension can be determined experimentally using static methods, such as

the Du Noiiy ring and Wilhelmy plate methods,''

which rely on measuring the force applied
at the interface. Dynamic methods such as maximum bubble pressure tensiometry enable
time-resolved measurements and are particularly useful for studying the kinetics of surfactant

adsorption at interfaces.!!>116

1.4.2 Fundamentals of Liquid Foam

Based on the fundamental concepts of dispersion systems and surface tension, this section
examines liquid foams, which is a representative example of gas-in-liquid dispersions with
distinct structural and dynamic features.'®!1% Liquid foams are found in a wide range of
commercial products, including soaps, shaving creams, and beverages. They may arise from
chemical reactions, mechanical agitation, or biological activity. In foam structures, gas is
dispersed as discrete bubbles within a continuous liquid phase. Due to buoyancy, bubbles
accumulate near the liquid surface and are separated by thin films. Depending on their stability,
foams are classified as transient or persistent. For example, beer foam (e.g. Guinness) may
persist for hours, whereas bubbles in carbonated drinks burst rapidly. Only gas-in-liquid systems

that exhibit sufficient stability are generally considered to be true foams.'% Foam formation is
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not always desirable. In certain processes, such as wastewater treatment, excessive foaming can
hinder gas exchange and reduce process efficiency.!!” Consequently, both foam generation and
suppression are active areas of research in colloid and interface science.

Foams are characterised by low density, large interfacial area, and high surface energy. However,
foams are thermodynamically unstable due to mechanisms including drainage, coalescence, and
gas diffusion.!?® Without stabilising agents such as surfactants, foam structures collapse rapidly.
Unless otherwise specified, the term “foam” in this context refers to liquid foams. Solid foams,
in which gas is dispersed within a solid matrix, differ fundamentally and are excluded from this

discussion.

1.4.2.1 Foam Formation and Basic Structure

Mechanical methods are commonly employed to generate foam owing to their simplicity and
effectiveness in incorporating gas into liquids. However, they are generally unsuitable for
quantitative analysis, as the degree of gas-liquid mixing is difficult to control precisely.'?® Gas
sparging through a porous nozzle offers a more reproducible and controllable technique, which
is widely adopted in laboratory experiments. Standardised methods, such as the Bikerman
and Ross-Miles tests, have been developed to assess foamability under well-defined gas-liquid
mixing conditions.! 13119

Regardless of the formation method, gas bubbles introduced into a pure liquid typically rupture
within seconds due to the high surface energy of the newly formed interface. The addition of
surfactant is therefore essential to lower interfacial tension and stabilise the foam structure.!%%-110
Foams are broadly classified as wet or dry, depending on their liquid content (Figure 1.11a,
b).This distinction reflects not only their visual characteristics but also their mechanical be-
haviour and stability. Wet foams contain a high liquid fraction, with nearly spherical bubbles
separated by relatively thick liquid films.!? As drainage proceeds, the liquid content decreases,

and the foam transitions into a dry state. Dry foams consist of polyhedral bubbles separated by

thin, flat films and well-defined Plateau borders, as illustrated in Figure 1.11c, d.
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A Plateau border is the liquid-filled, channel-like region where three or more foam films meet.
Vertices are formed at the intersection of multiple Plateau borders. Geometrically, it adopts a
curved triangular cross-section due to the balance of capillary forces at the junction. Under ideal
conditions, the angles between films are approximately 120° in two-dimensional structures and
109.28° in three-dimensional foams.!?! This curvature ensures continuity of internal pressure

across adjacent films. Plateau borders form a connected network that facilitates liquid drainage

122

and plays a critical role in foam instability.

120 Liquid
thin film

14

FOAMING SOLUTION Gas phase

Figure 1.11: (a) Digital photograph illustrating foam drainage under gravity, which leads to a
distribution of wet and dry foams. At the top, dry foams form polyhedral structures while wet
foams are nearly spherical at the bottom (adapted from Ref. [120]). (b) Schematic diagram of
the change of foam structure with increasing wetness. (c) 3D structures of the Plateau border.
(d) Cross-section of the Plateau border.

The morphological distinction between wet and dry foams arises from interfacial energy con-
siderations. In wet foams, spherical bubbles minimise surface area for a given volume. As
liquid drains, film thickness decreases, inter-bubble forces increase, and the bubbles deform to
maintain mechanical stability. If the films become too thin to sustain the pressure difference,
109

either rupture and/or foam collapse may occur.

The relationship between foam structure and pressure differences across curved interfaces is
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described by the Young-Laplace equation,'?® which relates the pressure difference Ap to the

interfacial tension y and the principal radii of curvature R and R»:

1 1
Ap=y|—+— 1.13
P Y(Rl +R2) (1.13)

In the case of ideal spherical bubbles, where R; = R, = R, Equation (1.13) can be simplified

to:

Ap =2 (1.14)

For gas-liquid systems such as foams, the Young-Laplace relationship indicates that smaller
bubbles exhibit higher internal pressure, which significantly influences foam stability and the

evolution of bubble size distribution through gas diffusion.

1.4.2.2 Foam Dynamics

Foam structures are dynamic and evolve over time due to several destabilisation mechanisms
governed by interfacial physics, fluid mechanics, and thermodynamics.!?* Understanding these
processes is essential for the rational design and stabilisation of foams. The primary ageing
mechanisms are liquid drainage, bubble coalescence, and gas diffusion.1?*

Foam drainage refers to the gravitational flow of liquid through the foam film, mainly via
Plateau borders and nodes between adjacent bubbles. As liquid drains, the films gradually
thin, compromising mechanical stability and increasing the risk of rupture. Drainage occurs
immediately after foam generation and the rate of drainage is retarded as the liquid fraction
decreases. Factors influencing drainage include the viscosity of the continuous phase, bubble
size, Plateau border geometry, and the presence of surfactants. Surfactants can retard drainage
by forming viscoelastic interfacial films and increasing the effective viscosity within Plateau

borders.

Coalescence occurs when the lamella formed between adjacent bubbles becomes sufficiently
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thin and ruptures, leading to coalescence. This process is more prevalent in dry foams where
films are already substantially thinned. The likelihood of coalescence depends on film thickness,
capillary effect, interfacial elasticity, and the presence of surfactants or impurities. Surfactants
can inhibit coalescence by the Gibbs-Marangoni effect, which redistributes liquid toward regions
of local thinning and mitigates rupture.!?

Even in the absence of drainage and coalescence, foams remain unstable due to internal pressure
differences between bubbles of differing size. According to Equation 1.13, smaller bubbles
have higher internal pressure than large bubbles. This pressure gradient drives gas diffusion
from smaller to larger bubbles through the liquid film, which is known as foam coarsening
or Ostwald ripening.'*® Consequently, small bubbles shrink while large ones grow, which
promotes destabilisation. The rate of coarsening is influenced by gas solubility, diffusivity, film
thickness, and surfactant.!%4

These three destabilising mechanisms—drainage, coalescence, and Ostwald ripening—act con-

currently and interactively, making foam stabilisation particularly challenging. Effective control

often requires the use of carefully designed surfactants or amphiphilic polymers.
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1.5 Surfactants and Surfactancy

Surfactants are a class of amphiphilic molecules that play a critical role in both the formation
and stabilisation of foams. Their unique molecular architecture enables them to adsorb at

gas-liquid interfaces, reduce surface tension, and impart mechanical resilience to foam films.!%

1.5.1 Amphiphilic Molecular Structure and Interfacial Behaviour

Surfactants are amphiphilic compounds composed of hydrophilic and hydrophobic groups,
which enable their adsorption at interfaces. This leads to a reduction in interfacial tension
even at relatively low concentrations. This property contributes to their effectiveness in foam
formation and stabilisation. Although the systematic study of surfactants began in the 20th

century, amphiphilic molecules such as soaps have been used empirically for millennia.

Hydrophilic head
Attracted to water

r—]

&~

'Hydrophobic tail-
Repelled by water

Figure 1.12: Schematic structure of a surfactant molecule comprising a hydrophilic head-group
(blue) and a hydrophobic tail (red).

At the molecular level, a typical surfactant comprises a hydrophilic head-group and a hy-
drophobic tail, as illustrated in Figure 1.12. The hydrophilic head is typically either ionic or
polar, facilitating surfactant solubility in aqueous media. Common examples include sulfate
groups (e.g. sodium dodecyl sulfate), quaternary ammonium compounds (e.g. benzalkonium
chloride), and zwitterionic groups such as betaines. Non-ionic surfactants, particularly those
containing hydrophilic PEG chains, are also widely used. The hydrophilic character of PEG-
based surfactants generally increases with PEG chain length.'?’ The tail usually consists of a

hydrocarbon chain containing 8-18 carbon atoms, with its hydrophobic character influenced by



Chapter 1 55

both overall chain length and its degree of branching.!?® For certain applications, either perflu-
orinated or silicone-based surfactants are employed due to their exceptional surface activity.>>
However, environmental and toxicity concerns have led to increasing regulatory restrictions on

the use of such compounds.!!~4

Air

Figure 1.13: Schematic representation of surfactant adsorption at the air-water interface. Sur-
factant molecules align with their hydrophilic heads immersed within the lower aqueous phase
and their hydrophobic tails oriented toward the upper air phase, thereby reducing interfacial
tension by replacing the air-water interface with water-surfactant-air interfaces.!!°

When dissolved in water, the hydrophilic head of a surfactant interacts favourably with water,
while its hydrophobic tail is repelled. To minimise this unfavourable interaction, surfactant
molecules tend to migrate to the gas-liquid interface and orient themselves with the hydrophobic
tails pointing towards the air phase and the hydrophilic heads immersed within the aqueous
phase (Figure 1.13). Such adsorption displaces water molecules from the interface, thereby
reducing the surface tension.

All surfactants exhibit a critical micelle concentration (CMC), which is defined as the con-
centration above which surfactant molecules begin to self-assemble into micelles rather than
adsorb at interfaces (Figure 1.14a). Below the CMC, added surfactant molecules reduce sur-
face tension through interfacial adsorption. Once the interface becomes saturated, addition
of further surfactant molecules leads to the formation of micelles within the bulk solution.
Although micelles play an important role in solubilisation and encapsulation, they no longer
substantially influence surface tension. In addition to its relevance to interfacial behaviour, the

CMC also affects bulk properties such as osmotic pressure, turbidity, and molar conductivity



Chapter 1 56

(Figure 1.14b).!10
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Figure 1.14: (a) Schematic illustration of surfactant behaviour as a function of concentration.
At low concentration, surfactant adsorbs at the gas-liquid interface; upon reaching surface
saturation, further surfactant addition exceeds the critical micelle concentration (CMC) and
hence micelle formation occurs in the bulk and the surface tension no longer decreases. (b)
Effect of surfactant concentration on various solution properties, e.g. surface tension, turbidity,
molar conductivity, and osmotic pressure, reflecting the onset of micellisation (adapted from
Ref. [110]). (c) Dynamic equilibrium of surfactant molecules below and above the CMC. Once
the surface is saturated, excess surfactant molecules dynamically self-assemble into micelles in
the bulk solution.

1.5.2 Classification of Surfactants by Hydrophilic Groups

Based on the nature of their hydrophilic head-group(s), surfactants are commonly classified as
anionic, cationic, non-ionic, or zwitterionic (also referred to as amphoteric). This classification
has a substantial impact on surfactant solubility, interfacial behaviour, compatibility with
other components, and the range of potential applications. The selection of a suitable
surfactant is typically guided by the required interfacial tension reduction, foam stability,
chemical compatibility, and considerations of safety and/or regulatory compliance. Table 1.3
summarises the four main surfactant classes according to head-group type, together with

representative example(s) in each case.
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Table 1.3: Summary of the four main classes of surfactants plus representative examples.

Class Head Group Type Commercial examples
Anionic Sulfate, sulfonate Sodium dodecyl sulfate (SDS)
Cationic Quaternary ammonium Benzalkonium chloride
Non-ionic Polyethylene glycol (PEG) Tween 80, Triton X-100
Zwitterionic  Betaine, amino acids Cocamidopropyl betaine

Anionic Surfactant

Anionic surfactants bear a negative charge on their hydrophilic head-group, typically derived
from a sulfate, sulfonate, or carboxylate group. A widely used example is sodium dodecyl sulfate
(SDS), which is well known for its strong surface activity and cost-effectiveness, particularly
in detergent and foaming formulations.'>® However, anionic surfactants tend to exhibit inferior
performance in hard water due to interactions with divalent cations, and they are generally

incompatible with cationic compounds.!3°

Cationic Surfactant
Cationic surfactants feature positively-charged head-groups such as quaternary ammonium ions
or primary amine groups. Benzalkonium chloride is a typical example; its antimicrobial efficacy

has led to its widespread use in disinfectants.!3!

Non-ionic Surfactant

Non-ionic surfactants lack any formal charge but possess polar hydrophilic groups such as short
PEG chains. They are characterised by their insensitivity to changes in pH and ionic strength,
thus offering superior formulation stability.'*> Common examples include Tween 80, Triton X-
100, and amphiphilic block copolymers such as Pluronics. More recently, hydroxyl-functional

sugar surfactants have also gained considerable attention in the literature.'

Zwitterionic Surfactant
Zwitterionic (or amphoteric) surfactants contain both cationic and anionic groups within the

same molecule. Their net charge is often pH-dependent, leading to pH-responsive behaviour
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under certain conditions.!3* A representative example is cocamidopropyl betaine, which is
frequently used in personal care products for its excellent foamability, low skin irritation

potential, and good environmental profile.!

1.5.3 Classification of Surfactants by Molecular Weight

Surfactants can also be categorised into either small-molecule or polymeric types according to
their molecular weight. Although both classes possess amphiphilic character and can reduce
surface tension, they differ substantially in their interfacial behaviour, adsorption kinetics, and
stabilisation mechanisms. Given their high molecular weight, polymeric surfactants exhibit
much lower CMC compared with that of conventional small-molecule surfactants. '3

Small-molecule surfactants such as SDS (Figure 1.15a) diffuse fast and adsorb rapidly at
interfaces. This makes them highly effective in dynamic systems that require prompt surface

137

tension reduction.””’ However, their limited molecular size leads to the formation of weak

interfacial films with low mechanical strength. As a result, small-molecule surfactants may fail
to confer long-term foam stability.!38

In contrast, polymeric surfactants such as Pluronic® poly(ethylene oxide)-block-poly(propylene
oxide)-block-poly(ethylene oxide) (PEO-PPO-PEO) triblock copolymers (Figure 1.15b) adsorb
much more slowly owing to their relatively large size.!*® Once adsorbed, they form robust

interfacial layers that enhance resistance to coalescence, film rupture, and liquid drainage.'4°

(a) (b)
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Sodium dodecyl sulfate PEO-b-PPO-b-PEO
SDS Pluronic

Figure 1.15: Chemical structure of (a) Sodium dodecyl sulfate (SDS), and (b) Pluronic PEO-
PPO-PEO triblock copolymer.

In terms of self-assembly, small-molecule surfactants typically form micelles above their CMC.
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Depending on their architecture and block composition, polymeric surfactants can form a wide
range of aggregates including worm-like micelles and vesicles (Figure 1.16). These differences
in self-assembly behaviour also influence their performance in stabilising foams, emulsions,

and other dispersed systems.

(a) Spheres (b) Worms

Figure 1.16: Representative transmission electron microscopy (TEM) images
for block copolymer micelles exhibiting various morphologies in water: (a)
[Poly(quaternised 2-(dimethylamino) ethyl methacrylate)-stat-glycerol monomethacrylate]-
block-poly(2-hydroxypropyl methacrylate) [P(QDMA-stat-GMA|1¢6)-block-PHPMAgq]
spheres. (b) Poly(glycerol monomethacrylate)-poly(2-hydroxypropyl methacrylate) (PGMA47-
block-PHPMA 13p) worms. (c) Poly(glycerol monomethacrylate)-block-poly(2-hydroxypropyl
methacrylate) (PGMA47-block-PHPMA () vesicle (adapted from Ref. [97]).

The choice between traditional small-molecule surfactants and polymeric surfactants depends
on the specific requirements. For applications that require a rapid interfacial response, small-
molecule surfactants are generally preferred. However, if long-term stability and durability are
prioritised, then polymeric surfactants offer superior performance owing to their ability to form
robust, viscoelastic interfacial layers. In some formulations, a combination of both types of
surfactants may be employed to achieve synergistic effects, balancing dynamic responsiveness

with good long-term stability.

1.5.4 Role of Surfactants in Foam Stabilisation

Foams are thermodynamically unstable due to their high surface area, which leads to elevated

interfacial free energy. In the absence of stabilising agents, foams formed in pure liquids
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typically collapse within time scales ranging from milliseconds to seconds. Foam stability
is therefore a dynamic property, commonly characterised by foam lifetime and resistance to
external disruption. So-called ’stable’ foams may persist for hours or even days. The lifetime
of a foam is primarily governed by (i) the rate of liquid drainage through the Plateau borders
and (ii) the mechanical strength and thickness of the foam films.

Surfactants play a multifaceted role in foam stabilisation. By lowering surface tension, they
reduce the energy barrier for interface formation, thereby facilitating foam generation. More
critically, they suppress bubble coarsening and rupture. Surfactant molecules adsorbed at the
gas-liquid interface reinforce the interfacial layer and hinder gas diffusion between adjacent
bubbles, thus enhancing static foam stability. In addition, layers of adsorbed surfactant improve
the mechanical integrity of foam films, thus increasing their resistance to deformation.

Foam rupture may compromise foam stability by locally stretching the foam film. This leads
to a local reduction in the surfactant concentration, which creates a surface tension gradient
(Figure 1.17a). Surfactant molecules are driven by this gradient backflow towards the depleted
region, which is called the Gibbs-Marangoni effect.!?® This interfacial self-healing mechanism
restores film uniformity and enhances resistance to rupture (Figure 1.17b). However, its effec-
tiveness strongly depends on the surfactant concentration. At concentrations above the critical
micelle concentration (CMC), any newly formed interface is rapidly saturated by individual
surfactant molecules released from micelles, thus preventing the redistribution of pre-adsorbed
molecules. As aresult, the Marangoni-driven backflow is suppressed, which reduces the foam’s
self-repair capacity and explains the lower foamability that is often observed at high surfactant
concentrations (Figure 1.17¢).

Beyond interfacial phenomena, the rate of liquid drainage from foam films is directly related
to the foam lifetime.'*! As drainage proceeds, films become thinner and eventually rupture.'®
Increasing the bulk viscosity of the continuous phase is a common strategy to mitigate drainage.
Studies have shown that the addition of non-surfactant thickeners—such as glycerol, liquid

paraffin, or silicone oil—can significantly extend the foam lifetime, regardless of any surface
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tension effect.!4>!43 High molecular weight amphiphilic polymers are particularly effective in
this context, providing superior viscosity enhancement compared to small-molecule surfactants.
This rheological contribution is a major advantage when using polymeric surfactants, which

combine interfacial activity with viscosity modulation to improve foam stability.
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Figure 1.17: (a) External disturbance leads to stretching and thinning of the foam film. (b)
The Gibbs-Marangoni effect induces surfactant migration, which can repair the extended foam
film. (c) The extended foam film is stabilised by individual surfactant molecules released from
micelles, thereby forming thinner films that are easier to rupture.
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1.6 Aim and Objectives

This project aims to investigate the foamability and interfacial behaviour of synthetic polymeric
surfactants in aqueous solutions, with particular emphasis on amphiphilic statistical copolymers.
Building on fundamental principles of surfactant science and preliminary evidence from prior

studies, %136

the research explores the potential of these materials as next-generation, silicone-
free surfactants for liquid foaming applications. A key challenge lies in the inherently slow
interfacial adsorption of polymeric surfactants, arising from their macromolecular structure,
which contrasts with the rapid kinetics required for dynamic foam formation. Moreover,
effective foam stabilisation is not solely dependent on low equilibrium surface tension, but also
on establishing sufficient surface tension gradients, film elasticity, and resistance to drainage,
coarsening, and coalescence. There is a trade-off between foamability and foam stability. This
work aims to uncover the fundamental mechanisms involved.

To address these complexities, the project systematically investigates how structural factors, such
as hydrophobe/hydrophile ratio, molecular weight and chain flexibility, affect the foamability
and interfacial properties of amphiphilic copolymers. Several open questions drive this research:
how polymer composition modulates foamability; how to characterise chain flexibility precisely;
and how to prepare statistical copolymers with more flexible backbones. In parallel, the solution
behaviour of these copolymers is examined using small-angle X-ray scattering to establish the
structure-property correlations.

In addition, considering that chain flexibility is a key parameter governing the performance
of statistical copolymer surfactants, a protonatable statistical copolymer model system is de-
signed and prepared to investigate this property. Within this system, the degree of protonation
and the backbone charge density can be precisely controlled by adjusting the solution pH. As
chain flexibility is strongly affected by electrostatic interactions, the model copolymer exhibit
tunable chain flexibility. Systematic investigation of these model copolymers enables a deeper

understanding of how chain flexibility regulates the physicochemical properties of statistical
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copolymers. Moreover, an additional advantage of this model design is that these copoly-
mers possess polyelectrolyte characteristics, thereby providing an ideal platform for further
exploration of the structure-property relationships and solution behaviour of polyelectrolytes.

Through this integrative approach, the project seeks to establish both practical design guidelines
and fundamental insights into the behaviour of polymeric surfactants in dynamic foaming

environments.
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2.1 Introduction

The development of novel materials is important for various industrial sectors such as energy,
chemical engineering, personal care, and biomedical devices. Innovative materials contribute
to higher efficiency, improved safety, and greater sustainability. Despite these significant bene-
fits, new materials development faces notable challenges, including high costs, long timelines
and inherent uncertainty. Traditional material development is highly resource-intensive, re-
quiring extensive experimentation, iterative testing and refinement. Fundamental research into
material properties is expensive and time-consuming, often taking many years or even decades
before commercialisation.! Furthermore, unpredictable research outcomes add complexity to
the development cycle. Overcoming these issues requires innovative strategies, such as compu-
tational materials science, high-throughput experimentation, and close collaboration between
academia, industry, and government.’

Emerging technologies are transforming the landscape of materials development. Advance-
ments in automation, high-performance computing (HPC),>* and machine learning (ML)>>
can significantly enhance efficiency while reducing costs. Automated laboratories manned by
robotic and equipped with high-throughput screening, accelerate experimentation by simulta-
neously conducting multiple tests, minimizing human error, and ensuring reproducible data.*%
HPC is instrumental in modelling materials at the atomic and molecular level, predicting critical
properties prior to any synthesis, and thereby reducing the need for trial-and-error experiments.
By rapidly performing complex calculations, HPC enables identification of promising lead ma-
terials. ML optimises this process by analysing large datasets from experiments and simulations,
detecting patterns, predicting outcomes, and recommending optimal experimental conditions.
These predictive capabilities streamline research by minimising development time and resource
expenditure. The combination of automation, computational power and data-driven insights
creates a more efficient and cost-effective framework for discovering next-generation materials

that meet the evolving demands of various industries.
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The Design of Experiments (DoE) methodology plays a vital role in supporting machine
learning-driven materials development by systematically planning experiments to explore re-
lationships between multiple variables.” DoE enhances experimental efficiency by identifying
optimal conditions and minimizing resource wastage. Traditional experimental methods of-
ten test one variable at a time, leading to excessive trials and higher costs. In contrast, DoE
simultaneously explores multiple factor combinations, reducing redundant testing and optimiz-
ing resource allocation. Structured approaches, such as factorial designs or response surface
methodology, identify key variables and their interactions, ensuring informative and efficient
experimentation.” Understanding these interactions refines experimental conditions, improving
accuracy and reliability.

Integrating DoE with ML and automation further enhances efficiency. It ensures optimal
sample usage, which is particularly beneficial for relatively ill-defined, polydisperse copolymers
prepared by free radical polymerisation. In the development of polymeric surfactants, many
parameters such as molecular weight, dispersity, hydrophilic/hydrophobic balance, comonomer
ratios, backbone structure, and comonomer distribution must be considered. In addition,
various physical properties such as foamability, foam stability, equilibrated surface tension and
dynamic surface tension should be considered.® Single factor-response experiments may not
identify complex interactions amongst all these variables. DoE overcomes this limitation by
systematically analysing multiple parameters to provide a better understanding of copolymer
performance.

By leveraging automation, computational tools, and strategic experimental design, materials
research becomes more precise, cost-effective, and adaptable. These advancements accelerate
materials discovery and optimization, ensuring faster innovation cycles that meet industrial and
technological demands. In this Chapter, DoE and relevant analytical methods will be applied
to analyse copolymer surfactant datasets for liquid foam-forming applications. The datasets are
obtained from either the literature or our own laboratory.®® The resulting physical insights were

expected to guide the direction of future experiments.
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2.2 Experimental

2.2.1 Materials and Dataset Sources

Two distinct datasets were used in this chapter. The first dataset was derived from a previous
publication on Pluronic-based block copolymers by Alexandridis et al. (Table 2.1).° This system
was briefly discussed in the Introduction (see Figure 1.16). This dataset was selected for DoE
analysis to examine the feasibility of this approach for a well-known copolymer surfactant.

The second dataset comprises experimental data collected under laboratory conditions from

our previous studies (Table 2.2).8 Relevant copolymer structures are shown in Figure 2.1.

Hydrophobe structure Backbone structure
2-Ethylhexyl acrylate R
(EHA) Polyacrylate

Isooctyl acrylate R
(iOA)
Polymethacrylate

}\/\r\K Hydrophilic structure

3,9,5-trimethylhexyl acrylate ?&/\O*
(TMHA)

Poly(ethylene glycol)
§\/\/\/\N\/ methyl ether acrylate
(PEGA)

Lauryl acrylate
(LA)

Figure 2.1: Chemical structures of lab synthesised copolymers.?
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Table 2.1: Properties of Pluronic PEO-PPO-PEO triblock copolymers (data taken from Ref.
[9D).

Copolymer Molecular weight PEO Viscosity Surface tension Foam height®

ID? / g mol’! /wt% [ cps /mN m’! / mm
L35 1,900 50 375 49 25
F38 4,700 80 260 52 35
L42 1,630 20 280 46 0
L43 1,850 30 310 47 0
L44 2,200 40 440 45 25
L62 2,500 20 450 43 25
L63 2,650 30 490 43 30
L64 2,900 40 850 43 40
P65 3,400 50 180 46 70
F68 8,400 80 1,000 50 35
L72 2,750 20 510 39 15
P75 4,150 50 250 43 100
F77 6,000 70 480 47 100
P84 4,200 40 280 42 90
P85 4,600 50 310 42 70
F87 7,700 70 700 44 80
F88 11,400 80 2,300 48 80
F98 13,000 80 2,700 43 40
P103 4,950 30 285 34 40
P104 5,900 40 390 33 50
P105 6,500 50 750 39 40
F108 14,600 80 2800 41 40
L122 5,000 20 1,750 33 20
P123 5,750 30 350 34 45

4 L, P and F denote liquid, paste, or flake, respectively. The first one or two numbers (e.g.
6’ in "F68’ or 12’ in 'P123’) indicate the molecular weight of the PPO block, while
the last number represents the weight fraction of the PEO block (e.g. the ’3’ in "P123’
denotes 30%).

b Copolymer dissolved at 0.1 wt% in water; foam tested by Ross-Miles method at 50 °C.



Chapter 2 79

Table 2.2: Summary of the properties of copolymer surfactants (data taken from Ref. [8]).

Copolymer M, PEGMA Backbone Copolymer Foamability
ID? /gmol!  /wt% architecture 61> 57° 53°
PEGLA40 14,300 60 acrylate statistical N/A N/A N/A
PEGLAS0 11,600 50 acrylate statistical N/A  N/A  0.30
PEGLA60 12,200 40 acrylate statistical N/A N/A N/A
PEGEH40 11,100 60 acrylate statistical N/A  N/A 0.52
PEGEHS50 9,300 50 acrylate statistical N/A 032 0.67
PEGEH60 9,700 40 acrylate statistical N/A 032 0.52
PEGT40 11,500 60 acrylate statistical ~ 0.85 1.11 1.35
PEGTS50 12,600 50 acrylate statistical 1.02 1.27 1.35
PEGT60 13,200 40 acrylate statistical 093 1.11 1.20
b-PEGT40 11,900 60 acrylate diblock N/A N/A N/A
b-PEGT50 12,200 50 acrylate diblock N/A N/A N/A
b-PEGT60 12,800 40 acrylate diblock N/A N/A 0.60
PEGi1040 11,000 60 acrylate statistical ~N/A  N/A 0.67
PEGiO50 10,700 50 acrylate statistical  N/A  0.72 0.90
PEGiO60 11,300 40 acrylate statistical N/A  0.48 0.82
MPEGT40 57,900 60 methacrylate statistical N/A N/A 0.30
MPEGTS50 29,600 50 methacrylate  statistical N/A  N/A  0.67
MPEGT60 54,800 40 methacrylate  statistical ~N/A  N/A  0.30
R-PEGT40 8,200 60 acrylate statistical ~ 0.51 0.95 1.27
R1-PEGT50 12,400 50 acrylate statistical ~ 0.76 0.87 1.20
R2-PEGTS50 8,400 50 acrylate statistical 1.02 1.11 1.35
R3-PEGT50 3,900 50 acrylate statistical 0.85 1.11 1.27
R-PEGT60 8,900 40 acrylate statistical 1.02 1.03 1.20

4 PEG, LA, EH, T, i0O denote PEGA, LA, EHA, iOA, respectively, as shown in Figure 2.1
The last two numbers indicate the weight fraction of PEGMA presents in the copolymer.
"R" denotes the RAFT synthesised statistical copolymers.

b Ethanol content in wt%.
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2.2.2 Design of Experiments

DoE data analysis was performed using JMP Pro software (JMP Statistical Discovery LLC.
USA). DoE works by systematically planning a structured set of experimental conditions to
investigate how multiple factors and their interactions influence a response. The process begins
by defining the objective, selecting key factors and their levels, and choosing an appropriate
design such as full factorial, fractional factorial, or response surface methods. By running
experiments according to this structured plan and analysing the results using statistical tools
like ANOVA, DoE efficiently identifies the most influential factors, quantifies interactions,
and determines the optimal conditions, allowing researchers to extract maximum insight with

minimal experimental effort.”

Table 2.3: Summary of parameters for DoE analysis of the Pluronic triblock copolymers.

Response Factor Factor role Levels
Foam height / mm M,/ g-mol_1 Continuous 1,630 - 14,600
Surface tension / mN-m~!  PEO/wt% Discrete numeric 20, 30, 40, 50, 70, 80

Given their relatively simple chemical structure, a full factorial design was applied to the series
of Pluronic triblock copolymers. Two key factors describe such a Pluronic copolymer: its
overall molecular weight and its weight% of poly(ethylene oxide) (PEO wt%). Foam height
was selected as the response for this study. Molecular weight was treated as a continuous
variable and PEO weight fraction was examined at six discrete levels, ranging from 20% to
80% (Table 2.3). These two factors are sufficient to precisely describe each Pluronic copolymer.
The full factorial design allows all possible combinations of these factors to be explored with
minimal computer resources. Furthermore, separate studies were conducted to explore the
correlation between foam height and either viscosity or surface tension. This single-factor
analysis indicates how each factor independently affected the foam height, complementing the
results obtained from the full factorial design.

For the (meth)acrylic copolymer surfactants, a broader set of factors was required owing to
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Table 2.4: Summary of parameters for DoE analysis of a range of statistical / block (meth)acrylic
copolymers.

Response Factor Factor role Levels
Hydrophobe Categorical LA, EHA, iOA, TMH(M)A
Hydrophobe / wt%  Discrete numeric 40, 50, 60
Foamability M,/ g-mol_1 Continuous 3,900 - 58,000
Backbone Categorical Acrylate, methacrylate
Architecture Categorical Statistical, block
Ethanol / wt% Discrete numeric 53,57, 61

their more diverse chemical structures. For efficient data analysis, both full factorial and
fractional factorial design were applied to avoid uneven variance distribution. In this case,
although various factors are included to describe the copolymer properties, the precise chemical
structure of the hydrophobic groups is not described in detail. Instead, such groups are classified
as a singleparameter, which simplifies the analysis. However, this approach neglects the
known influence of the degree of branching of the hydrocarbon component on surface activity
(Table 2.4).% Furthermore, several other factors were considered, including hydrophobe weight
fraction, number-average molecular weight, backbone composition and polymer architecture.
Moreover, since the initial foaming experiments were focused on copolymer surfactants in
ethanol-water mixtures, the alcohol content of the solvent was also included as a factor.® This
approach allows comprehensive investigation of the correlation between copolymer composition
and copolymer surface activity. Data were analysed using the Analysis of Variance (ANOVA)
model for various experimental conditions.” ANOVA is a statistical method used to determine
whether the mean values of a response variable differ significantly across multiple groups
or experimental conditions. It works by partitioning the total variability in the data into
components attributable to the factors being studied and to random error, allowing researchers
to test whether the variation between groups is larger than would be expected by chance. By
comparing these variance components through an F-test, ANOVA reveals whether one or more
factors have a statistically significant effect on the response, making it a fundamental tool for

analysing designed experiments and comparing multiple treatments simultaneously.’



Chapter 2 82

2.3 Results and Discussion

2.3.1 Pluronic Triblock Copolymer Surfactants

ANOVA analysis was performed to evaluate the influence of PEO wt%, molecular weight
and their interactions on the response variables. The results are summarized in Table 2.5,
where all factors and interaction terms were assessed using Logworth and p-values. Both
parameters describe whether a factor significantly contributes to the model when describing the
response variables. A smaller p-value indicates greater statistical significance. Logworth is a

transformation of the p-value as calculated using Equation 2.1

Logworth = —log,y(p) 2.1

This transformation is performed to aid graphical representation. Mathematically, a higher
logworth value corresponds to a smaller p-value. Normally, a logworth value greater than 2

indicates the existence of statistical significance at the 0.01 level.

Table 2.5: Summary of parameters for DoE analysis of a range of statistical / block (meth)acrylic
copolymers.

Source Logworth p-value
PEO wt% 9.390 0
Molecular weight 8.471 0
PEO wt% * Molecular weight 3.772 0.0002
PEO wt% * PEO wt% 1.775 0.0168

Molecular weight * Molecular weight 1.154 0.0701

The analysis indicates that PEO wt% is the most important factor affecting the response, with
a logworth of 9.390 and a corresponding p-value close to zero. Similarly, the copolymer
molecular weight is also of high significance, with a log worth of 8.471 and a p-value close to
zero. This suggests that both parameters should be considered simultaneously when seeking to

optimise foaming performance (i.e. foam height). Furthermore, the interaction between these
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two factors is statistically significant, as evidenced by a Logworth of 3.772. This suggests that
these two factors are not simply additive. The quadratic interaction of the two factors with
themselves has a much smaller impact compared to the primary factors.

Clearly, both PEO wt% and copolymer molecular weight are key parameters that determine
surface activity. Moreover, their interaction appears to be synergistic. In principle, focusing
on these primary factors and their interaction could reveal effective optimisation strategies
for this series of Pluronic copolymers. In summary, DoE design and ANOVA analysis can
provide a deeper understanding of the interfacial behaviour of a library of non-ionic copolymer
surfactants. This data analysis method can be used to evaluate the relative importance of
individual factors or their interactions, thus aiding the rapid identification of key factors for

performance optimisation.

2.3.2 Methacrylic and Acrylic Statistical Copolymers Surfactants

The full factorial analysis of a series of (meth)acrylic copolymers identified copolymer archi-
tecture (i.e. statistical vs. diblock) as the most important factor influencing foamability in the
molecular weight range investigated (10,000 - 15,000 g-mol~").!? High molecular weight block
copolymers cannot efficiently occupy the air-water interface, leading to relatively poor foaming
performance.' 12

After excluding the influence of copolymer architecture and conducting a fractional factorial
analysis, the chemical nature of the statistical copolymer backbone and pendant hydrophobic
groups were identified as important parameters according to their Logworth values (Table 2.6).
In particular, the type of hydrophobic group effectively governs surfactant performance, with
a logworth value of 23.513 and a p-value of zero. According to Czajka et al.,'* hydrophobic
groups with a higher degree of branching are more strongly adsorbed at the air-water interface.
ANOVA analysis predicted that the most branched TMHA hydrophobe has the best foaming
ability, followed by iOA. The less branched EHA and LA lead to lower foamability, as predicted

by JMP in Figure 2.2.
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Foamability

LA EFA TMHA iOA 5% 57% 61% Aciylaic Methacrylic
Hydrophobe Ethanol content / wi% Backbone

Figure 2.2: Fractional factorial analysis results obtained for a series of (meth)acrylic statistical
copolymer surfactants.

Table 2.6: Summary of parameters for DoE analysis of a range of statistical / block (meth)acrylic
copolymers.

Source Logworth p-value
Hydrophobe 25.513 0.0000
Backbone 19.983 0.0000

Ethanol wt% 11.703 0.0000
Hydrophobe wt% 0.475 0.3353

The backbone composition is the second most influential factor, with a logworth of 19.983.
This highlights the importance of copolymer chain mobility, which affects the time scale on
which the copolymer chains can adopt their preferred conformation during their adsorption at
the air-water interface.® Although statistically significant with a logworth of 11.703, the solvent
environment controls the interaction between copolymer components, potentially masking
the intrinsic effect of the copolymer molecular weight.'* The presence of ethanol introduces
variability, so eliminating this factor should provide a clearer data interpretation of the various
structural contributions. Moreover, preliminary industrial feedback indicated limited interest
in developing hydrocarbon-based surfactants for ethanol/water systems. Therefore, the effect
of varying the solvent composition will not be explored in future experiments. The hydrophobe
weight% appears to have minimal impact, as reflected by its relatively low logworth value of
0.475. However, this may well reflect the relatively narrow range of variance for this parameter.
For a second set of fractional factorial analyses that excluded the effect of hydrophobic structure

and copolymer architecture, it was found that molecular weight and hydrophobe content had no
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statistical significance on foamability (Table 2.7). This differs from the analysis of the Pluronic
copolymer series. This is because the statistical significance of the chemical nature of the
copolymer backbone and hydrophobic groups is much greater than the influence of molecular
weight and hydrophobe content. Moreover, it is also possible that there is some interference
from the ethanol content. Furthermore, the relatively narrow range of copolymer hydrophobe

content has a negative impact on analysis.

Table 2.7: Summary of parameters for DoE analysis of a range of statistical/block (meth)acrylic
copolymers.

Source Logworth p-value
Ethanol wt% 7.093 0.0000
Backbone 5.688 0.0000

Molecular weight 0.534 0.2925
Hydrophobe wt% 0.355 0.4413
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2.4 Conclusions

The feasibility and effectiveness of DoE analysis have been verified in this Chapter. By
applying ANOVA analysis, the key factors have been identified for a series of Pluronic triblock
copolymers and a series of (meth)acrylic copolymers. For the former system, the PEO wt%
and molecular weight are critical parameters for the optimisation of foamability. For the more
complex (meth)acrylic copolymer system, the copolymer architecture was identified as the
most significant factor affecting foamability. Specifically, statistical copolymers substantially
outperform block copolymers owing to their ability to efficiently adsorb at the air-water interface.
The chemical composition of the copolymer backbone emerged as the second most critical factor
because this directly influences chain flexibility, which affects foam formation (as judged by
the initial foam height). The hydrophobic structure plays a dominant role, with branched
hydrophobic groups leading to superior surface activity. Regrettably, the effect of copolymer
molecular weight and hydrophobe content could not be properly captured. This may be due to
their relatively low statistical significance or the insufficient range explored in the current study.
In conclusion, the combination of DoE with ANOVA provides a promising framework for opti-
mising the foam-forming performance of copolymer surfactants. Based on these initial findings,
the copolymer backbone could be replaced with more flexible alternatives such as poly(vinyl
ethers), which may contribute to even higher chain mobility than that exhibited by acrylic
copolymers. Additionally, more hydrophobic comonomers with higher degrees of branching
should be explored to further enhance surface activity and foamability. Further optimisation
of copolymer molecular weight and hydrophobe content should also be considered. These
parameters will be systematically investigated in later chapters using conventional experimental
approaches to address the limitations of the DoE analysis presented in this chapter and ad-
vancing the understanding and development of next-generation non-ionic statistical copolymer

surfactants.
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3.1 Introduction

Foam-forming formulations are important components of modern industrial and personal care
products.'? Surfactants stabilise liquid foams in laundry and pharmaceutical formulations,
fire extinguishing foams, hand sanitisers, etc.>® Surfactants adsorb at the liquid-air interface
to reduce the interfacial energy and hence stabilise liquid foams.” Conventional surfactants
are usually composed of hydrocarbon-based amphiphilic small molecules, comprising a polar
hydrophilic, "head" and a non-polar, hydrophobic "tail". Their amphiphilic nature leads to
self-assembly in aqueous solutions.”® However, the structural optimisation of conventional
hydrocarbon surfactants has probably reached its limit.? Their surface activity can be improved
by increasing the degree of methylation of the hydrocarbon chain-end or by introducing multiple
hydrophobic tails.>!? Up to three methyl groups can be incorporated in the former case, while in
the latter case the synthesis of multi-tail surfactants is technically challenging, which limits their
commercial value.!? Typically, surfactants with perfluorocarbon (15 - 20 mN-m~")!! or silicone
(20 - 30 mN-m~")!1!2 tails exhibit significantly lower limiting surface tensions than those with
hydrocarbon (24 - 38 mN-m~")!1314 tails and are often used in specialty applications such
as fire extinguishing foam that require superhydrophobic properties.> However, environmental
concerns regarding the persistence of perfluorocarbon chemicals and the hydrolytic instability
of silicone alternatives have inspired renewed interest in further optimising the performance of
hydrocarbon surfactants.!>1?

Polymeric surfactants offer distinct advantages over small molecule surfactants, including very
low critical micelle concentration (CMC) and enhanced interfacial stability.?? Like small-
molecule surfactants, polymeric surfactants tend to undergo interfacial adsorption and bulk
solution self-assembly in aqueous solution. But owing to their long-chain structure, the solution
behaviour of polymers is different. For small molecules, surface adsorption is preferred at low
concentration, typically below the CMC. Once the interface is fully occupied, small molecules

tend to self-assemble in aqueous solution to form micelles. This is an alternative mechanism
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to reduce their interfacial energy, driven by the entropy of water and hydrophobic effect.?!?2

For statistical polymeric surfactants, the copolymer chains undergo a change in conformation
such that the hydrophobic comonomer units are mainly located within the micelle cores and
the hydrophilic comonomer units are mainly located with the micelle corona. However, owing
to the inherent structural constraints of statistical copolymers, the hydrophobic comonomers
cannot freely migrate along the chain. As a result, the extent of microphase separation is
lower than that achieved by amphiphilic diblock copolymers, and the corresponding micelle
aggregation numbers are accordingly reduced.?>>* Moreover, interfacial adsorption and solution
self-assembly often coexist in dynamic equilibrium for polymeric surfactants; both processes
incur a loss of configurational entropy, which complicates accurate CMC determination using
conventional techniques such as surface tensiometry.?

Polymers provide a flexible platform for combining hydrophilic and hydrophobic components
into a single molecule. The basic design rules for small molecule surfactants also apply to poly-
meric surfactants, but polymers offer additional structural parameters that can be optimised,
such as backbone flexibility, architecture, hydrophobic/hydrophilic monomer ratio, molecular
weight, etc. Amphiphilic block copolymers are commonly used polymeric surfactants. For

example, Pluronics®

are composed of hydrophilic poly(ethylene oxide) (PEO) and weakly
hydrophobic poly(propylene oxide) (PPO) blocks and have been widely used for many indus-
trial applications.?®?’ Recent advances have highlighted the untapped potential of statistical
copolymers, whereby hydrophobic and hydrophilic monomers are statistically distributed along
the backbone.!>!6 Such copolymers can be optimised to achieve performance comparable to
that of fluorocarbon surfactants in certain applications. Unlike block copolymers, statistical
copolymers exhibit unique interfacial behaviour. Block copolymers tend to form multimolec-
ular micelles that must overcome the energy penalties of dissociation and solubilisation to
undergo interfacial adsorption, while statistical copolymers can self-assemble as unimolecular

micelles.?>?® These relatively small structures can diffuse rapidly to the interface, where they

undergo conformational unfolding, exposing the hydrophobic moieties to the gas phase while
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the hydrophilic segments remain solvated within the aqueous phase.?’ This mechanism mimics
the behaviour of natural proteins such as hydrophobins, which can stabilise foams through re-
versible intermolecular structural transitions.>*3! Free radical copolymerisation facilitates the
synthesis of amphiphilic statistical copolymers. This method has the advantages of simple op-
eration, mild reaction conditions, and adaptability to a wide range of functional comonomers.3?
Hydrophilic and hydrophobic monomers can be copolymerised in a statistical manner, thereby
flexibly regulating both the copolymer composition and the resulting physical properties. By
selecting appropriate comonomer combinations and polymerisation conditions, amphiphilic
copolymers with specific solubility, interfacial activity, and self-assembly ability can be pre-
pared. Hydrophilic and hydrophobic monomers are generally difficult to copolymerise via
conventional ionic polymerisation due to the sensitivity of ionic species to protic impurities
(e.g. water).33* Such reactions invariably require multiple steps and stringent reaction condi-
tions, which are often justified in terms of producing narrow dispersity block copolymers. Free
radical copolymerisation remains the optimal choice for the synthesis of amphiphilic polymers,
especially if some degree of polydispersity can be tolerated.

Recent progress suggests that the potential for statistical copolymer surfactants has not been
fully explored.'> In particular, statistical copolymers prepared by free radical copolymerisa-
tion of 3,5,5-trimethylhexyl acrylate (TMHA) and poly(ethylene glycol)methyl ether acrylate
(PEGA) exhibit superior surface activity in water/alcohol mixtures than their block copolymer
analogues.'> Compared with conventional silicone-based surfactants, statistical copolymers are
more environmentally benign, offering considerable potential as a next-generation hydrocarbon-
based foaming agent for low surface tension liquids.!>'¢ Accordingly, we have undertaken an
in-depth exploration of the performance-structure relationship of statistical copolymers, espe-
cially with regard to the effects of copolymer composition, molecular weight and chain stiffness

on foam performance.
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3.2 Experimental

3.2.1 Materials

Poly(ethylene glycol) methyl ether acrylate (PEGA, avg. M, = 480), poly(ethylene glycol)
methyl ether methacrylate (PEGMA, avg. M, = 300), 3,5,5-trimethylhexyl acrylate (TMHA,
technical grade) were purchased from Sigma-Aldrich (UK) and filtered over basic aluminium
oxide (Al,O3) prior to use. 3,5,5-Trimethylhexyl methacrylate (TMHMA, ABCR) and lauryl
acrylate (LA, > 98%, TCI Chemicals) were used as received. Ethanol (> 99.8%) was purchased
from Sigma-Aldrich (UK) and used as received. Azobisisobutyronitrile (AIBN) was purchased
from Molekula (UK) and used as received. Jeffamine M-1000 and M-2005 were kindly donated
by Huntsman Corporation via their UK distributor (Alfa Chemical). MilliQ water was obtained

from an Elga Elgastat Option 3A Water Purifier system.

3.2.2 Synthesis and Reaction Protocols

Synthesis of P(TMHA-stat-PEGA) Statistical Copolymer by Free Radical Copolymerisa-
tion in Ethanol

The following example is representative of the statistical copolymerisations performed to pro-
duce the amphiphilic statistical copolymers reported in Table 3.1. AIBN (0.0050 g, 0.03 mmol,
0.1% w/w) was weighed into a 28 ml glass vial, followed by PEGA (4.0000 g, 8.33 mmol) and
TMHA (1.0000 g, 5.05 mmol) to make up a mixture with a [TMHA]/[PEGA] mass ratio of 0.25
(i.e. 20:80). Ethanol (20.0000 g) was added to this comonomer mixture to make up a 20% w/w
solution. The solution was vortex-mixed for 30 s to produce a homogeneous mixture and then
sealed using a rubber septum after addition of a magnetic stir bar. The solution was degassed
with the aid of an ice bath using a stream of nitrogen gas for 30 min and then immersed in an oil
bath set at 70 °C with continuous stirring under nitrogen for 24 h. The copolymerisation was

quenched by exposing the reaction mixture to air while cooling to room temperature. The crude
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copolymer was dried under vacuum at 70 °C overnight. The overall comonomer conversion and
copolymer composition were determined by 'H NMR spectroscopy with CDCl3. Molecular

weight and dispersity data were obtained by DMF GPC analysis.

Synthesis of S-Aminoester Small Molecular Analogues by Aza-Michael Addition

The following example is representative of the reactions undertaken to produce the amphiphilic
small molecular analogues for the statistical copolymer surfactant. Jeffamine M-1000 (1.6423
g, 1.64 mmol) and TMHA (0.3577 g, 1.81 mmol) were weighed into a 7 ml glass vial, followed
by ethanol (2.0000 g) to make up a 50% w/w solution with a [TMHA]/[Jeffamine] molar ratio
of 1.1. The solution was vortex-mixed for 30 s to produce a homogenous mixture. The vial
was placed in an oil bath set at 50 °C and stirred magnetically for 48 h. Most of the solvent
was removed from the reaction mixture via rotary evaporation at 40 °C and the remaining
product was dried in a vacuum oven at 40 °C overnight to remove residual ethanol. The overall

conversion and composition were determined by 'H NMR spectroscopy with CDCl;.

3.2.3 Analytical and Characterisation Methods

1H NMR Spectroscopy
Spectra were recorded in CDClj at 25 °C using 400 MHz Bruker Avance-400 spectrometer
with 64 scans being averaged per spectrum. The equation used for calculating copolymer

compositions is as follows:

‘e Ar/m
Az /ny

(3.1

where x is the comonomer mole fraction, A; and A, are the integrated NMR signals for a given
comonomer and n; and n; are the numbers of the corresponding protons. The equation used

for calculating comonomer conversion is as follows:

[M] initial — [M] remaining

3.2
[M Jinitia (3-2)

Conversion =
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where [M Jiniial 1S the initial mole of monomers, [M Jinitial 1 the remaining mole of monomers
after the reaction. These two quantities were determined by comparing the integrated 'H
NMR signal area of the acrylate vinyl protons (5.5-6.5 ppm) before and after polymerisation,
normalised against an internal reference peak. In this work, the methyl signal at PEG side chain

end (3.2 ppm) was selected as the internal reference.

Gel Permeation Chromatography (GPC)

Molecular weight data were obtained using an Agilent 1260 Infinity GPC system, which included
a pump, degasser, and two PL-gel Sym Mixed-C columns connected in series, equipped with
both UV and refractive index detectors. HPLC-grade DMF containing 0.02% w/w LiBr was
used as the eluent, the column/detector temperature was set to 60 °C, and the flow rate was
1.0 mL-min~!. Near-monodisperse poly(methyl methacrylate) standards ranging from 370 to
2,520,000 g-mol~!were employed for calibration, with data analysed using Agilent Technologies

GPC/SEC software.

Maximum Bubble Pressure Dynamic Surface Tensiometry

Purified copolymer (0.0050 g) was weighed into a 7 mL glass vial and dissolved in deionised
water (5.00 mL). This aqueous solution was placed on a roller mill at 40 rpm for 24 h to
ensure full dissolution. The solution was then diluted to 100 ml to produce a final copolymer

concentration of 0.50 g-dm™>.

This solution was used for dynamic surface tensiometry, Du
Noiiy ring surface tensiometry and foamability studies, in that order.

The dynamic surface tension of aqueous copolymer solutions was determined using a Kriiss
BP100 bubble pressure tensiometer equipped with a SH2031 hydrophobically coated glass
capillary (Kriiss GmbH, Hamburg, Germany). The capillary tip inner diameter was calibrated

by measuring the surface tension of deionised water at 25 °C (72.01 mN-m~!).%

The dynamic
surface tension was measured for different surface ages in the range of 10 to 10,000 ms with ten
measurements being averaged per time point. The temperature was maintained at 25 °C using a

thermostatted water bath.. Each copolymer solution (~ 70 ml) was allowed to equilibrate at this
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temperature for at least 1 h prior to measurements. The surface tension was calculated from the

internal bubble pressure using (3.3):3°

_ r(pmax - pO)
nET

(3.3)
where vy, is the surface tension value at t time, r is the inner radius of the capillary and ppax 1S
the maximum bubble pressure value obtained when the bubble radius is equal to the capillary
radius, pg = pgAh, where pg is the hydrostatic pressure resulting from the weight of a liquid
column acting on an area, p is the liquid density, g is the standard gravity and Ah is the height
of the liquid column.

The static surface tension is estimated by fitting dynamic surface tension vs. surface age data

by using the modified Rosen-Hua equation:?’

Y0 — Yoo
l‘p
1+(%)

where 7 is the static surface tension of the liquid (y, = 72.01 mN-m~!for deionised water at

Y = + Yoo (3.4)

25°C).% vy, is the predicted equilibrium surface tension of the solution, 7 is the surface age,
to represents the time interval before the surface tension starts to rapidly decrease and p is the

gradient of the reduction in surface tension.

Du Noiiy Ring Surface Tensiometry

The quasi-static surface tension was obtained using an automatic Lauda TD3 tensiometer
equipped with a 90:10 platinum/iridium ring (diameter = 0.955 cm, LAUDA Scientific GmbH,
Lauda-Konigshofen, Germany). The ring was washed with ethanol and flame-heated with a
butane/propane blow torch before each measurement. Static surface tensions were measured at
least ten times until a standard deviation of less than 0.1 mN-m~'was achieved, and the mean
value and its corresponding standard deviation were recorded. Each copolymer solution (~ 40

ml) was equilibrated at 25 °C prior to any measurements using a temperature controller unit.
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The result was automatically corrected using the Zuidema and Waters®® method and surface

tension was calculated from the maximum force, F ., according to (3.5):%°

F max

- Lcos@

Y (3.5)

where v is the quasi-static surface tension, L is the wetted length, which is the sum of the inner
and outer circumference, cos 6 = 1 due to the platinum-iridium alloy exhibits a sufficiently high

surface free energy to form a zero-degree contact angle.*’

Foamability and Foam stability Assay using a Bespoke Foam Pump

A commercially available foam soap dispenser was used to produce foam (see Figure 3.1 and
3.2). The foaming aqueous solution and air were mixed and pumped out through a narrow mesh
in the foaming pump to generate air bubbles. Each dispensation mixes approximately 0.6 ml of
liquid with 20 ml of air. The foam pump lever was depressed in a reproducible manner using
a motor-driven cam. The rotation frequency of cam was set to 27.14 Hz by the control panel,

which corresponds to about 0.6 s per depression-recovery cycle.

Figure 3.1: Digital photograph of the foam-forming apparatus used in this study. This equipment
was designed and built by Ward-O’Brien et al.*!
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Figure 3.2: Schematic diagram of the foam forming apparatus. The motor controls the speed
through the inverter (Mitsubishi Electric VFD) and drives the cam to rotate by a worm gear
mechanism, which rotates the rod through an angle of 90°. The movement of the cam either
squeezes or releases the foam dispenser pump to control the outflow of foam. This system
enables reproducible foam production.

A custom foam cell was used to evaluate the foam (Figure 3.3). This cell comprised a glass
hollow half cylinder and an embedded prism. The cylinder was cut longitudinally from top to
bottom to form an open section, in which the prism was glued to the cylinder section using a
chemical-resistant resin. This device was used to measure the foam/liquid volume. The prism
was placed close to the side of the cylinder, which significantly improves image interpretation.
This setup facilitated the observation of the single-layer foam formed along the side wall,
appearing as a thin two-dimensional sheet of bubbles. Foam forms a wetting layer on the
prism surface allowing direct imaging of a representative monolayer of foam and overcomes
the imaging problems associated with a multilayer structure. The volume-height relationship of
the foam cell was calibrated using a standard measuring cylinder. The maximum foam volume

for this cell is approximately 200 ml.
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(b)

Figure 3.3: (a) Schematic diagram of the foam cell. The volume-height relationship of the
foam cell is pre-calibrated using a standard measuring cylinder. (b) Digital photographs of the
foam cell. (b.1) is the phototype constructed using four pieces of polycarbonate glass. (b.2) is
the upgraded glass version that offers superior chemical resistance (the half-cylinder body was
built by Jackson Scientific Glass Litmited, Mansfield, UK).

The foam soap dispenser was washed sequentially with deionised water (50 ml), ethanol (50
ml) and deionised water (50 ml) prior to each measurement. Foamability and foam stability
values were averaged over three measurements. Each copolymer solution was equilibrated at
25°C prior to measurement using a temperature control unit. The aqueous copolymer solution
(30 ml) was gently transferred to the foam soap dispenser by pouring along the inner wall of the
dispenser to prevent air entrainment and foam formation. 10 ml of the solution was transferred
to the foam cell to serve as the stock solution, which ensured reproducibility and maintained
uniform physicochemical properties throughout the experiments. The foam cell was placed

below the dispenser. After starting the cam and pressing it fifty times, record the initial liquid
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volume (V) and total volume (V) were recorded and timing commenced. The foam half-life
was recorded, which is the time required for the foam volume to be reduced by half (¢v,1/2).

Foamability (F,) was calculated using Equation (3.6) to enable comparison across experiments,
where the initial foam volume (Vo) was determined as Vi = Vi - V1o, where Vo = 40 ml
(30 ml + 10 ml) in this measurement. The foamability is the ratio of the initial foam volume

Vi o to the effective foaming volume (Vi - Vi) of the surfactant solution:

Vo

Fp= 2
Vio = V1o

(3.6)

The foam stability F; was calculated from the foam half-life and initial foam volume using:

v,1/2
Fy= (3.7)

2

Small-Angle X-Ray Scattering (SAXS)

SAXS measurements were performed at the ESRF (ID02 beamline, Grenoble, France) using a
monochromatic synchrotron X-ray beam (4 = 0.0995 nm) and a 2D Eiger2 4M SAXS detector
(Dectris, Switzerland).*? Samples were analysed using a sealed flow-through borosilicate glass
capillary of ~ 2 mm diameter (Capillary Tube Supplies Ltd, Cornwall, UK). Patterns were
recorded at a camera length of 2.0 m, which correspond to a scattering vector g range of 0.004
A-1t00.4 A1, where q = (4r sin 6) /A corresponds to the modulus of the scattering vector and
6 is half of the scattering angle. X-ray scattering data were reduced (integration, normalisation,
and background subtraction) using standard routines available at the ID02 beamline. Solvent
backgrounds and capillary shape factors were subtracted and calibrated using SAXSutilities2
software (version 1.255). Further fitting and modelling were performed using SASView soft-
ware (version 6.0.0)*3 and Igor Pro software (version 8.04) with Irena package (release 2.71).%
Copolymers were dissolved in deionised water at 1.0% w/w concentration. Deionised water

was also used for absolute intensity calibration of all SAXS patterns.
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3.3 Results and Discussion

3.3.1 Synthesis and Characterisation

Monomer Amphiphilic Statistical Copolymer

Copolymerisation
@+ @ > 0000000
Aro\/\mﬁ or 4\n/0
(o) (o

TMHA LA

@ - 4\n/o+/\o‘|'n

(o]
PEGA (M, = 480 g mol)

Figure 3.4: Synthesis of amphiphilic statistical copolymers via free radical copolymerisation
of hydrophilic PEGA with either a linear (LA) or branched (TMHA) hydrophobic comonomer.

Conventional free radical polymerisation is particularly suitable for the statistical copolymer
synthesis of various functional (meth)acrylic monomers. Given their wide commercial avail-
ability and low cost, such monomers are well suited to high-throughput synthesis to construct
a diverse library of amphiphilic copolymer surfactants. Previous studies have shown that a sta-
tistical copolymer prepared by copolymerisation of 3,5,5-trimethylhexyl acrylate (TMHA) and
polyethylene glycol methyl ether acrylate (PEGA) exhibits optimal foaming activity.!> Bearing
in mind the known performance limits of hydrocarbon surfactants, the highly branched 3,5,5-
trimethylhexyl structure is considered to be one of the most promising for foam stabilisation,
and its corresponding acrylate and methacrylate monomers are both commercially available
and amenable to free radical copolymerisation.”*>* Hence a series of statistical copolymers
based on TMH(M)A and PEG(M)A were prepared with different comonomer compositions

and molecular weights to systematically investigate the effect of these parameters on foam sta-



Chapter 3 102

bilisation. In addition, amphiphilic copolymers bearing linear hydrophobic components were
also prepared via statistical copolymerisation of LA and PEGA (Figure 3.4). Small molecule
analogues were also synthesised as reference materials. Copolymer synthesis overcomes the
technical challenge of introducing multiple hydrophobic units into small molecule surfactants.'®
A series of P(TMHA-stat-PEGA480) statistical copolymers was synthesised via free radical
copolymerisation in which the TMHA content and molecular weight were systematically varied
(see Table 3.1). Five different hydrophilic PEGA weight fractions (75% - 95%, corresponding
to PEGA/TMHA molar ratios of 7.84, 3.71, 2.34, 1.56 and 1.31, respectively) were used in
turn to achieve a series of [hydrophile]/[hydrophobe] ([HL]/[HB]) molar ratios. Five different
initiator concentrations (0.5% - 10% w/w) were used to adjust the copolymer molecular weight.
According to the ANOVA analysis from Chapter 2, these two parameters were expected to affect

the foamability. The dried copolymer was an oily transparent colourless liquid.
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Table 3.1: Summary of experimental data obtained for P(TMHA-star-PEGA)
copolymers. Mean copolymer compositions were determined from 'H NMR
analysis. Apparent molecular weight and dispersity were determined from DMF

GPC analysis.
Hydrophobe Hydrophile Copolymer Composmoll: DMF GPC
(HB) (HL) ID*? [HL/HB]
Target Actual M, D
PT75E 1.24 1.30 9,400 1.92
PT80A 1.65 21,600 2.68
PT80B 1.65 17,500 2.44
PT80C 1.65 1.76 16,100 2.54
PT80D 1.65 9,500 2.05
PTSOE 1.55 9,400 2.02
PT85A 234 20,300 2.55
PT85B 253 17,600 2.35
PT85C 2.34 234 16,400 2.55
PT85D 2.17 9,800 2.00
PTS85E 2.01 8,900 2.08
TMHA PEGA PT90A 371 21,800 2.46
PT90B 371 17,500 2.25
PTO0C 3.71 334 17,000 2.62
PT90D 371 9,900 1.98
PT90E 473 9,400 1.79
PTO95A 7.84 21,900 2.34
PT95B 784 7.84 19,300 2.27
PT95C ' 7.84 17,600 2.46
PT95D 6.46 10,800 1.91
P100E N/A N/A 9,500 1.77
LA PEGA PL85C 2.83 3.07 9,500 1.82
TMHMA PEGMA MPTS85E 4.00 371 12,100 242

2 PT for P(TMHA-stat-PEGA) copolymer, 75 - 100 for PEGA monomer feed
weight fraction, 75 represents the comonomer mixture comprising 75% w/w
of PEGA monomer, P100 represents a homopolymer of PEGA monomer;
A - E for the initiator concentration (A for 0.1% w/w initiator, B for 0.5%
w/w initiator, C for 2% w/w initiator, D for 5% w/w initiator, E for 10% w/w

initiator, respectively).
b Molar ratio.
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Figure 3.5: "H NMR spectrum (CDCl3) recorded for (a) P(TMHA-stat-PEGA) statistical
copolymer; (b) hydrophobic TMHA monomer; (c) hydrophilic PEGA monomer with partial
peak assignments.

The copolymer structure was determined by 'H NMR spectroscopy (see Figure 3.5). Charac-
teristic signals corresponding to the expected chemical environments were observed. Signal A
at relatively high chemical shift (3.90 - 4.20 ppm) was assigned to the oxymethylene protons
adjacent to the ester groups. The strong signal B at 3.60 ppm was assigned to the oligo(ethylene
glycol) side chain, while signal C at 3.40 ppm corresponds to the terminal methoxy group on

the PEG unit. Signal D at 1.00 - 1.80 ppm was assigned to methylene and methine protons in
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the acrylic backbone. The singlet peak at 0.90 ppm (signal E) was assigned to the trimethyl
end-group of the TMHA comonomer units. The copolymer composition was estimated by
comparing the integrals of the trimethyl and methyl chain ends of the TMHA and PEGA
comonomers, respectively. An '"H NMR spectrum recorded for the dried copolymer indicated

that it had a similar composition to that of the comonomer feed ratio.
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Figure 3.6: Comonomer conversion vs. time determined by '"H NMR.

However, the mean copolymer composition does not provide any information about the
comonomer distribution along the copolymer chain. This aspect was examined by kinetic stud-
ies conducted via "H NMR spectroscopy. The instantaneous conversion of each comonomer
was very similar throughout the reaction. Therefore, a near-random distribution of the two
comonomer repeat units along the copolymer chain can be assumed.

The molecular weight data are expressed relative to the PMMA calibration standards, which
incurs a systematic error (see Appendix 3.5.1 for GPC data).*’ An increase in relative molecular
weight was observed when a higher mass fraction of PEGA was used, which is mainly attributed

to the higher molecular weight of this monomer. Higher initiator concentrations led to lower
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molecular weights, which is consistent with the general principles of free radical polymerisa-
tion.*> For low molecular weight copolymers, the P values lie between 1.5 and 2.0, indicating
that termination involves both recombination and disproportionation.>? Higher D values were
observed for some copolymers, indicating that chain transfer to polymer is a prevalent side

reaction.*®

3.3.2 Foamability Analysis

In addition to the foam pump method described above, various other foaming methods such as
sparging, vortex, pouring and stirring/shaking are available.” The pouring method is unsuitable
for copolymer surfactants because the volume of foam produced was insufficient for analysis.
Although the foam produced by the spraying method is easy to quantify, the foamability
measured by this method is only weakly correlated with surface tension, making it difficult
to analyse the relationship between foamability and other properties.*! Furthermore, previous
studies have demonstrated that the foam volume generated by the foam pump method can
be correlated (R> > 0.75) with the dynamic surface tension of the corresponding surfactant
solutions.*! Therefore, the foam pump method was selected to measure the foam volume.

Figure 3.7 summarises the foaming performance data obtained for a series of acrylic copoly-

mers at a copolymer concentration of 0.50 g-dm™>.

All of the original data are detailed in
the Appendix 3.5.2. Figure 3.7a shows the relationship between number-average molecular
weight and foamability for copolymers of varying PEGA content. Regardless of the copolymer
composition, the foamability of low molecular weight copolymers is always better than that of
the corresponding higher molecular weight copolymers.

Figure 3.7b shows the effect of varying the PEGA content for four different molecular weight
ranges. Increasing the hydrophobic content from zero to 15% w/w generally improves foam-
ability for the higher molecular weight copolymer series, while higher hydrophobic contents

reduce the foam volume. The 85% w/w PEGA copolymer exhibits optimal foaming ability

regardless of the copolymer molecular weight. For low molecular weight copolymers, higher
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PEGA contents produce larger foam volumes. Interestingly, the low molecular weight PPEGA
(P100E) homopolymer and the copolymer containing the highest hydrophobic content (PT75E)

also exhibited useful foamability. These observations are discussed in more detail below.
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Figure 3.7: Foamability of a series of acrylic statistical copolymer surfactants dissolved in
deionised water at a copolymer concentration of 0.50 g-dm™3. (a) The effect of varying the
copolymer molecular weight on foamability is shown for four types of surfactants according to
their PEGA content. The fitted curve is shown by the solid linear line, and the 95% confidence
band is indicated by the shade area. (b) PEGA content was used to distinguish between
surfactants according to their PEGA weight fraction for four ranges of copolymer molecular
weight. The error margin is indicated by the red shade area.

In addition, the foamability of small molecule structural analogues (as shown in Figure 3.8)
was also briefly studied. The mass fraction of the hydrophilic and hydrophobic components of
this small molecule is comparable to that of the PT85 series copolymers. However, foam pump
experimental data show that small molecules can only produce aqueous foams equivalent to
the volume of the foaming solution (~ 40 mL). Moreover, this foam is relatively unstable and

almost completely disappears within tens of seconds. This suggests that polymeric molecular
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structure significantly affects interfacial activity. Compared with copolymers, small molecules
lack the synergism conferred by long chains and hence cannot form a stable adsorption layer at

the liquid-air interface, resulting in a significant reduction in their foamability.

\(\O/\J‘?OWHTO\W

Figure 3.8:  Chemical structures of small molecule analogues with similar hy-
drophilic/hydrophobic structures.

3.3.3 Dynamic Surface Behaviour

The migration and interfacial adsorption behaviour of surfactants play a crucial role in foam for-
mation and foam stabilisation.’” Driven by the interfacial energy difference, surfactant molecules
in solution rapidly migrate and adsorb to the newly formed liquid-air interface when an air bub-
ble is generated. The adsorbed surfactant molecules form a thin film on the surface and reduce
the surface tension. The rate of this process determines the initial foamability and the size

distribution of the air bubbles.*’
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Figure 3.9: Schematic illustration of surfactant adsorption at the air-water interface during foam
formation. (a) Fast-migrating surfactants rapidly adsorb to the newly formed interface, leading
to dense interfacial coverage and enhanced foam stability. (b) Slow-migrating surfactants result
in sparse coverage, insufficient surface adsorption, and poor foam stability.

As illustrated in Figure 3.9, faster-migrating surfactants can quickly adsorb at the interface, re-
duce its surface energy, facilitate foam formation and reduce bubble coalescence.’® Conversely,
slowly migrating surfactants may lead to the formation of an unsaturated surface, causing rapid

bubble coalescence and foam collapse.>!



Chapter 3 109

Dynamic surface tension shows the rate at which the copolymer surfactant diffuses from the
micelles to the air/water interface.>> This occurs on a relatively short time scale (milliseconds)
for small molecule surfactant.” Compared with the equilibrium surface tension, dynamic surface

tension measures the change in surface tension over time under non-equilibrium conditions,

and can characterise the diffusion and adsorption dynamics of surfactants.”->
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Figure 3.10: Evolution of dynamic surface tension over time recorded for 0.50 g-dm~3 aqueous
solutions of three P(TMHA-statr-PEGA) statistical copolymer surfactants of varying molecular
weight and a PIOOE homopolymer.

Bubble pressure tensiometry is an effective method to characterise dynamic surface tension.
By measuring the change in surface tension at different bubble lifetimes, the diffusion rate and
adsorption kinetics of surfactants can be characterised.’® Figure 3.10 shows a representative
dynamic surface tension diagram showing the surface tension changes of three surfactants with
different molecular weights, at different bubble lifetimes. The X-axis represents the bubble

life (surface age), which is the time allowed for the surfactant to migrate to the surface, while



Chapter 3 110

the Y-axis represents the instantaneous surface tension corresponding to surface age. The
three curves (grey, red and purple) represent three surfactants introduced above with different
molecular weights, PT85A (black, 20,300 g-mol~"), PT85B (red, 17,600 g-mol~') and PT85E
(purple, 8,900 g-mol~"). The pink curve represents the weakly surface active homopolymer of
PPEGA.

The surface tension clearly decreases over time, indicating that the polymer gradually migrates
to the interface. However, there is a significant molecular weight effect. The surface tension of
PT8S5E, which has the lowest molecular weight, decreases fastest and reaches a limiting surface
tension of less than 60 mN-m~! within one second, indicating significantly faster diffusion to the
air-water interface compared to the other two copolymers. Given its relatively high molecular
weight, a longer time is required for PT85A to reach the same limiting surface tension, while
PT85B exhibits intermediate behaviour. The PPEGA homopolymer exhibits the fastest surface
tension reduction within 200 ms, achieving optimal surface activity at low surface age. The
maximum bubble pressure method shows that surface tension continues to decrease steadily
even after 10,000 ms (10 seconds) for the amphiphilic statistical copolymers.>*> This indicates
that the interfacial adsorption of such amphiphilic copolymers is a very slow process. A typical
dynamic surface induction zone can be observed at around 10 ms. For lower molecular weight
copolymers, the rapid reduction in the dynamic surface tension appears at a lower surface
age region, indicating greater dynamic surface activity. The rapid drop zone for all three
surfactants occurs within 300 ms. Only the meso-equilibrium region can be observed for these
copolymers (see Figure 3.10). Since the equilibrium surface age of the polymer surfactant
is much higher than the measurement range for the maximum bubble pressure method, the
equilibrium region cannot be identified by this method.” The exception is the weakly surface-
active P100E homopolymer, which reaches its equilibrium state within a few seconds.

The correlation between dynamic surface tension and foamability has been verified for sev-
eral foaming methods.’® Bubble pressure tensiometry provides the best fit to the foamability

produced by the foam pump method at a specific surface age.*! However, its accuracy may be
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limited by the type of surfactant. A series of plots of surface tension differences at specific
surface ages versus foamability were constructed and fitted. The quality of the fit was used to

evaluate the correlation between surface tension difference at surface age (Ay,) and foamability.
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Figure 3.11: Foamability vs. reduction in dynamic surface tension. (a) After 100 ms; (b) After
1,000 ms (N. B. The P100E data point (see red point) is an outlier and accordingly excluded
from the data fit). The black curve shows a polynomial fitting to the data with a degree of fit of
2. The red shading represents the 95% confidence band.

As shown in Figure 3.11, the X-axis represents the reduction in dynamic surface tension within
100 ms (Ayoge = yo - y96) for Figure 3.11a and 1,000 ms (Ay1002 = Yo - ¥1.002) for Figure
3.11b, respectively. The Y-axis represents the foamability. Overall, the larger the difference
in dynamic surface tension, the stronger the foamability, which suggests that rapidly diffusing
copolymer chains promote foam formation. Most of the data points fall within the red confidence
band, giving an acceptable fitting quality. However, as the surface age increases, the weakly
surface-active PPEGA homopolymer gradually deviates from the fit. As shown in Figure 3.10,
the reduction in dynamic surface tension for this sample becomes slower after 100 ms and
approaches its equilibrium value, indicating lower surface adsorption. Even at longer mixing
times, PPEGA did not further adsorb at the air-water interface after 100 ms, resulting in poor

correlation with surface age.
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3.3.4 Static Surface Behaviour and Foam Stability

The foam stability (F) is assessed by dividing the foam half-life (¢v,1,2) by half of the initial
foam volume (V¢ o/2), see Equation (3.7). This approach compares foam decay rates for foams

with differing initial foam heights.
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Figure 3.12: Foam stability observed for 0.50 g-dm~> aqueous solutions of a series of acrylic
statistical copolymer surfactants: (a) Effect of number-average molecular weight; (b) Effect of
PEGA480 weight fraction. The error margin is indicated by red shading.

As shown in Figure 3.12, the foam stability of foams prepared using 0.50 g-dm~> aqueous
solutions of a series of P(TMHA-stat-PEGA) statistical copolymers is plotted against molecular
weight and PEGA weight fraction, respectively. Clearly, more stable foams are produced when

using higher molecular weight copolymers. This is attributed to the stronger adsorption at
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the air-water interface, thereby forming a more elastic interfacial film that is more resistant to
rupture under stress.”’ Moreover, the foam stability is typically reduced when increasing the
PEGA weight fraction. Conversely, increasing the hydrophobic character of such copolymers
enhances their adsorption at the air-water interface, thereby improving the stability of the
interfacial film and the liquid foam.
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Figure 3.13: Relationship between static surface tension and foam stability achieved from
various statistical copolymer surfactant solutions at 0.50 g-dm™3. (a) data derived from the
maximum bubble pressure method, (b) data obtained using the Du Noiiy ring method.

The static surface tension reflects the equilibrium adsorption of copolymer surfactants at the
interface. It is therefore often considered as an indicator of potential foam stability. A lower
static surface tension suggests a higher ability of the surfactant to reduce interfacial energy and
may enhance interfacial film elasticity and stability.” However, this relationship is not universal;
certain defoamers can also lower surface tension while promoting foam collapse.®

The static surface tension can be measured directly using the Du Noiiy ring method or indirectly
from dynamic surface tension versus surface age data fitted using the Rosen-Hua equation.’’
However, no obvious correlation between static surface tension and foam stability was observed
in Figure 3.13. In addition, the two methods produce significantly different data sets. For

the same copolymer surfactant, the static surface tension calculated from fitting dynamic data

is always higher than the experimental value determined under equilibrium conditions. One
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explanation for this difference is that the ideal adsorption model assumed for the Rosen-Hua
equation does not consider conformational transitions of copolymer chains adsorbed at the
interface, which usually results in higher values.’’” Moreover, the Du Noiiy ring method only
provides the quasi-static surface tension, rather than the ’real’ equilibrium surface tension.>
The lowest surface tension was around 35 mN-m~!, which is close to that for a conventional
small molecule hydrocarbon-based surfactant.®® Despite the static surface tension being widely
measured in surfactant research, no useful relationship could be obtained between this parameter
and the foam stability.

In summary, it is difficult to optimise foamability and foam stability simultaneously, as these
parameters are opposed: shorter copolymer chains diffuse quickly but lead to weaker interfaces
while longer chains diffuse more slowly but produce stronger interfaces. Strong foamability
requires rapid mass transport of the copolymer to the air-water interface to reduce the surface
tension. However, high foam stability requires longer chains to form an elastic interfacial film
to minimise liquid drainage. There is a certain trade-off between the two: lower molecular
weight copolymer chains form thinner interfaces and hence reduce foam stability, whereas the
stronger interfacial films formed by higher molecular weight copolymer chains take longer to
form, which can limit initial foam formation. To gain a deeper understanding of the relationship

between foamability, foam stability and copolymer structure, the copolymer micelles formed in

aqueous solution were analysed by SAXS in the following section.

3.3.5 SAXS Studies of Statistical Copolymer Surfactant Self-assembly in

Aqueous Solution

SAXS data for dilute aqueous copolymer solutions were recorded at the IDO2 station of the
ESRF.*? Figure 3.14 shows the SAXS scattering intensity I(g) versus the scattering vector g for
1.0% w/w aqueous solutions of four low molecular weight copolymers and one homopolymer

P100E, for which the PEGA content ranges from 75% w/w to 100% w/w.
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Figure 3.14: SAXS patterns recorded for 1.0% w/w aqueous solutions of four statistical copoly-
mer surfactants and one homopolymer. These copolymers have similar molecular weights (9
kDa) but different copolymer compositions. The upper four patterns were shifted up using
multiplication factors (as indicated) to aid comparison.

As the PEGA content of the copolymer is increased, the intensity minima of the form factor

at ¢ ~ 0.1 A~! gradually weaken and eventually disappear. This indicates a change in the
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particle cross-sectional dimensions as the position and visibility of these minima are governed
by the cross-section form factor. Each SAXS pattern has a Guinier regime (i.e., I(g) ~ ¢°) at low
g regiem (g «0.01 A~"). This provides information regarding the size of the polymer aggregates.
Upturns were observed at lower g for the more hydrophilic PT85E, PT90E copolymers and
P100E homopolymers, which suggests the presence of larger particles, aggregates or particle
interactions. For the copolymer with the lowest PEGA content (PT75E), an intensity minimum
was observed. The form factor of a sphere has a first minimun of gR ~ 4.49 (where R is the
particle radius),%! the particle radius corresponding to the position of this minimum (gmin =

0.109 A) and is approximately 41.2 A.

I(q) / cm™

0.01 0.1
gl A’

Figure 3.15: SAXS pattern recorded for the PPEGA homopolymer (P100E) fitted using rod
model.5263

Since P100E is a homopolymer, its solution behaviour differs from that of the copolymers
discussed in this chapter and therefore requires separate analysis. As shown in Figure 3.15,
the SAXS profile of P100E in dilute aqueous solution does not exhibit pronounced features,
making it difficult to directly identify its aggregation state in water. Based on its molecular

weight and the chemical structure of the PEGA monomer, the homopolymer backbone contains



Chapter 3 117

approximately 20 repeat units, while the PEG side chain consists of about 9 repeat units. Owing
to this relatively low degree of polymerisation, neither the backbone nor the side chains are
expected to adopt a typical random-coil conformation. Therefore, it is more likely that this
polymer forms single-molecule, rod-like micellar structures in aqueous solution.

Guided by this hypothesis, the experimental data were fitted using a rod model.®>%3 The fitting
results indicate a rod length (L;0q) of 59.0 A and a cross-sectional radius (ry) of 12.8 A. Using
these geometrical parameters, the radius of gyration of the rod was calculated by the following

equation:!

L2 2

R2 = Zrod  Tx .
2 12+2 (3.8)

R, was calculated as 19.3 A, which is consistent with the expected dimensions of a rod-like

chain.

Table 3.2: The rod-like structure was fitted by combining a rod model to determine the mean
rod length, cross-section radius and the deduced radius of gyration. y? is a measure of the
fitting quality.

Homopolymer Lmd/f& rxlzok Rg/A §%
P100E 59.0 12.8 19.3  0.204

For the copolymer with the highest hydrophobic comonomer content (PT75E), the molar
ratio of hydrophilic to hydrophobic comonomers is close to 1:1 and these two comonomers
are almost randomly distributed along the copolymer chains. According to the literature,
similar amphiphilic statistical copolymers can form pseudo-spherical structures in aqueous
solution.?*? However, unlike block copolymers, microphase separation may be restricted by
the copolymer backbone.®* Thus, micelles comprising well-defined hydrophobic cores and
hydrophilic shells may not be formed.®> To characterise the self-assembled structures formed
by such an amphiphilic statistical copolymer in aqueous solution, the well-known homogeneous

sphere model was initially used to fit these SAXS patterns.5
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Homogeneous Sphere Model

The scattering function of a homogeneous sphere was calculated using the following equation:

I(q) = ®-Ap?- Viphere * Fszphere(q, r) + background (3.9)

where @ is the volume fraction of the sample, and Vippere 1 the volume of individual spherical
particles, which is given by:
4rr3

Vsphere = T (3.10)

where r is the radius of the sphere. Ap is the scattering length density (SLD) contrast between
the solvent and the copolymer and Fphere(g, ) 1s the form factor amplitude of a sphere. Fgppere(q,

r) is given by Equation 3.11:%7

3sin(gr) — gr - cos(gr)
(qr)?

Ap is given by Ap = &1 — &sol, Where &gl and &q) are the scattering length densities of the

Fsphere(CIa r) = (3.11)

copolymer and solvent, respectively. &, corresponds to the SLD of water, which is calculated
as &m0 = 9.42 X 100 cm~2 (with pH,0 =0.998 g - cm3).43.68 &por corresponds to the average

SLD of the copolymer and is calculated using the following equation:

Epol = Ep1V1 +Ep2va (3.12)

where vx represents the volume fraction of the two comonomers in the copolymer, £px represents
the SLD of the two corresponding homopolymers, and X represents the monomer. V., is
calculated from the sum of the volume of two comonomers V., = Vx; + Vx», hence the volume
fraction value can be calculated using Equation 3.13:

Vx

Yy = —= (3.13)
X7 Veo
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The volume of each comonomer in the copolymer is calculated by Equation 3.14:

Mx

Vx =
Na - px

(3.14)

where My is the molecular weight of the corresponding comonomer, given by Mx = M,, - mx,
where M, is the number-average molecular weight obtained from DMF GPC and mx is the mass
fraction determined by '"H NMR spectroscopy. The mass densities of the two homopolymers
were determined by solution densitometry as ptyvpa = 0.90 g- cm~ and PPEGA = 1.16 g- cm™3,

respectively.

The mean aggregation number N,o, was calculated from the following equation:

43

Nagg = 3Veo

(3.15)

assuming that there are no solvent molecules within the micelle cores.

Table 3.3: Summary of essential SAXS fitting parameters for a series of 1.0% w/w aqueous
solutions of four statistical copolymers, based on the homogeneous sphere model. The mean
sphere radius (R), standard deviation of the radius (og), and mean aggregation number (N,gg)
were calculated from the data fits. y? is a measure of the fitting quality.

Copolymer ID R/ A ogl/A Nagg x>

PT75E 41.2 0.3 203 3.012
PT80E 35.8 0.3 13.4 1.822
PT85E 31.0 0.2 9.3 2778
PT90E 26.8 0.2 5.7 4.165

According to the above simple spherical model, the mean sphere radius of PT75E dispersion is
calculated to be 41.2 + 0.3 A, which is consistent with the radius estimated from the first intensity
minimum. The results are summarised in Table 3.3. The aggregation number is approximately
20. The model provides a satisfactory fit to the data in the low g range. However, as shown in
Figure 3.16, it does not properly describe the scattering curve for ¢ > 0.1 A~!. This suggests

that the copolymer particles are not homogeneous spheres, instead, there appear to be differing
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SLD regions within the particles.®
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Figure 3.16: SAXS patterns fitted using the homogeneous sphere model. Some patterns were
shifted up using multiplication factor (as indicated) for better clarity.
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’Blob’ Model

The spherical micelle model is widely used in the literature to analyse the structure of block
copolymer micelles.%®%® This model can well describe the SLD contrast distribution between
different regions (e.g. core and corona) located within the micelles. However, for the am-
phiphilic statistical copolymers discussed in this chapter, the structural characteristics of their
micelles in aqueous solution differ significantly from those of block copolymers. Since mi-
crophase separation of the hydrophobic TMHA and hydrophilic PEGA units is restricted because
they are both located on the same copolymer backbone, so cannot fully occupy the interior or
exterior of the nanoparticles. This results in the formation of localised hydrophobic domains.%*
Unlike the strong microphase separation observed for block copolymers, this produces signif-
icant SLD fluctuations that account for the discrepancy between the SAXS patterns and the
scattering model in the high g region. This is because the spherical micelle model cannot ac-
curately describe such inhomogeneities. Instead, the so-called ’blob’ model has been used for
data analysis. This approach explicitly considers SLD fluctuations within the micelles, making
it more suitable for their characterisation.??

A numerical expression of the ’blob’ model was initially derived from spherical micelle model
by Pedersen et al. to interpret neutron scattering from the solvated cores of spherical mi-
celles.%>% Neal et al. then modified the relevant expression to describe polymer micelles
formed by amphiphilic statistical copolymer.?>?8

The form factor of the "blob" model is described by the sum of a blob-blob correlation term

and a blob self-correlation term Fyop (g, 7), as expressed in Equation 3.16:6

Noo (1) B2 [1biob (nb10b — 1) (g Rg piob) Fszphere(q, 7) + Nplob Pbebye (¢ Rg blob) ]
Foiob(q,1) = 5
Tyiob

(3.16)

where S is the scattering contrast between the copolymer and the solvent. The value of S is
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calculated from the scattering volume and the SLD difference as S5 = V¢o(&s — &so1), Where
Vo is the scattering volume of copolymer; & and &, are scattering length densities of the
copolymer and background solvent, respectively. Rgpiop is the radius of gyration of the blob,
which is assumed to behave as a Gaussian chain. Assuming that multiple independent ’blobs’
are uniformly distributed within the copolymer micelle, the number of blobs can be estimated

as:

A 1 Vco
Vblob

Nblob = 3.17)

where A is a fitting parameter, and V}op is the volume of a single blob, which is calculated

using:

3
47R, prob

3 (3.18)

Vblob =

Ppebye(qRg piob) (Equation 3.19) and ¢ (gRgpiob) (Equation 3.20) are the form factor for a

Gaussian chain and the form factor amplitude of a Gaussian chain, respectively:’%7!

2(e™+u-1)
2

PDebye(ng,blob) = (3.19)

u

11—

Y (gRgplob) = (3.20)

where u = ¢*R?

2blob’ and R piob is the ensemble-average radius of gyration of the Gaussian

chains.

N, 1s calculated by reducing the solvent volume:

(1 = Xs01) - %7[’3
Veo

Nagg(r) = (3.21)

where r is the radius of the copolymer object, V., is the calculated volume of the copolymer,

and x,, is the solvent fraction within the micelles. Since the amount of solvent contained
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within the micelle cores was not determined, this parameter was fixed at zero, i.e. the micelles
were assumed to contain no internal solvent. Although this may lead to an overestimation
of the aggregation number for more hydrophilic copolymers, the overall decreasing trend in
aggregation number remains evident.

The *blob’ model provides satisfactory fits to some of the SAXS patterns. However, owing to the
poor signal-to-noise ratio in the high g region, it is difficult to determine the ’blob’ parameters
more precisely. Moreover, these parameters are sensitive to the copolymer composition.

A lower hydrophobic content appears to be a necessary condition for the formation of *blobs’
within the micelle cores. According to previous studies, the blob size may be as small as 4.0
A for methacrylic acid repeat units.2? In the present study, the R, of the blobs formed by PEG
side chains is estimated to be 6.5 A.

It is therefore proposed that these blobs do not significantly influence the scattering intensity at
high ¢, allowing the scattering signal of SLD fluctuations to be approximated by a single fitting

parameter. Thus the *blob’ model is expressed as: 3

1(q) = AFpion(q,r) + B (3.22)

where A is a scaling factor for the scattering intensity, B is a fitting parameter that is produced

by the scattering length density fluctuations across the micelle.

Table 3.4: Summary of SAXS fitting parameters obtained for 1.0% w/w aqueous solutions of
a series of statistical copolymers using the simplified ’blob” model. Mean micelle size (R) and
mean aggregation number (N,gg) were fitted using this model. x? is a measure of the fitting
quality.

Copolymer ID R/ A Nagg x>

PT75E 412 169 0.894
PT80E 36.0 11.3 0.573
PT85E 314 79 0.554
PT90E 272 49 0.626

The fitting results are summarised in Table 3.4. As shown in Figure 3.17, satisfactory fits to the
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experimental SAXS pattern were obtained, indicating the minor scattering contribution from

the ’blob’.

I(g) / cm™

gl/A

Figure 3.17: SAXS patterns fitted using the ’blob’ model. The upper four patterns are shifted
up using multiplication factors (as indicated) for clarity.
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Model Comparison

The spherical model simply assumes that each micelle has a uniform SLD, which provides a
satisfactory fit in the low ¢ regime. However, it cannot adequately describe the solvated outer
layer of the micelle. In contrast, the "blob’ model assumes that not all the hydrophilic PEG side
chains are located at the outer surface. Some PEG chains may remain buried within the micelle
core owing to conformational constraints and hence form ’blobs’, which is a more realistic
representation of the self-assembly behaviour of relatively hydrophilic statistical copolymers.5>
Although this model is the most sophisticated, its reliability is somewhat limited owing to poor
signal-to-noise in the high g regime.

Comparing the fitting results for the two models reported in Tables 3.3 and 3.4, the ’blob’
model provides better fit to the experimental SAXS patterns recorded for a range of copolymer
compositions. However, uncertainties regarding the true volume fraction of copolymer particles
combined with poor signal-to-noise ratio in the high g regime mean that the *blob’ model is
prone to overfitting, thus producing numerically reasonable but physically unrealistic structural
parameters. Therefore a simplified ’blob’ model will be used to estimate the size and aggregation
number of statistical copolymer micelles and the influence of such parameters on the dynamic
surface tension will be examined.?®

The fitting parameters obtained using the simplified ’blob’ model are summarised in Table
3.5. In contrast to previous work, in which a series of ethanol/water mixtures were used,
unimolecular micelles were only observed for highly hydrophilic copolymers (PT95A-C) and
homopolymer (P100E)."> Ethanol, as a good solvent for TMHA, can reduce the lyophobicity
of TMHA and thus significantly reduce the aggregation number. However, water was the only
solvent in this study. For the highly hydrophobic TMHA units, a fully aqueous phase system
inevitably leads to an increase in the aggregation number due to an enhanced hydrophobic

effect.
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Table 3.5: Summary of dynamic surface tension and SAXS
structural parameters obtained for 1.0% w/w aqueous solutions
of a series of statistical copolymers.

Copolymer ID* Aypg2/mN-m"' R/A or/A Naygg

PT75E 13.71 41.2 4.1 16.9
PT80A 11.33 39.5 2.6 6.5
PT80B 11.73 36.2 0.2 6.2
PT80C 12.19 37.5 3.3 7.4
PT80D 13.85 35.5 3.3 10.7
PT80E 13.90 36.0 3.5 11.3
PT85A 11.64 37.2 2.7 5.8
PT85B 12.95 35.0 24 5.5
PT85C 12.32 34.5 3.1 5.7
PT85D 15.08 31.3 3.0 7.1
PT85E 15.50 31.4 3.3 7.9
PT90A 11.92 35.8 2.7 4.8
PT90B 11.79 33.6 24 4.9
PT90C 12.26 32.7 2.8 4.7
PT90D 15.42 27.4 3.2 4.7
PT90E 16.16 27.2 2.9 4.9
PT95A 11.78 622 227 1.0
PT95B 12.55 60.2 19.0 1.0
PT95C 12.35 50.2 19.4 1.0
PT95D 14.92 24.5 2.8 3.1

2 PT for P(TMHA-stat-PEGA) copolymer, 75 - 95 for
PEGA monomer feed weight fraction, 75 represents the
comonomer mixture comprising 75% w/w of PEGA
monomer; A - E for the initiator concentration (A for 0.1%
w/w initiator, B for 0.5% w/w initiator, C for 2% w/w ini-
tiator, D for 5% w/w initiator, E for 10% w/w initiator,
respectively).
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Copolymer Structure-Property Correlations
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Figure 3.18: Copolymer/homopolymer particle R, vs. monomer weight fraction.

For a given copolymer molecular weight range, larger micelles and higher aggregation numbers
are obtained as the proportion of hydrophobic comonomer is increased, see Table 3.5. This is
not conducive to the rapid reduction of surface tension. To produce a stable foam, the ideal
surface-active species should be molecularly dispersed and hence able to diffuse rapidly to the
evolving air-water interface, followed by interfacial adsorption and (perhaps) a conformational
transition. However, micellar dissociation carries a high energy penalty. Higher degrees
of aggregation typically implies more stable hydrophobic micelle cores, which increases the
energy barrier for the transport of individual copolymer molecules from the solution to the
air-water interface.?> For copolymers of similar molecular weight, higher aggregation numbers
usually correspond to a smaller difference in dynamic surface tension, which also explains
why large micelles with high aggregation numbers exhibit poor foamability. In contrast,

copolymers with lower hydrophobic character form relatively loose micelles, see Figure 3.18.
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This reduces the energy penalty required for the extraction of individual copolymer chains
from such micelles, which ultimately leads to a larger difference in surface tension. Moreover,
PEGA homopolymers lack a sufficiently strong hydrophobic component to drive well-defined
self-assembly; instead, owing to their limited solubility in water, they typically exist as swollen,
poorly defined aggregates rather than true random coils. Such behaviour demonstrates that a
suitable hydrophilic/hydrophobic balance is an important consideration for the self-assembly
and foamability of statistical copolymers.

Higher copolymer molecular weight only leads to an minor increase in micelle size but a reduc-
tion in mean aggregation number, thereby maintaining the overall micelle size. The copolymer
composition dominates the micelle size.?> However, large micelles with low aggregation num-
bers do not necessarily ensure a lower dynamic surface tension. Polymer chains of higher
molecular weight are more likely to be entangled.”? This results in a higher energy penalty
for micelle disassembly. In addition, the diffusion of individual copolymer chains in solution
depends on their molecular weight. Thus longer chains are unfavourable for foam generation
since this requires rapid diffusion to the interface to lower the surface tension.

The micelle size depends mainly on the copolymer composition and can be predicted using
various structural models.?>?%7374 Moreover, the colloidal stability of statistical copolymer
micelles does not require 100% surface coverage of the underlying hydrophobic micelle cores.
If the hydrophilic PEG side-chains can attain a certain critical coverage at the micelle surface,
then sufficient stability can be conferred by steric repulsion and solvation. Therefore, as the
proportion of PEGA comonomer in the statistical copolymer increases, more PEG side-chains
can migrate to the surface, resulting in a reduction in the micelle size and aggregation number.
This hypothesis has been recently confirmed in the literature.?*3

The surface coverage of the statistical copolymers synthesised in the current study was estimated
to exceed 60% (see Appendix 3.5.4). PEG side-chains that do not migrate to the micelle surface
may form localised hydrophilic regions (or ’blobs’) within the hydrophobic cores, thereby

producing local fluctuations in the SLD. In general, charged surface layers confer stronger
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micelle stabilisation than the neutral PEG side-chains. This explains the relatively high surface
coverage observed for the P(TMHA-stat-PEGA) system: the neutral PEGA comonomer repeat

units are not mutually repulsive, so they can be packed more efficiently within the micelle

corona.

3.3.6 How the Hydrophobe Affects the Foam?
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Figure 3.19: SAXS patterns recorded for PT85D and PL85D fitted using the simplified ’blob’
model.

It is instructive to compare the behaviour of these amphiphilic statistical copolymers with that
of equivalent copolymers in which the TMHA is replaced by LA. For example, an intensity
minimum is observed in the corresponding SAXS pattern recorded for PL85D. Clearly, incor-
porating the more strongly hydrophobic LA comonomer leads to the formation of well-defined
micelles compared to those formed by PT85D. In addition, an upturn is observed at low ¢, which
suggests that the PL85D micelles may also form relatively large secondary structures. In con-

trast, the first minimum in the SAXS curve obtained for the PT85D micelles is less prominent,



Chapter 3 130

indicating that this copolymer forms less compact structures in aqueous solution. However, this
reduced clarity of the minimum may also partially arise from the broader copolymer dispersity,

which leads to a wider distribution of micelle sizes and thus smears out the form factor features.

Table 3.6: Summary of molecular weight, foam property, dynamic surface tension and SAXS
structural parameters obtained for 1.0% w/w aqueous solutions of PT85D and PL85C statistical
copolymers.

Copolymer M, F F Ay1,002 R oRr N

ID /gmol* ~* "% /mNm! /A /A T8
PT85D 9,800 20.3 39 15.08 31.3 3.0 7.1
PL85C 9,500 13.8 3.2 12.68 364 23 135

The structural properties and foam performance of these two copolymers are summarised in
Table 3.6. Although PT85D and PL85C have similar molecular weights, their foamability
F, and foam stability Fj, differ significantly. For PL85C, F, = 13.8 and F; = 3.2, whereas the
corresponding values for PT85D are 20.3 and 3.9. This suggests that more hydrophobic LA
monomers do not necessarily confer superior foamability and foam stability. In particular, the
interfacial adsorption of the linear LA comonomer repeat units is less effective than that of the
highly branched TMHA. In addition, PL85C has a higher aggregation number (N,g, = 13.5) and
a larger radius of gyration R, = 36.4 A, , indicating that the stronger hydrophobic character of
the LA comonomer drives the formation of more well-defined micelles. However, this structure
is not conducive to either rapid micelle dissociation or the surface adsorption. This is because
more strongly hydrophobic micelle cores have a higher energy barrier towards dissociation,
thereby reducing the transport of copolymer chains to the air-water interface. Indeed, the
surface tension reduction, Ay, of 12.68 mN-m~! conferred by PL85C is significantly lower than
that of PT85D (15.08 mN-m™!), indicating weaker surface activity for the former copolymer.
Although the LA monomer has a longer and ostensibly more hydrophobic side-chain, its linear
structure limits the rearrangement and adsorption behaviour of the copolymer chains at the air-
liquid interface, resulting in inferior foam performance and a lower reduction in the dynamic

surface tension.’
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3.3.7 How does the Nature of the Copolymer Backbone Affect the Foam?
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Figure 3.20: SAXS patterns recorded for MPT85E and PT8S5E fitted using the simplified blob’
model.

As mentioned in Chapter 2, chain mobility (or backbone flexibility) plays an important role
in determining the foaming properties and surface activity of copolymers, especially when
individual copolymer chains undergo conformational transitions at interfaces. To explore this
effect, a series of methacrylic copolymers with lower chain mobility were also synthesised.
However, the SAXS patterns recorded in dilute aqueous solution did not show any significant
differences between acrylic and methacrylic copolymer backbones. Thus the micelle structures
formed by self-assembly in water are more or less indistinguishable. Each SAXS pattern
could be satisfactorily fitted using the spherical micelle model and the corresponding micelle
diameters and mean aggregation numbers are very similar. However, these two copolymers
exhibited significant differences in their interfacial activity. More specifically, the foaming
ability of MPT85E was significantly reduced, even though its Ay gop was only slightly lower

than that of PT85E. This suggests that MPT8S5E can adsorb rapidly at the interface but its less
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mobile chains restrict further rearrangement at the evolving interface, ultimately leading to
inferior foam stability. Although chain mobility does not significantly change the self-assembly
behaviour of the copolymer in aqueous solution, its effect on foam stability after interfacial
adsorption is significant, especially when the interface must respond quickly to changes in

surface tension.

Table 3.7: Summary of molecular weight, foam property, dynamic surface tension and SAXS
structural parameters obtained for 1.0% w/w aqueous solutions of PT85D and PL85C statistical
copolymers.

Copolymer M, F Ay1,002 R OR
ID /gmol % /mNm' /A /A
PT85E 9,800 22.0 15.08 314 33 79
MPTS85E 12,100 13.0 14.41 31.6 132 10.6

N agg

Glass transition temperature serves as a useful proxy for polymer chain flexibility.”> According
to DSC measurements, no distinct glass transition was observed for either copolymer (Figure
3.21). This is due to the relatively long PEG side chains, which obscure the mobility changes
in the main chain. As the polymer exists as a single-phase mixture in the bulk, the measured

glass transition reflects that of the mixture rather than that of the individual components.
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Figure 3.21: DSC measurements were performed on two amphiphilic statistical copoly-
mers, P(TMHA-stat-PEGA) (PT85E) and P(TMHMA-stat-PEGMA) (MPT85E), each with
a [HB]/[HL] ratio of 1.0. The curves shown correspond to the heating trace from the second
heating-cooling cycle.
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Figure 3.22: DSC measurements for (a) Two hydrophobic homopolymers (PTMHA and
PTMHMA); (b) Three hydrophilic homopolymers (PPEGMA 309, PPEGMAgsy and PPEGA4g).
The curves shown correspond to the heating trace from the second heating-cooling cycle.

As shown in Figure 3.22, the T, values of the two hydrophobic homopolymer and three PEG-
based (meth)acrylic homopolymers were measured as: T tmaa = —30 °C, Ty tmuma = 10 °C,
Ty prEGMA300 = —62 °C and T, ppegadgo = —66 °C, respectively. The glass transition was not
observed for PPEGMAgso homopolymer. PTMHMA has a higher 7;; and hence exhibits lower
chain mobility. However the DSC measurements of the acrylic copolymers show a 7, nearly
identical to that of the homopolymers, which is inconsistent with expectations. Furthermore, the
observed T, deviates significantly from the prediction given by the Fox equation,’® suggesting
that DSC alone is insufficient to characterise the thermal behaviour of copolymers with long
PEG side chains. In the next chapter, the worm-like chain model will be used and its variants
to evaluate chain flexibility for another series of model copolymers to understand how this

important parameter influences physical properties.
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3.4 Conclusions

Structure-property relationships for amphiphilic statistical copolymer surfactants in aqueous
solution have been systematically investigated. More specifically, the effect of varying the
copolymer composition and molecular weight on initial foamability and long-term foam stability
were examined. Low molecular weight copolymers generally exhibit superior foamability owing
to their faster diffusion and interfacial adsorption, while high molecular weight copolymers
appear to form stronger interfacial films, leading to more stable foams. This hypothesis will
be tested in a set of neutron reflectivity measurement after this thesis was submitted. These
opposing effects highlight the intrinsic trade-off between foam generation and foam lifetime
when designing such next-generation copolymer surfactants.

Dynamic surface tension measurements provided useful insights with regard to the kinetics
of interfacial adsorption, with a strong correlation being observed between the rate of surface
tension reduction and foamability. SAXS analysis revealed that these amphiphilic copolymers
self-assemble in aqueous solution to form micelles, with the morphology and mean aggregation
number depending on the copolymer composition.?? Statistical copolymers containing a higher
proportion of hydrophobic comonomer tend to form well-defined spherical micelles, whereas
more hydrophilic copolymers formed relatively ill-defined aggregates or even unimolecular mi-
celles.?? The latter can be described conceptually as an interconnected network of nano-objects,
in which the local density fluctuations arise from heterogeneous distributions of solvophobic
units along the chain and are stabilised by the surrounding PEG segments.?* It should be empha-
sised that, unlike systems with high hydrophobic content, the relatively hydrophilic statistical
copolymers do not form a distinct hydrophobic core or discrete hydrophobic ’blobs’. Impor-
tantly, increasing the hydrophobic content of such amphiphilic copolymers not only produced
more compact micelles but also increased the aggregation number and the energetic barrier
required for micelle dissociation, thus leading to slower mass transport of the copolymer to the

air-water interface and reducing foamability.
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Comparison of LA- and TMHA-based copolymers confirmed that the chemical structure of
the hydrophobic comonomer significantly influenced self-assembly and interfacial behaviour.
Although LA confers greater hydrophobic character owing to its longer C12 chain, its linear
structure results in slightly denser micelles and hence weaker foam performance compared to the
branched TMHA-based copolymers.'? In addition, using the analogous methacrylic copolymers
had minimal impact on micelle morphology but significantly affected foam performance com-
pared to all-acrylic copolymers. This highlights the importance of chain mobility in enabling
rapid optimisation of the interfacial layer structure.'”

Following our disappointing static surface tension experiments, we submitted a neutron reflec-
tivity (NR) beamtime proposal to ISIS (Didcot, UK), which was subsequently approved. NR
can be used to measure the thickness of the film formed by the copolymer chains adsorbed
at the air-water interface.”’ In principle, this technique also enables further exploration of the
precise relationship between the surface adsorption and foam stability. Our NR experiment was
originally scheduled for September 2024 but was postponed to February 2025 and then further
postponed to July 2025. As of the time of submission of this manuscript, the experiments
had not yet been performed. In view of this problem, these NR experiments unfortunately
cannot form part of this thesis. Nevertheless, we expect that future NR studies will provide the
foundation for understanding the interfacial adsorption behaviour of such copolymers and its
impact on foam properties. Our successful NR proposal is included in the Appendix 3.5.5.

In addition, regarding to the low signal-to-noise ratio at high-g regiem observed for statistical
copolymers, either a longer acquisition time or shorter camera length could be employeed to
improve the data quality at specific g range, thereby providing sufficient resolution for the
complicated *blob’ model. Moreover, the copolymer did not form the anticipated unimolecular
micelles in pure aqueous solution, which is attributed to the limited compatibility between the
copolymer and water. To identify the solvent conditions under which unimolecular micelles
may form, it is therefore proposed that a series of ethanol/water mixtures with systematically

varied compositions be examined. The critical solvent composition was determined experi-
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mentally using the PSC model, as it directly depends on the specific balance of polymer-solvent
interactions in this system.’®
In summary, optimal foam performance involves a delicate balance between hydrophobicity,

chain length, and flexibility. These findings provide useful design principles for the development

of next-generation copolymer surfactants for the generation and stabilisation of aqueous foams.
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3.5 Appendix

3.5.1 DMF GPC Data for P(TMHA-stat-PEGA) Statistical Copolymers

(a) (b)

——PT80A
——PT20B
——PT80C
——PT20D
——PT80E

—PT85A
—PT85B
——PT85C
—PT85D
——PTA85E

12 13 14 15 16 17 1812 13 14 15 16 17 18
Retention time / min Retention time / min

(c) (d)

——PT90A
——PT90B
—PT90C
—— PT90D
——PT90E

12 13 14 15 16 17 1812 13 14 15 16 17 18
Retention time / min Retention time / min

Figure 3.23: DMF GPC curves recorded for the PT series copolymers: (a) PT80; (b) PT85; (¢)
PT90; (d) PT95.
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3.5.2 Surface Tension,

Foamability and Foam Stability Data for

P(TMHA-stat-PEGA) Statistical Copolymers

Table 3.8: Summary of surface tension and foam data obtained for

P(TMHA-stat-PEGA) copolymers and P100E homopolymer.

Copolymer Ay1002® Ysitted®

7ringc

ID / mN-m! Fa Fs
PT75E 13.71 4588 3436 20.33+047 4.82+0.22
PT80A 11.33 57.67 40.16 10.00+0.82 6.30 +1.28
PT80B 11.73 56.18 39.56 13.67+0.47 6.44 +0.35
PT80C 12.19 57.07 39.26 13.67+2.62 478 +0.52
PT80D 13.85 50.39 35.04 16.33+0.94 4.89+0.07
PTSOE 13.90 4795 3399 16.00+1.15 4.71 +£040
PT85A 11.64 56.61 40.39 13.67+1.70 573 +0.59
PT85B 12.95 53.18 3797 17.33+0.94 5.10=+0.40
PT85C 1232 5546 39.62 17.67+094 6.01 +0.27
PT85D 15.08 47.65 3483 20.33+0.94 394 +0.82
PT85E 15.50 4545 3444 22.00+0.00 3.09+0.13
PT90A 11.92 56.06 4233 12.67+0.94 426+ 0.20
PT90B 11.79 5541 4249 14.67 £047 4.65+0.48
PT90C 1226 5574 40.39 14.00+2.16 4.22 +0.50
PT90D 1542 5046 34.63 21.00+0.82 238 +0.16
PT90E 16.16 47.42 3442 21.67+047 1.94 +0.04
PTO95A 11.78 57.14 4831 12.00+0.82 2.99 +0.21
PT95B 12.55 5587 46.53 13.33+1.25 3.63+0.33
PT95C 12.35 56.14 4576 1733 +£0.47 3.22+0.35
PT95D 14.92 5339 38.23 20.00+0.82 1.71 +0.20
P100E 13.15 57.72 53.05 23.00+0.00 1.04 +0.21

% Ay1.002 is the decrease in dynamic surface tension relative to the

initial surface tension at 1,002 ms.

b Yiitted 18 the fitted equilibrium surface tension from maximum bub-

ble pressure method.

© Yring 1s the measured surface tension from the Du Notiy ring method.
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3.5.3 SAXS Model Comparison

1073 4

I(q) / cm™
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Ii |||] |
I ||| “
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0.01 0.1
ql/A?
Figure 3.24: SAXS patterns recorded for 1.0% w/w aqueous solution for PT85E statistical

copolymer. The red data set obtained for the copolymer was fitted using three models: (a)
Homogenrous sphere model (black line) and (b) Modified *blob’ model (blue line).

Model fits to the SAXS pattern obtained for the PT85E copolymer in a 1.0% w/w dilute aqueous
solution using two different models (Equation (3.9) and (3.22)) are presented in Figure 3.24.
The simple sphere model provides a substantially poorer fit to the data than the modified *blob’
model. The deviation observed in the high g region indicates that the simple sphere model fails
to capture the structural features of the PT85E copolymer in aqueous solution. It is reasonable
to simplify the blob contribution to a constant term during data fitting without significantly
affecting the overall quality of the fit. This simplification not only improves the stability of
the fitting, but also reduces its complexity, providing a feasible strategy for subsequent model

optimisation.??
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3.5.4 Estimation of Surface Coverage

The chemical composition of the micelles is related to the composition of the copolymer,

thereby the mole fraction of the PEGA in the micelles (¢peGa micelle) 1S defined by the following

equation:?>

NpEGA
®PEGA micelle = ¢PEGA,copolymer = (3.23)
NpgGA + NTMHA

where Npgga and Ntvpa are the mean numbers of PEGA and TMHA comonomers per copoly-
mer chain, respectively. These two numbers can be either determined from 'H NMR or
estimated from a related model as described in (3.24) and (3.25):

nR2. . SC

4nR2,
NaggNpEGA = —Cgl:g; (3.24)

4_p3
3R ite — Nage NPEGA VPEGA

(3.25)

NaggNTMHA = v
TMHA

where Vrmua = 365 A3 and VpEGA = 886 A3 calculated from (3.14). CSpgga 1s the approximate
cross-sectional area of a individual PEGA repeat unit, which is calculated by CSpgga = Vpega??
=92.2 A2. SC is the surface coverage fraction defined by the ratio of hydrophobic ’core’ surface

covered by PEGA chains. By applying the experimental data to Equation (3.23) - (3.25), SC

was estimated to be higher than 60%.
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3.5.5 Proposal for Approved Neutron Reflectivity Experiment

Understanding the surface adsorption of random copolymer foaming surfactant
at equilibrium

Andi Xie, Rachel C. Kilbride, Anthony J. Ryan and Steven P. Armes

1. Background and scientific context: This proposal is part of a PhD project awarded to A. Xie with
funding from EPSRC and the University of Sheffield scholarship. It's an extension of a previously
published work: Hydrocarbon-Based Statistical Copolymers Qutperform Block Copolymers for
Stabilization of Ethanol-Water Foams, ACS Appl. Mater. Interfaces 2022, 14, 34, 39548-39559."

The most intuitive feeling that consumers have for cleaning and personal care products is their
foamability. Surfactant is a class of amphiphilic molecule that can reduce the surface tension of liquids,
which are beneficial for producing foam. In addition, the surface adsorption of foaming surfactant can
further stabilize the foam, producing long-life foam that meets customers’ sensory expectations.
However, traditional high-performance surfactant, particularly those based on carbon-fluorine or
siloxane, presents a conflict between performance, environment and biocompatibility. Pluronics are a
successful fluorine and siloxane free polymeric surfactant, which have been commercialized for
decades (Figure 1b). Although this class of block copolymers of hydrophilic polyethylene oxide (PEO)
and hydrophobic polypropylene oxide (PPO) has notable surface activity, the foam performance is
limited due to the poor hydrophobic nature of PPO, making it less suitable for applications requiring
massive foam. Silicone-based surfactant remains necessary additives for personal care formulations.
To address these issues, researchers have increasingly focused on structural optimization of
hydrocarbon-based surfactants to achieve better performance. As research progresses, especially
the recent development of living radical polymerization techniques such as reversible
addition—fragmentation chain-transfer polymerization (RAFT), the precise control of polymer
architecture is feasible. In addition, a larger available library of hydrophobic monomers provides more
combinations for polymeric surfactant formulations.

Preliminary research in Sheffield compared the surfactant activities of amphiphilic random and block
copolymers from multiple monomer pairs (Figure 1a and 1c). The random copolymer of branched
hydrophobic structure (3,5,5-trimethylhexyl acrylate, TMHA) and hydrophilic poly(ethylene
glycol)methyl ether acrylate demonstrates superior surface and foaming activities than their block
analogues and Pluronic F127, despite the similar molecular weight and PEG weight fraction. Further

(a) Random copolymer (C) (d) Foam Properties of P(TMHA-s-PEGA) _ .
s R, = :‘:‘ 1.00 . Foamability H
N f os
25
0~ 0 07 0 3,5,5-trimethylhexyl 10
Flh FI{Z acrylate, TMHA E 0.95 ‘ ‘ . 8 "
0000000000 ;/\/\)\ £ 0
Block copolymer g' g 090 ‘ O O O 3
- ! bT 3 Isooctyl acrylate B 15%
[ ) oA p
D () £
o £ 0.5 O O s
0”0 070 = \/(/\/ ; O O o
R R, < ¥ o
(b) Pluronic Ethyl hexyl acrylate & 0.80{() () @) ®
l v# )\L EHA Insufficient s
5 CH. .
HT O~ Mo O Ry = ¥ ol 0751 @ adsorption H
-—
hydrophilic hydrophobic 0

Poly(ethylene glycol)
methyl ether acrylate
PEGA g0
Figure 1: Architectures of (a) amphiphilic random and block copolymer, (b) Pluronic surfactant, (c)

chemical structure of hydrophobic and hydrophilic parts of amphiphilic copolymers. Random
copolymer of TMHA and PEGA has the best foamability among all shown combination. (d) Foam
properties of random copolymers of TMHA and PEGA: low Mn samples have better foamability;
high Mn samples produce less but more stable foam.

15000 20000 25000 30000 35000
Number-averaged molecular weight M, / g mol~1
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hydrophobic  units. However, Figure 2: (a) Dynamic surface tension graph of all samples
more rigid hydrophobic units compared with deionised water. (b) Surface tension decreasing
significantly restrict chain rate within 1,000 ms is strongly associated with foamability of
flexibility and inhibits free chain random copolymers. Foam stability is not taken into account here.
motion, resulting in insufficient adsorption. Longer chains not only provide more adsorption anchor
points but also require more time to extend and expose the hydrophobe to the surface, resulting in a
slower adsorption rate, hence producing less foam (Figure 1d). A correlation is observed between
dynamic surface tension and foamability (Figure 2a). The surface tension decrease rate within 1 s
linearly associated to the foamability (Figure 2b). Data points that deviate from the confidence interval
are considered to be affected by foam stability. Although the dynamic surface tension can predict the
foamability, the equilibrated interface behaviour and structure which affects the foam stability remains
unclear. Conventional equilibrium surface tension measurement methods, such as the Du Nouy Ring
method, can't measure the surface tension of random polymer surfactants at equilibrium. The
mechanical movement of the ring on the liquid surface would desorb surfactant molecules. Any
mechanical perturbation is detrimental to polymers with slow surface adsorption. To address this, this
proposal comprehensively investigates the equilibrated interfacial structure of random copolymer
surfactants using neutron reflectometry (NR). By combining the study of equilibrium and dynamic
behaviour, we hope to establish the correlation between equilibrated adsorption strength, dynamic
adsorption rate and foaming, to indicate the design rule of random copolymer surfactant.

2. Proposed Experiment: Static NR measurements will be performed on INTER reflectometer.
Standard method will be applied.? We will use the 7-position sample trough on the active anti-vibration
table, and the corresponding number of samples will be prepared at a time. The first measurement
will start after at least 60 mins upon loading the samples to allow full adsorption to the surface.
Between each set of measurement, the trough will be cleaned by H,O — EtOH — H,O, and then dried
with a heat gun. 24 samples, including 6 different PEGA weight fractions, 4 different molecular weights
and 2 polymer backbones will be dissolved with the same concentration in two solvent contrasts (H-O,
D-0) respectively. Such sample distribution allows statistically significant data.

3. Justification of beamtime request: The high penetration and non-destructive nature of neutrons
make NR an ideal technique for this study, especially the static non-mechanical contact measurement
allows the copolymer to fully adsorb to the surface. Neutron scattering length densities of all random
copolymer samples have been estimated from the measured mass density. The random copolymers
with 80 - 85 wt% PEGA are considered to have a weak contrast with H>O. To obtain sufficient neutron
contrast for all samples and restrict the phase space for fitting, both H.O and DO will be used as the
solvent. 60 mins standing time will be allocated before each set of measurement (48 measurements
is divided into 7 sets). 30 and 60 mins acquisition time will be allocated for D.O and H>O solutions
respectively. The actual beamtime will be 0.5*24 + 1*24 + 1*7 = 43 hours. Therefore, it is expected
that 48 hrs will be required, including the preparation time for the experiment and samples

4. Reference: 1) J. Jennings, A. Xie et al. ACS Appl. Mater. Interface., 2022, 14, 24, 39548. 2) E. M.
Lee, J. Penfold et al. J. Phys. Chem., 1989, 93, 381
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4.1 Introduction

Polyelectrolytes are polymers containing charged groups along their backbones. Most linear
polyelectrolytes are soluble in aqueous media. These materials have been considered significant
in various fields, including water treatment, "> drug delivery,>* colloidal stabilisation,> battery
electrolytes,”® and biological processes.” ! Despite their broad applications, the understanding
of polyelectrolyte behaviour remains incomplete. The presence of charged groups confers
physicochemical properties that differ from those of neutral polymers.!"'> As a result, the
characterisation of aqueous polyelectrolyte solutions remains one of the most challenging

subjects in soft matter and biological systems.

Strong polyelectrolytes Zwitterionic polyelectrolytes
% o~ 0 ’eojj:)
S
o, ‘o
Na SO3 N\ (o] 0?:,0\/\(;]?\/
PSS PQDMA PMPC o

Weak polyelectrolytes

kjj’ + base ky + base

——
— —
+ acid é (o] OH + acid o 0@
N
/N\ ﬁ' ~
PDMA PAA

Figure 4.1: Representative chemical structures of polyelectrolytes exhibiting distinct charge
regulation mechanisms, including strong polyelectrolytes (anionic PSS and cationic PQDMA),
zwitterionic polyelectrolyte (PMPC), and weak polyelectrolytes (PDMA and PAA).

Polyelectrolytes can be classified as either strong or weak, depending on the protonation or ion-

isation characteristics of their charged groups (Figure 4.1).!:13 Strong polyelectrolytes possess
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ionic groups that remain charged over a wide pH range.!"'* For example, sodium polystyrene
sulfonate (PSS) contains sulfonate groups that are permanently negatively charged, independent
of pH. Similarly, poly([2-(methacryloyloxy)ethyl] trimethylammonium chloride) (PQDMA) is
classfied as a strong cationic polyelectrolyte bearing quaternary ammonium groups that retain
positive charges across all pH levels. Poly(2-methacryloyloxyethyl phosphorylcholine) (PMPC)
is zwitterionic, containing both quaternary ammonium and phosphate groups within the same
repeat unit. Although it belongs to the class of polyelectrolyte, the opposite charges result
in an overall neutral state.'>!6 In contrast, weak polyelectrolytes exhibit pH-dependent charge
densities due to the reversible protonation or ionisation of their functional groups.!"!3 Poly(2-
(dimethylamino)ethyl methacrylate) (PDMA) is protonated at its tertiary amine groups under
acidic conditions. Polyacrylic acid (PAA) acquires negative charges at high pH as a result of
the ionisation of the carboxylic acid groups.

The conformation of polyelectrolyte chains is determined by various complex interactions,

including electrostatic interactions,'* hydrogen bonding,!” polymer-solvent interactions,'® ex-

19221 and covalent chain connectivity.?? These interactions have substan-

cluded volume effects,
tial influence on the flexibility of polyelectrolyte chains, thereby affecting their physical and
biochemical properties. In general, charged polyelectrolyte backbones are observed to be less
flexible than their neutral analogues due to intra-chain electrostatic repulsion, which leads to
expanded chain conformations in dilute solution.!*?3 Electrostatic interactions are typically
dominant, and the strength of such interactions may be modulated by adjusting salt concen-
tration and pH. For example, the addition of salt is known to screen long-range electrostatic
repulsion, which results in chain contraction and decreased stiffness.?*2 In addition, pH affects
the charge density of weak polyelectrolytes, thereby affecting their chain conformation.?®

Understanding the structural characteristics of polyelectrolytes, particularly the relationship

between chain conformations, charge distribution, and ionic strength, remains a complex chal-

lenge. Extensive investigations have been carried out over several decades using experimental

27,28 29,30

methods, theoretical models, and computer simulations.?!*> Small-angle scattering
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(SAS) techniques (neutron, X-ray and light) are commonly employed to study polymer chain
conformation.?>~3> However, the relatively low X-ray scattering contrast of synthetic polyelec-
trolytes limits the image resolution obtained from SAXS xperiments.¢ Moreover, preparation of
near-monodisperse polyelectrolytes that are suitable for SAS experiments remains non-trivial.
Consequently, theoretical modelling has become an essential tool for investigating polyelec-
trolyte behaviour in solution.

The worm-like chain (WLC) model, also referred to as the Kratky-Porod model, is widely
used to describe the behaviour of semi-flexible polymers.3” This model includes two primary
parameters: the contour length L and the Kuhn length 5. The contour length defines the
fully extended length of the polymer chain, whereas the Kuhn length represents the distance
over which the tangent vectors remain directionally correlated, reflecting chain stiffness. The
WLC form factor P(g) can be fitted to SAS data to extract values for L, b, and the cross-
sectional radius . This model has been successfully applied to synthetic semi-flexible polymers,
including liquid crystalline and conjugated systems.*®#? It has been shown to predict chain
conformation and its response to stimuli, which is helpful in clarifying the relationship between
molecular structure and properties. Weakly charged polymers are expected to exhibit semi-
flexible behaviour due to electrostatically induced chain stiffening. Therefore, the WLC model is
considered suitable for describing polyelectrolytes. For example, Murnen et al. investigated the
conformations of synthetic polypeptide chains with various ionisable repeat units using small-
angle neutron scattering (SANS), and showed that the persistence length decreased progressively
with increasing salt concentration.*!

When applying the WLC model to polyelectrolytes, it is necessary to minimise strong in-
teractions between chain segments, such as hydrophobic interactions or strong electrostatic
repulsions. Such interactions can result in deviations between experimental data and theoreti-
cal predictions based on the WLC model. In addition, intermolecular electrostatic interactions
may introduce a structure factor contribution into SAS pattern, thereby complicating data anal-

ysis. Two important structural parameters that are not directly covered by the WLC model,



Chapter 4 153

namely the radius of gyration (R,) and the end-to-end distance (Ree).***3 The former can be
obtained experimentally by SAS, while the latter requires theoretical derivation or computer
simulation.** Recent studies have achieved notable progress in measuring R.. using double
electron-electron resonance (DEER) spectroscopy. These two parameters are essential for a
comprehensive description of polymer chain conformation and solution behaviour.*>

In WLC model, when the Kuhn length exceeds the contour length, semi-flexible chains adopt
rigid rod-like conformations. In this case, the end-to-end distance is approximately equal to
the copolymer contour length. This behaviour is typically observed for semi-flexible polymers
with relatively low molecular weights. For longer chains, more flexible coil conformations are

adopted with an intrinsic chain stiffness, resulting in the following Equation (4.1) that links

Re¢e and L using lp:46

I
R%, = 2L, [1 —Zp(l —e_L/lP)] 4.1)

where the square end-to-end distance R..” is equivalent to 6Rg2 for a Gaussian copolymer coil
when the chain length tends to infinity. Note that this express neglects excluded volume effects.
Although the physical properties of synthetic ionisable water-soluble copolymers have been
extensively examined in aqueous solution, the influence of charge on chain conformation
remains poorly understood. Furthermore, the combined use of scattering techniques, structural
analysis, and theoretical modelling to systematically investigate such systems has remained
limited. Pedersen et al. performed a series of Monte Carlo simulations to explore the properties
of worm-like chains, thereby providing a theoretical framework.?%47-49

In the present work, the effects of protonation, polymer concentration, salt concentration and
comonomer composition on the conformation of cationic amphiphilic copolymers in aqueous
solution were systematically investigated. A series of methacrylic statistical copolymers was
synthesised via RAFT polymerisation to yield well-defined architectures spanning a controlled

range of comonomer ratios with narrow MWDs. SAXS measurements were performed in

dilute aqueous solution to assess how electrostatic repulsion modulates chain expansion at
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varying degrees of protonation. Uncharged copolymer coils were analysed using worm-like
chain (WLC) models to extract chain flexibility parameters, whereas data for charged chains
were interpreted using structure factor analyses based on mean spherical approximation (MSA)
or the polymer reference interaction site model (PRISM).’%2 To assess the generality of
these observations, an additional set of polydisperse analogues was synthesised via free radical
polymerisation (FRP).

For the controlled protonation series, the copolymer composition and degree of polymerisation
were held constant, ensuring that all observed conformational changes arose primarily from
variations in charge density induced by pH or salt concentration. The resulting modulation
of intrachain electrostatic repulsion enabled reversible tuning of chain stiffness. This well-
defined design provides an ideal platform for elucidating the mechanisms underlying flexibility
changes in statistical copolymers and for assessing the suitability of the WLC framework for
determining chain flexibility parameters such as the Kuhn length, 4. In contrast to DSC,
which measures global thermal transitions such as the glass transition temperature (7,), Tg
only reflects chain flexibility at a macroscopic level.>>>* It does not offer the spatial resolution
needed to distinguish whether changes arise from the backbone or the side chains. As a result,
T,is sometimes unreliable indicator of molecular level flexibility in statistical copolymers. By
comparison, the Kuhn length extracted from WLC analysis offers a direct, molecular scale
descriptor of chain stiffness. On the basis of experimentally confirming that the WLC model
is applicable to statistical copolymers, this study then investigates how the Kuhn length can
be used to characterise chain flexibility in such systems. These measurements allow a more
detailed understanding of copolymer conformational behaviour in aqueous solution and thereby
inform the rational design of statistical copolymer surfactants. Furthermore, the intrinsic
polyelectrolyte character of this model copolymer enables parallel evaluation of the applicability

of the WLC model to polyelectrolyte systems.
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4.2 Experimental

4.2.1 Materials

2-(Dimethylamino)ethyl methacrylate (DMA, 98%) and poly(ethylene glycol) methyl ether
methacrylate (PEGMA, avg. M, = 300 g-mol~") were purchased from Sigma-Aldrich (Gilling-
ham, UK) and filtered through basic aluminium oxide (Al,O3) to remove the inhibitor prior to
use. Azobisisobutyronitrile (AIBN) was purchased from Molekula (UK) and used as received.
2-Cyano-2-propyl benzodithioate (CPDB, 97%), iodomethane (99%), n-hexane (> 99%), di-
ethyl ether (> 99.8%) hydrochloric acid solution (0.1 M), sodium hydroxide solution (0.1 M),
potassium chloride, sodium nitrate and sodium azide were purchased from Sigma-Aldrich (UK)
and used as received. Ethanol (> 99.8%) and sodium hydrogen carbonate were purchased from
Fisher Scientific (Loughborough, UK) and used as received. HPLC-grade dimethylformamide
(DMF) and technical grade triethylamine (TEA) were purchased from VWR Chemicals (Lutter-
worth, UK). Deionised water was obtained using an Elga PURELAB Option water purification

system.

4.2.2 Synthesis and Reaction Protocols

The quantities of reagents used in the synthesis of the copolymers are summarised in Ap-

pendix 4.5.1.

Synthesis of P(DMA-stat-PEGMA) Statistical Copolymer by RAFT Copolymerisation in

Ethanol

The following procedure is representative. Stock solutions of AIBN, CPDB, PEGMA and
DMA were first prepared at accurately known concentrations. The required volumes of each

stock solution were then transferred into a 28 mL glass vial using micropipettes to obtain
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copolymer feeds with [DMA]/[PEGMA] molar ratios of 0.11 (1:9), 0.25 (2:8), 0.43 (3:7) and
0.67 (4:6), respectively, while targeting an overall copolymer DP of 250. The precise masses of
the corresponding reagents for each formulation are provided in Appendix 4.5.1. Ethanol was
added to the mixture to make up a 20% w/w solution. The solution was vortex-mixed for 30 s
to produce a homogeneous mixture and then sealed using a rubber septum after the addition of
a magnetic stir bar. The solution was degassed with the aid of an ice bath using a stream of
nitrogen gas for 30 min and then immersed in an oil bath set at 70 °C with continuous stirring
under nitrogen for 3 h. The copolymerisation was quenched by exposing the reaction mixture
to air while cooling to 20 °C. The crude copolymer was purified by precipitation from ethanol
into excess cold n-hexane three times to remove any unreacted comonomer and residual initiator
before being dried under vacuum at 40 °C overnight. The overall comonomer conversion and
composition were determined by "H NMR spectroscopy. Molecular weight data were obtained

by DMF GPC and online MALLS analysis in aqueous solution.

Synthesis of P(DMA-stat-PEGMA) Statistical Copolymer by Free Radical Copolymerisa-
tion in Ethanol

The following example is representative. AIBN initiator (13.6 mg, 0.0828 mmol) was weighed
into a 250 mL round-bottom flask, followed by PEGMA (12.0000 g, 40.0 mmol) and DMA
(1.5721 g, 10.0 mmol) to give a [DMA]/[PEGMA] molar ratio of 0.25 (i.e. 1:4). Ethanol (136.0
g) was added to the mixture to make up a 10% w/w solution. After the adding a magnetic stir
bar, the solution was sealed using a rubber septum. The solution was degassed in an ice bath
using a stream of nitrogen gas for 1 h and then immersed in an oil bath set at 70 °C and stirred
continuously under nitrogen for 24 h. The crude copolymer was dried at 40 °C under vacuum
overnight. The overall comonomer conversion and composition were determined by '"H NMR
spectroscopy. Molecular weight data were obtained by DMF GPC and online MALLS analysis

in aqueous solution.
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Quaternisation of P(DMA-stat-PEGMA) Statistical Copolymer

P(DMA-stat-PEGMA) statistical copolymer (0.5000 g) was weighed into a 14 mL glass vial,
followed by methanol (2.0 g) to make up a 20% w/w solution. Iodomethane (24 pL) was then
added to this copolymer solution, which was stirred at 50 °C in air for 24 h. The product was

washed twice with diethyl ether and then dried under vacuum overnight at 40 °C.

4.2.3 Characterisation Methods

Acid-Base Titration

Acid-base titration was performed manually using an M114-SC pH probe supplied by Malvern
Instruments (Malvern, UK). A 5.0 mL aliquot of 1.0% w/v aqueous copolymer solution was
placed in a 14 mL glass vial and stirred with a magnetic stir bar. A standard solution of 0.1 M
HCI or NaOH was added dropwise in 20 pL increments to the solution. The total volume of
added solution and the corresponding solution pH were recorded over the range from the initial

pH to pH 2 and pH 11, respectively.

'"H NMR spectroscopy
"H NMR spectra were recorded in CDCl5 at 25 °C using Bruker Avance 400 MHz spectrometer

with 64 scans averaged per spectrum.

Gel Permeation Chromatography (GPC) with DMF Eluent

Molecular weight data were obtained using an Agilent 1260 Infinity GPC system, which included
a pump, degasser, and two PL-gel 5Spm Mixed-C columns connected in series, equipped with
both UV and refractive index detectors. HPLC-grade DMF containing 0.02% w/w LiBr was
used as the eluent. The column and detector temperatures were set to 60 °C, and the flow
rate was 1.0 mL-min~'. Near-monodisperse poly(methyl methacrylate) standards ranging from
370 to 2,520,000 g-mol~'were employed for calibration, with data analysed using Agilent

Technologies GPC/SEC software.
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Gel Permeation Chromatography - Multi-Angle Laser Light Scattering (GPC-MALLS)
with Aqueous Eluent

A DAWN HELEOS II multi-angle laser light scattering instrument (Wyatt Technology Corp.,
USA) was used to determine absolute weight-average molecular weights (M, abs) and radii of
gyration (Rg). The system featured a 130 mW linearly polarised gallium arsenide laser (4
= 658 nm) and 18 detectors positioned at fixed angles from 22.5° to 147°. The instrument
was operated in online mode and connected in series to an Agilent 1260 Infinity GPC system,
which included a pump, a degasser, two PL-Aquagel Mixed-H columns, and an Optilab T-rEX
differential refractometer (Wyatt Technology Corp., USA) serving as a concentration detector.
The eluent was an aqueous solution containing 0.10 M NaNOs, 0.02 M TEA, and 0.05 M
NaHCO3 at pH 10. The column and detector temperatures were maintained at 35 °C, with a
flow rate of 0.5 mL-min~!. MALLS normalisation coefficients and the delay volume between
the light scattering and refractive index detectors were determined using a near-monodisperse
poly(ethylene glycol) standard (M, = 6,000 g-mol~') dissolved in the same aqueous eluent.
Polymer samples were dissolved in this eluent at a relatively high concentration (~ 10 g-dm~>)
and injected using an autosampler. Data were analysed using Astra 7 (Wyatt Technology Corp.,

USA) software according to the Zimm formalism (4.2):»

K*c : 1
Ro  MyPy

+2As¢ (4.2)

where K™ is the specific optical constant for the instrument, wavelength, copolymer sample and
solvent; c¢ is the copolymer concentration; Ry is the Rayleigh ratio corresponding to the ratio
of scattered light intensity to the incident light; A, is the second virial coefficient (which is

negligible when ¢ — 0 in dilute solution); and Py is the form factor.

Differential Refractive Index (dRI)
Refractive index increments (dn/dc) for various copolymers dissolved in the aqueous GPC

eluent were determined using an Optilab T-rEX differential refractometer (Wyatt Technology
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Corp., USA) operated in batch mode. A series of dilute copolymer solutions with concentrations
ranging from 0.5 to 5.0 g-dm~3were injected sequentially, starting from the lowest concentration,
using a syringe pump at the same flow rate employed in the online mode experiments. The
dn/dc values were obtained from the slope of a linear calibration plot of refractive index versus
copolymer concentration. These dn/dc data were subsequently used to calculate copolymer

concentrations in the online mode measurements.

Small-Angle X-Ray Scattering (SAXS)

SAXS patterns were recorded using a Xeuss 2.0 laboratory SAXS instrument (Xenocs, Greno-
ble, France) and at an international synchrotron facility (I22 station, Diamond Light Source,
Oxfordshire).”® The former instrument was equipped with an Excillum liquid gallium Met-
alJet X-Ray source (1 = 1.34 A) (Krista, Sweden) and a 2D Pilatus 1M pixel detector from
Dectris (Baden-Daettwil, Switzerland). Samples were analysed using a sealed flow-through
borosilicate glass capillary of approximately 2 mm diameter from Capillary Tube Supplies Ltd
(Cornwall, UK). Patterns were recorded at a camera length of 1.2 m, which corresponds to a
scattering vector range of 0.01 - 0.30 A~!. The resulting 2D X-Ray scattering patterns collected
from Xeuss 2.0 were masked and reduced to 1D curves using XSACT software provided by
Xenocs. For the synchrotron experiments performed at Diamond, background subtraction and
data re-binning were performed using SAXSutilities2 software (version 1.255). Further fitting
and modelling were carried out using either SASView (version 6.0.0)>7 or WLSQSAXS Least
Squares Nonlinear Fit SuperSAXS Programs (Version May 2019) developed by Pedersen and

Oliveira.’® Deionised water was used for the absolute intensity calibration of all SAXS patterns.

Dynamic Light Scattering (DLS)

Measurements were conducted using a Malvern Zetasizer NanoZS instrument fitted with a 4
mW He-Ne laser (1 = 633 nm) and an avalanche photodiode detector. The instrument was
set to automatically determine both the measurement duration and optical attenuation. Each

copolymer was diluted to 1.0% w/w using deionised water and subsequently passed through
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a 0.20 pm filter. An aqueous solution of 0.1 M HCl was added to the solution to adjust the
solution pH and thereby control the degree of protonation of the pendent tertiary amine groups
on the copolymer chains. Backscattered light was detected at 173° and all measurements were
conducted at 25°C using a 10 mm path length quartz cuvette. Zetasizer software (Version
7.11, Malvern Instruments Ltd.) was used to calculate the hydrodynamic diameter (Dy) using
the Stokes-Einstein equation, which assumes perfectly monodisperse, non-interacting spherical

particles.”®

Phase-Analysis Light scattering (PALS)

Electrophoretic mobilities were determined by PALS measurements using a Malvern ZetaSizer
Nano ZS with a universal dip cell electrode at 25°C. Measurements were performed at a
copolymer concentration of 1.0% w/w concentration and five runs comprising between 50 and
200 measurements each, depending on the scattered light intensity. Data were analysed using

Zetasizer software (Version 7.11, Malvern Instruments Ltd.)

Transmission Electron Microscopy (TEM)

Aqueous dispersions of statistical copolymer nanoparticles were diluted to 1.0% by weight.
Copper-palladium TEM grids were surface-coated with a thin carbon film before being plasma
glow-discharged for 30 seconds to produce a hydrophilic surface. An 11 nldroplet of a dilute
aqueous nanoparticle dispersion was deposited onto the surface of each TEM grid for 3 minutes
before blotting with filter paper to remove excess liquid. An 11 pLdroplet of a 0.75% w/v
aqueous uranyl formate solution was then applied as a negative stain for 25 s prior to careful
blotting and drying using a vacuum hose. Imaging was performed at 80 kV using a FEI Tecnai

G2 spirit instrument equipped with a Gatan 1k CCD camera.
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4.3 Results and Discussion

4.3.1 Synthesis and Characterisation

S>£N
S

stat
CPDB j:
OJJ\% . oJ\f 0N 0%

CH, CH, Ethanol, AIBN
N,, 70 °C

Scheme 4.1: Synthesis of P(DMA-stat-PEGMA) statistical copolymers by RAFT copolymeri-
sation in ethanol, using CPDB as the RAFT agent and AIBN as the initiator to produce a series
of water-soluble copolymers with tuneable degrees of protonation.

A series of P(DMA-stat-PEGMA) copolymers with different comonomer compositions and
molecular weights were synthesised in ethanol by RAFT copolymerisation (Scheme 4.1). CPDB
was used as the chain transfer agent and AIBN was used as the initiator. The [CPDB]/[AIBN]
molar ratio was maintained at 4.0 in all copolymerisations to achieve efficient chain transfer.®
RAFT polymerisation enabled the synthesis of copolymers with narrow molecular weight

distributions and precisely controlled target molecular weights.50-62

The resulting copolymers
were purified by precipitation into n-hexane to remove unreacted comonomers and were dried
under vacuum at 40 °C. The residual comonomer content was less than 0.5% in all cases as
determined by '"H NMR spectroscopy. The final copolymers were viscous pink liquids, with
the colour resulting from the dithiobenzoate chain-ends. GPC analysis (DMF eluent) indicated
relatively narrow molecular weight distributions, with copolymer dispersities ranging from 1.26
to 1.35. All copolymers had absolute weight-average molecular weights (My, 4s) between 20

and 45 kDa, as determined using a MALLS coupled with a differential refractometer (Table

4.1).
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Table 4.1: Summary of comonomer conversions, compositions, and molecular weights
for two series of P(DMA-stat-PEGMA) statistical copolymers.

"H NMR? DMF GPC®  Aqueous MALLS®

Sample ID DMA . My, My, abs dn/dc

/ mol% Conversion - DP / g-mol~! b / g'mol™! /mL-g~!
PD9010:150 10 63% 158 | 37,300 1.35 | 44,000 0.1235
PD8020:150 21 57% 143 | 34,100 1.35| 41,300 0.1266
PD7030:150 29 59% 148 | 34,300 1.34 | 37,800 0.1294
PD6040:150 38 61% 153 | 31,800 1.33 | 36,900 0.1330
PD9010:75 11 60% 75 21,500 1.27 | 24,300
PD8020:75 20 61% 76 | 20,000 1.26 | 22,600 N/A
PD7030:75 30 64% 80 19,500 1.27 | 21,400
PD6040:75 42 62% 78 18,800  1.27 | 19,600
& Copolymer composition, conversion and DP were determined by 'H NMR spec-

troscopy in CDCl3.

b Weight-average molecular weights (M) and dispersities (P) obtained by GPC anal-
ysis in DMF containing 0.02% w/w LiBr.

¢ Absolute weight-average molecular weights (M, abs) and refractive index increment
(dn/dc) values determined by MALLS and dRI analysis using aqueous eluent (pH
10) comprising 0.10 M NaNOs3, 0.02 M TEA, 0.05 M NaHCOs;, and 0.02% w/w
NaN3.

4.3.2 Kinetics and Randomness Evaluation

The distribution of comonomers strongly affects the structure and properties of copolymers.>?

Statistical control during copolymerisation allows the preparation of random copolymers, al-
though perfectly random sequences are uncommon. In practice, sequences enriched in one
comonomer often tend to arise. The reactivity ratios of the comonomers can be used to predict
deviations in the copolymer composition from the initial monomer feed ratio.

DMA and PEGMA comonomers were added at molar feed ratios of 10:90, 20:80, 30:70 and
40:60 (Table 4.1.) '"H NMR analysis of the final copolymers suggested that the DMA content
approximated the feed ratio. However, the mean copolymer composition does not reveal
the comonomer distribution along the copolymer chains. This was assessed by monitoring
the individual monomer conversion kinetics during RAFT copolymerisation using '"H NMR

spectroscopy (see Figure 4.2).
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Figure 4.2: (a) Comonomer conversion as a function of time for the RAFT copolymerisation
of DMA with PEGMA (target DP = 250; target DMA content = 20 mol%) conducted at 70 °C,
as determined by '"H NMR spectroscopy. (b) Pseudo-first order kinetic plots.

In the kinetics experiment, the comonomer feed ratio was [DMA]:[PEGMA] = 0.25 (i.e 1:4).
The reaction mixture was periodically sampled to monitor the copolymerisation kinetics using
'"H NMR spectroscopy and DMF GPC. The resulting comonomer conversion versus time
plot indicated similar conversion profiles for both comonomers, with the instantaneous DMA
conversion being slightly higher than that of PEGMA (see Figure 4.2a). Comparable initial
polymerisation rates were observed: kobs, pMa = 0.0076 s7! and kobs, PEGMA = 0.0067 sL.
After 200 min, both rates decreased to kops, pMa = 0.0033 s7! and kops, prgma = 0.0021 s7!
(see Figure 4.2b). These data indicate that under the applied conditions, DMA was consumed
faster than PEGMA, consistent with previous reports.®3%4

Targeting higher comonomer conversions resulted in broader molecular weight distributions and
increased dispersities, as determined by DMF GPC analysis (Figure 4.3). In the GPC trace of
the product obtained after 20 h of reaction, the molecular weight of the peak (M,,) corresponding
to the shoulder (22,700 g-mol~') was slightly less than twice that of the main peak (40,500
g-mol~!). This observation was attributed to premature termination via combination and chain

transfer to polymer.® Relatively low dispersities were maintained by limiting reaction times to a

maximum of 4 h. Low dispersities were desirable for precise measurement of the R, by SAXS.
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Hence, all RAFT copolymerisations were quenched after 4 h to obtain relatively well-defined

copolymers (Table 4.1).

M, = 22,700 ——

——3h
—4h M, = 15,300
M, = 20,300 =197
D =137
2h
M, =40,500 <, M, = 11,700
p=1.23
7= 23,600 th
n =23 M, =7,300
b=1.65 D =122

11 12 13 14 15 16 17
Retention time / min

Figure 4.3: DMF GPC traces obtained during the RAFT copolymerisation of DMA with
PEGMA, showing the evolution of M, and D overtime (target DP = 250; target DMA content
=20 mol%) conducted at 70 °C.

The comonomer reactivity ratios for DMA and PEGMA (r1 pma and 2 pegma ) were determined.

Several methods have been developed for such analyses, including linear methods (Fineman-

7
)66,6 ).68,69

Ross and Kelen-Tiidos and a non-linear method (Mayo-Lewis and Meyer-Lowry
These methods are typically based on copolymer composition data at relatively low comonomer
conversions (i.e. below 25%). However, the extended Kelen-Tiidos method allows determina-
tion of reactivity ratios at overall conversions of up to 85%.5%70 Figure 4.4 presents the plot
generated using the extended Kelen-Tiidos method. A linear dependence of 7 on & was observed,
with a correlation coefficient (R?) of 0.9913, where n and ¢ are dimensionless normalisation
parameters defined within the method (see Table 4.2). Reactivity ratios were obtained by lin-

ear regression: r1pma = 0.88 and raprgma = 0.83. Given that r1 pma > r2.PEGMA, slightly

preferential incorporation of DMA is expected at the early stages of polymerisation. However,
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this mild preference is gradually offset at higher comonomer conversions due to the faster
consumption of DMA in the reaction mixture. This minor reactivity difference is insufficient to
promote block formation, and the resulting P(DMA-stat-PEGMA) copolymers are consistent

with a near random distribution.
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Figure 4.4: Corresponding comonomer reactivity ratio plot (& = 0.61), calculated using the
Kelen-Tiidos method. « is the normalisation factor as calculated in Table 4.2 The reactivity
ratios were r1 pma = 0.88 and 2 pegma = 0.83, indicating comparable reactivity between the
two comonomers.

In the reactivity ratio calculation using the extended Kelen-Tiidos method, it is assumed that
the reactivity of a growing chain in RAFT copolymerisation depends on the growing chain end

only.”® The monomer consumption rates of two comonomers are therefore given by:

Monomer 1: — d[ZIl] = ki [M1][M1] + ko1 [Ma] [M] (4.3)
M
Monomer 2: - d[d;] = ko [Ma][M3] + k12[M][M:] 4.4)

where [M,] is the concentration of the monomer and k., is the propagation rate constant of
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monomer ‘b’ being polymerised onto the growing polymer chain with ‘a’ as the active chain

end.

[M] and d[M;]

. . d
When the instantaneous reaction rates 7 T

approach zero, the reaction ratio is given

by:

d{M] _ [Mi] « ri[Mi] + [M>]

dlMs] ~ o] " TMy] + o] (*)

where r| = % and rp = ’;—i, respectively.

When r; > 1, monomer M| preferentially reacts with itself. When r; < 1, M exhibits a greater

tendency to react with M;. If r; X rp, = 1, the resulting copolymer is expected to exhibit an

ideally random distribution of comonomer units.

To simplify Equation (4.5), let x = 1M1 ] (monomer feed ratio), y = d|My] (copolymer composi-
PHIy £q [M] dM,] \COPOLY p
tion), and z = % Thus, Equation (4.5) may be rewritten as y = x X z.

Considering the differences in monomer consumption rates and the changes in their initial
and instantaneous concentrations, a correlation between z and monomer conversion can be

established:

_ni[Mi] + [Ma]  log(l—-{1)

7= = (4.6)
[Mi] +r2[M2]  log(l - {2)
where (| and {; represent the molar conversion of M| and M,, respectively.
The differential Equation (4.5) can be linearised using the Kelen-Tiidos method:”°
) ra
n=(n+2)e-2 4.7)
@ o’
where n = % and ¢ = %
In the above Equation (4.7), F and G are concentration-related parameters:
( M) )2 )
M
Fo B XY (4.8)
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[Mi]

o) (diMi] ) y-1

= ann (d[Mz] 1)‘ : (*2)
d[M-]

Parameter @, which is used to normalise all the experimental data from O to 1, is calculated by:

@ = Fax * Fiin (4.10)

where the two F values correspond to the highest and lowest values calculated from the above
expression. An example calculation based on experimental data obtained during the synthesis
of four representative P(DMA-stat-PEGMA) copolymers is summarised on the following page

(Table 4.2):
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4.3.3 pH-responsive Behaviour in Aqueous Solution

(a) (b)
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Figure 4.5: (a) Acid-base titration curve recorded for a 1.0% w/v aqueous solution of the
PD8020:150 statistical copolymer. (b) Same titration data plotted against the mean degree of
protonation, «.

The pH-responsive behaviour of these copolymers and their corresponding chain conformations
were systematically investigated as a function of solution pH using acid titration, DLS, and
zeta potential measurements. Acid titrations were conducted on aqueous copolymer solutions
prepared using deionised water to examine the correlation between net acid addition, mean
degree of protonation and solution pH. As described previously, the copolymer was dissolved
in deionised water at 1.0% w/v, and the resulting solution was divided into two portions.
These were titrated to pH 2 and pH 11 using 0.1 M HCI and KOH, respectively. Figure 4.5a
presents the titration curves, where the x-axis represents the net amount of added HCI (negative
values correspond to added KOH). A discernible buffer region was observed, indicating that the
copolymer behaves as a weak base and is partially protonated within a specific pH range. At pH
9, the copolymer was fully deprotonated. Due to the presence of hydrophilic PEG units, these
neutral chains remained water-soluble. At pH 4.5, the DMA repeat units were fully protonated.
Figure 4.5b displays the same titration curve as in Figure 4.5a, with the x-axis replaced by the

mean degree of protonation (a) of the DMA units. The pK, of the copolymer was determined
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to be between 6.9 and 7.0, which is slightly lower than that of PDMA homopolymer (pK, =
7.6).7!

DLS and TEM are commonly used techniques for the characterisation of nanoparticles. The
former provides the hydrodynamic diameter (Dy) under the assumption that particles behave
as perfectly non-interacting spheres.”® TEM provides direct imaging but often suffers from
limited statistical relevance and may not reflect the overall particle size distribution.”? Scattering
techniques can be employed to investigate the nanoscale structure of polyelectrolyte chains.
The resolution limit of MALLS (a.k.a. SLS), is normally considered to be 10 nm,”? whereas
the shorter wavelengths used in SAXS allow for the characterisation of smaller particles.
Accordingly, copolymers were characterised using DLS, TEM, SAXS, and MALLS.

It is well established that weak polyelectrolytes tend to adopt more extended conformations in
solution than their neutral forms, due to electrostatic repulsion between charged segments.!*?3

Based on this principle, we predicted that increasing the degree of protonation would lead to

an expansion of the model copolymer coils.

(a) (b)
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Figure 4.6: (a) Particle size distributions obtained by DLS at various acid addition conditions
and (b) zeta potential as a function of pH for the PD8020:150 copolymer in aqueous solution
(0.5% wiw).

Contrary to this expectation, DLS results showed a decrease in Dy, with increasing acid concen-

tration. Upon full protonation of the DMA units, further acid addition led to a slight increase
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in size (Figure 4.6a). To investigate this unexpected trend, zeta potential data were examined.
At approximately pH 8, the zeta potential approached zero (Figure 4.6b), indicating that the
copolymers were nearly neutral under these conditions, which corresponded to the maximum
Dy. This observation implies that neutral chains may form loose aggregates, which is a phe-
nomenon well known for hydrophilic or amphiphilic copolymers in aqueous solutions.”* As
protonation progressed, increasing electrostatic repulsion likely disrupted these aggregates, re-
sulting in smaller, fully solvated individual chains.”> Although intrachain repulsion contributes
to conformational expansion, the associated change in size was relatively minor compared to
the reduction caused by aggregate dissociation. Therefore, the observed decrease in Dy, is more
plausibly attributed to the disassembly of neutral aggregates rather than coil expansion.

It should also be noted that DLS has inherent limitations in resolution and relies on simplified
models, which limit its accuracy to non-spherical particles.’® In addition, the motion of charged
particles in solution is highly sensitive to ionic strength, which further complicates the mea-
surements.”’ Consequently interpreting the solution behaviour of weak polyelectrolytes based
solely on DLS data can be misleading. Complementary techniques, including zeta-potential,

TEM and SAXS are essential for more reliable analysis.

@ I

Figure 4.7: TEM images recorded for dilute aqueous solutions of (a) neutral and (b) protonated
PD8020:150 copolymer chains.
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TEM images revealed a clear morphological difference between neutral and protonated
PD8020:150 copolymer chains. Under neutral conditions, larger and less defined dried ag-
gregates were observed (Figure 4.7a), whereas the protonated copolymers formed smaller
worm-like structures, potentially corresponding to individual chains or small agglomerates
(Figure 4.7b). To further investigate the chain conformation, SAXS analysis was subsequently

conducted in the following section.

4.3.4 SAXS Analysis

SAXS experiments were performed on dilute aqueous copolymer solutions to obtain a deeper
understanding of the effect of varying the solution pH. The impact of cationic charge on chain
extensibility and flexibility was assessed by comparing the scattering patterns recorded at
various copolymer concentrations, salt concentrations and solution pH. Structural parameters
were extracted using the worm-like chain-polymer reference interaction site model (WLC-
PRISM).”87®

The copolymer was first dissolved in deionised water at a relatively high concentration of 5.0%
w/w. A 0.1 M HCI solution was then added to protonate the DMA units, resulting in positively
charged copolymer chains. The [DMA]/[HCI] molar ratio was varied from 0.1 to 2.0. The
correlation between acid addition and the degree of protonation was examined by acid titration,
as discussed in the previous section. The resulting solution was diluted with deionised water
to prepare copolymer solutions at concentrations ranging from 1.5% to 0.1% w/w. For salt-
containing samples, aqueous solutions of HCl and KCI were prepared at volume ratios of 2:1
and 1:1 to obtain solutions with two distinct [HCI1]/[KCI] molar ratios. These solutions were
added to the copolymer to both protonate the DMA units and introduce background salt. The
presence of salt was expected to screen electrostatic interactions.®® This preparation protocol

was used for all SAXS samples.
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Table 4.3: Summary of sample environments used in all SAXS experiments.

Concentration Acid addition Salt addition

Sample ID / wiw %o [HCI//[DMA] [KCI//[DMA]
0.00
0.25
0.50
PD8020:150 1.0 075 0.0
1.00
2.00
0.0
PD8020:150 1.0 1.00 1.0
2.0
15
1.2
1.0
PD8020:150 0.8 1.00 0.0
0.6
0.4
0.2
0.20
0.40
0.50
PD6040:150 1.0 0e0 0.0
0.80
1.00
Model Selection

As shown in Figure 4.8, the SAXS patterns recorded for 1.0% w/w aqueous solutions of
PD8020:150 in either acidic medium ([HCI]/[DMA] = 1.0) or deionised water exhibit significant
differences. The pattern obtained for the neutral copolymer in water is consistent with that
expected for semi-flexible random coils in dilute solution. In the Guinier regime, the R, was
approximately 51 A, as estimated from a Gaussian flexible chain model.?! For polymer chains
lacking a well-defined surface, the scattering intensity 1(g) follows a power-law decay in the
intermediate ¢ region (also referred to as the scaling region), where I(g) ~ g~7.*> The fitted
power-law exponent of p = 2.2 is characteristic of a self-avoiding chain in a slightly poor,
82-84

near-theta solvent, indicating a contracted coil conformation.

Under acidic conditions ([HCI]/[DMA] = 1.0), the SAXS pattern shows a strong structure
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Figure 4.8: Synchrotron SAXS patterns recorded for 1.0% w/w aqueous solutions of
PD8020:150 in its neutral (red symbols) and charged (blue symbols) states. The red data
set obtained for the neutral copolymer was fitted using three models: Gaussian chain model
(dashed orange line), self-avoiding flexible chain model (dotted green line), and a WLC model
(solid black line). While all three models describe the low g region reasonably well, which
take a finite cross section into account, provides a satisfactory fit across the entire g range. The
charged copolymer (blue symbols) was fitted using the WLC model combined with structure
factor corrections derived from PRISM theory (black line) and the MSA repulsive structure
factor (orange dashed line), with both accounting quite well for interchain electrostatic interac-
tions.

I(q) / cm™

factor peak at low ¢, indicating significant interchain interactions.** As a result, the particle size
cannot be simply estimated using the Guinier approximation, which makes the analysis more
complicated. Accordingly, various scattering models were applied to fit the SAXS pattern.
These were (i) Gaussian flexible chains, (ii) self-avoiding flexible chains, (iii) wormlike chain
(WLC), (iv) WLC with repulsive structure factor in MSA, and (v) WLC with a structure factor
PRISM expression. (Appendix 4.5.4)

For neutral copolymer coils, models (i), (ii) and (iii) each provided satisfactory fits to the
SAXS data in the low-g region. The Gaussian chain model, neglects both local stiffness and

electrostatic interactions.?! Although the inclusion of excluded volume effects improves the fit,3
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it still fails to account for the finite cross section size of the chains. This limitation explains
the poor agreement observed in the high-¢g regime (0.2 < ¢ < 0.4 A~1), which is influenced
by the finite cylindrical cross-section of the chains. Due to the methacrylic backbone, these
copolymers possess restricted flexibility and exhibit rod-like character at short length scales.
Therefore, the chains are more accurately described as flexible cylinders, and their scattering
profiles are best fitted using the WLC model that allows inclusion of the finite cross section,
Equation (4.17).3747 This approach yielded a satisfactory fit to the SAXS pattern for the neutral
copolymer. The contour length of the PD8020:150 copolymer in deionised water was fitted as
378 A, which is consistent with the mean degree of polymerisation (DP = 143) determined by
"H NMR spectroscopy, assuming a projection length of 2.5 A per repeat unit. The fitted r was
10.2 A, and the b was estimated as 35.1 A. The absolute dispersity By, was calculated using
the M, from NMR and the weight-average molecular weight M, from MALLS, giving Dps =
1.1 (see Appendix 4.5.5). For comparison, GPC analysis in DMF gave a higher value of D =
1.3. The former value was used in model fitting via the Schulz-Zimm distribution, as described
in Equation (4.34).53-86.87

For semi-flexible polymers with comparable contour length to Kuhn length ratios, the Ry was
calculated as 51.1 A using Equation (4.1). While the WLC model provides an overall satisfactory
fit to the SAXS pattern, it does not account for the low-g upturn. Casse et al. suggested that most
hydrophilic copolymers exist as isolated chains in dilute solution, although a small fraction may
form weak aggregates due to slight differences in hydrophilicity.”* On this basis, the increase
in scattering intensity observed in the low-g region is likely attributable to a minor population
of copolymer aggregates.

For charged copolymer chains, a appropriate structure factor must be introduced to account
for the electrostatic interactions. Commonly used approaches for modelling such charged

particles include the Hyper-Netted Chain (HNC),%-%° Rogers-Young closure (RY),”® mean

2 78,7
)5 ).50, 8,79

spherical approximation (MSA)’~ and polymer reference interaction site model (PRISM

However, HNC and RY only provide numerical solutions, and their physical meaning has not
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been rigorously verified. The MSA model is widely used for the analysis of charged particles.
Nevertheless, this model has various theoretical limitations: it neglects the connectivity of
polymer segments, and fails to capture the spatial inhomogeneity of the charge distribution,
assuming that the particles are rigid spheres of uniform diameter. Thus, although MSA may
be an appropriate simplified model for preliminary evaluation, it is not well-suited for the
analysis of (semi-)flexible coils or non-spherical particles.>? In contrast, the PRISM model can
systematically describe the topology, flexibility, and charge-regulated structural response of
copolymer chains by combining the inter-chain and intra-chain structural correlations, making
it particularly suitable for analysing charged random coils.”!

As shown in Figure 4.8, the quality of the data fit provided by the MSA model is similar
to that obtained with the PRISM model but the physical meaning of its parameters is far
less reliable. In summary, PRISM provides a more physically realistic scattering model for
analysing polyelectrolyte conformations in the current study. The contour length and cross-
sectional cylinder radius were determined from the data fit for the uncharged copolymer. The
contour length only depends on the mean degree of polymerisation and hence should remain
constant regardless of the solution pH or salt concentration. The cross-sectional cylinder
radius is related to the R, of the PEG side-group. To fit copolymer chains with differing
degrees of protonation, it is assumed that PEG is not affected by HCI or by the development
of charge on the DMA repeat units. The rationale for this assumption is discussed in Section
4.3.6. If this assumption is valid, then the cylinder radius must be independent of the degree
of protonation of the copolymer chains. To fit the charged copolymer chains, dimensional
parameters (contour length, cylinder radius and Kuhn length for neutral copolymer) obtained
for the neutral copolymer chains were used as initial input parameters to fit the structure factor
parameters related to the PRISM model, and subsequently fit the parameters related to chain
flexibility. For a [HC1]/[DMA] molar ratio of 1.0, the Kuhn length b was 39.4 A and the three
PRISM related parameters were v = 7 A, o =44 A and R. =51 A, respectively. The formal

definitions of these parameters can be found in Appendix 4.5.4.
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Degree of Protonation and Salt Screening
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Figure 4.9: Synchrotron SAXS patterns recorded for 1.0% w/w aqueous solutions of
PD8020:150 at various [HCI]/[DMA] molar ratios. All scattering data were fitted using the
WLC-PRISM model. For clarity, some curves are vertically shifted by arbitrary factors.

After identifying the appropriate scattering model and fitting strategy, the SAXS data obtained
for PD8020:150 at varying degrees of protonation were fitted to examine changes in the confor-
mation adopted by this copolymer in its neutral form, fully protonated state, and charge-screened
condition. Analysis of the variations in the Kuhn length and charge-related parameters revealed

the relationship between the mean degree of protonation and the chain flexibility. The SAXS



Chapter 4 178

patterns and corresponding fitting curves are shown in Figure 4.9 and the corresponding fitting
data are summarised in Table 4.4.

As shown in Figure 4.9, the SAXS patterns recorded for the copolymer at various pH differ
significantly. No obvious structure factor was observed for copolymer solutions in either
deionised water or in the presence of excess acid, indicating that electrostatic interactions
are either weak or negligible under such conditions. In deionised water, the near-neutral
copolymer chains experience minimal electrostatic repulsion, resulting in a relatively compact
conformation. In contrast, in acid solutions containing excess HCI, electrostatic repulsion
between fully protonated DMA repeat units is effectively screened by excess HCl owing to
the relatively high ionic strength. This attenuates the otherwise strong interaction, thereby
producing a relatively compact chain conformation. In addition, the neutral copolymer was
fitted by assuming that there was no electrostatic interaction between chains, i.e. interaction-
related parameter, v, was fixed to zero.

An additional layer of condensed counterions may surround the copolymer chains in the presence
of excess acid.”? The interaction is difficult to be fully captured by the WLC-PRISM model,
resulting in a relatively large fitting error. It is also worth noting that weak protonation of
the DMA repeat units in deionised water leads to its b being slightly larger than that of the
screened copolymer. Between the two boundary conditions mentioned above, the expected
polyelectrolyte behaviour was observed as the solution pH was gradually adjusted from neutral
to acidic. The effective Kuhn length of the copolymer chains increased with higher degrees of
protonation due to the resulting intra-chain electrostatic repulsion leads to significantly stiffer
chains.?3%4

Furthermore, three key parameters were extracted from fitting the structure factor: the strength
of direct interactions between charges at different spatial scales, v, interaction fuzziness o and
effective interaction distance R, as shown in Table 4.4. The v term gradually increases at higher
degrees of protonation, suggesting that electrostatic repulsion plays a major role for the change

in copolymer conformation. Although a 1:1 [HCI]/[DMA] ratio matches the stoichiometry for
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full protonation, DMA is nearly fully charged at slightly lower ratios. Additional HCI acts as
background salt and increases ionic strength. Furthermore, no consistent trend was observed
for the fuzziness and the effective interaction distance. This suggests that such parameters are
not only affected by the copolymer charge density, but also by changes in the copolymer chain

conformation, counterion condensation, and inhomogeneities in the copolymer composition.

Table 4.4: Summary of SAXS fitting results obtained for 1.0% w/w aqueous solutions of
PD8020:150 with varying [HCI]/[DMA] molar ratios. All scattering data were fitted using the
WLC-PRISM model. The copolymer contour length and cross-sectional cylinder radius were
fixed at 378 A and 10.2 A, respectively. The copolymer dispersity was fixed at 1.1. The b was
fitted from WLC form factor. The Ry was calculated using Equation (4.1) rather than fitted. v,
o and R, were fitted from the structure factor.

Form factor Structure factor
(HCLADMA] —77% R,/ A v o/ A R. /A
H,O 35.1+0.4 533 N/A N/A N/A
0.25 33.2+0.7 52.1 1.2+0.0 30.0+27 79.8+32
0.50 37.9+0.7 549 6.1+£03 46765 459+33.0
0.75 423+09 572 [10.1+£0.6 439+31 643+7.5
1.00 390.4+0.8 557 70+03 443+49 50.6+19.8
2.00 342+0.7 528 1.6+£0.1 265+28 545+5.6

A similar set of experiments was carried out on PD6040:150, which is a copolymer of com-
parable molecular weight with a higher DMA content. Comparable SAXS patterns and corre-
sponding fitting results were obtained for this copolymer (see Appendix 4.5.6).

The above WLC-PRISM analysis assumes that the cross-sectional cylinder radius of the flexible
copolymer chains remains consistent during protonation of its DMA repeat units. At around
neutral pH, this scattering model provides a satisfactory fit to the experimental SAXS patterns.
However, the SAXS patterns gradually deviate from the data fits in the high g range on addition of
HCI. This is presumably related to the condensed counterions associated with the increasingly
cationic chains, which increase the effective cylinder cross-sectional area and change the mean
electron density, thereby affecting the X-ray contrast. This additional structural feature was not

introduced to avoid over-parameterisation. A quantitative description of this additional layer of
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condensed counterions requires a more complex electric field-density coupling model.*>*¢ In
addition, contrast matching techniques using SANS with appropriate H,O/D,O mixtures could
provide further physical insights.”” However, such additional scattering experiments are beyond
the scope of the current study. Instead, the interaction between the PEG side chains and cations
was assessed to verify the consistency of the cylinder cross-sectional area (see Section 4.3.6).

Contraction of copolymer chains in the presence of excess HCI was observed. To investigate
the effect of ionic strength on copolymer conformation and electrostatic interactions, SAXS
experiments were performed at [KC1]/[HCI] molar ratios of 0.0, 1.0 and 2.0 while maintaining
a constant [HC1]/[DMA] molar ratio and copolymer concentration to ensure the same mean

degree of protonation. This strategy allows the effect of charge screening to be studied.

[KCIJ/[DMA]

0.01 0.1
q/ A"

Figure 4.10: Synchrotron SAXS patterns recorded for 1.0% w/w aqueous solutions of
PD8020:150 at varying salt concentrations and a fixed [HCI]/[DMA] molar ratio = 1.0. All
scattering data were fitted using the WLC-PRISM model. Salt concentrations are expressed in
terms of the [KCI]/[HCIl] molar ratio, as indicated for each curve. For clarity, some curves are
vertically shifted by arbitrary factors.
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Table 4.5: Summary of SAXS fitting results obtained for a 1.0% w/w aqueous solution of
PD8020:150 at varying salt concentrations and a fixed [HCI]/[DMA] molar ratio = 1.0. All
scattering data were fitted using the WLC-PRISM model. The copolymer contour length was
fixed at 378 A . The copolymer dispersity was fixed at 1.1. The b and r was fitted from the
WLC form factor. v, o and R, were fitted from the structure factor.

Form factor Structure factor
[KCI/IDMA] bl A rlA v ol A R./ A
0.0 309+1.2 95 [6.1+£03 444+33 551109
1.0 283+05 95 | 1.3+£03 N/A N/A
2.0 199+15 87 |02+6.1 N/A N/A

As shown in Figure 4.10, the structure factor gradually disappears at higher salt concentrations.
The reduction in the Kuhn length suggests a transition from a charge-dominated extended state
to a more compact copolymer conformation. The cylinder cross-sectional radius was treated as
a variable in the data fits to capture any changes caused by the anticipated layer of condensed
counterions. However, the complex charge interactions limited the fitting accuracy. Neverthe-
less, the Kuhn length and the structure factor parameter v both decreased with increasing salt
concentration, which was consistent with charge screening. These observations confirm that

the ionic strength effectively modulates interchain interactions (Table 4.5).

Concentration Effect

The copolymer concentration significantly affects the inter-chain and intra-chain interactions,
especially during the transition from dilute to semi-dilute regimes. This boundary is defined by
the critical overlap concentration, c*, above which the copolymer chains begin to interpenetrate

and interact with each other.”® The value of ¢* is given by:*6-%°

* MW
NAR}

c 4.11)

where My, is the weight-average molecular weight, N is Avogadro’s constant and R, is the
radius of gyration.

However, the applicability of this approach for the analysis of polyelectrolytes in aqueous
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solution is controversial: increasing the copolymer charge density introduces long-range elec-
trostatic repulsion, so cationic chains may exhibit inter-chain interactions at copolymer concen-
trations much lower than ¢* although the chains are not overlapping.'®

In this study, SAXS measurements were performed at seven copolymer concentrations (0.2, 0.4,
0.6,0.8, 1.0, 1.2 and 1.5% w/w) at a fixed degree of protonation. The copolymer concentration
was treated as the only variable to evaluate its effect on the chain configuration. As shown in
Figure 4.11a, the overall scattering intensity and the structure factor decreased both at lower
copolymer concentration. In particular, the weak structure factor was still observed even at

0.2% w/w, indicating electrostatic repulsion between neighbouring copolymer chains.
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Figure 4.11: (a) Synchrotron SAXS patterns recorded for aqueous solutions of PD8020:150
at various copolymer concentrations and a fixed [HC1]/[DMA] molar ratio = 1.0. Copolymer
concentrations are indicated in the Figure. Curves are presented without vertical shifting to
illustrate the effect of copolymer concentration and the corresponding shift in the structure
factor. (b) Copolymer concentration dependence of the structure factor peak position ¢*. The
dashed line represents a power law fit to the data, indicating that ¢* scales with concentration

as CO'3.

Inspecting Figure 4.11b, the structure factor peak position ¢" is clearly dependent on the
copolymer concentration. A plot of ¢* versus copolymer concentration, c, reveals a power-law
relationship with an exponent close to 0.3, as expected for a polyelectrolyte in dilute aqueous

solution below ¢*,%*1%0 in contrast to above ¢”, where the scaling changes to ¢%->.!%! Despite the



Chapter 4 183

presence of a structure factor, this suggests that the copolymer chains do not overlap or form
entanglements so any change in conformation is primarily governed by long-range electrostatic
repulsion.

To assess the effect of copolymer concentration on chain conformation and inter-chain
interactions, SAXS patterns were fitted using the WLC-PRISM model at a fixed degree of
protonation for the DMA repeat units. At lower copolymer concentration, the copolymer
chains expanded, as judged by the increase in Kuhn length, which indicates enhanced chain
stiffness. This is attributed to greater separation between isolated copolymer chains, rather than
any variation in their charge density. Given the relatively low X-ray scattering contrast between
the copolymer and water, the corresponding data fits should be interpreted with caution. A
summary of the fitting results is presented in Table 4.6. As the structure factor exhibits limited

sensitivity to changes in R in dilute solution, this number was fixed for diluted solutions

during fitting to minimise unnecessary variables.

Table 4.6: Summary of SAXS fitting results obtained for aqueous solutions of PD8020:150 at
a fixed [HCI])/[DMA] molar ratio = 1.0 and variable copolymer concentrations. All scattering
data were fitted using the WLC-PRISM model. The contour length was fixed to 378 A. The
copolymer dispersity was taken to be 1.1. The b and r were fitted from the WLC form factor.
The v, o and R. were calculated from the structure factor.

Conc. Form factor Structure factor
/ %o wiw blA rl A v ol A R./ A
1.5 23.4+12 86 |55+03 383+22 545+6.7
1.2 253+12 89 |[59+03 41.8+24 592+6.7
1.0 291+1.2 94 |58+03 434+33 60.2+94
0.8 300£1.5 97 |58+£02 524+0.7 10.0 (fixed)
0.6 199+09 9.0 |54+05 658+1.9 10.0 (fixed)
0.4 15705 94 |32+05 758+3.4 10.0 (fixed)
0.2 27.3+95 125 | 1.1+£04 12.8+6.2 10.0 (fixed)
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4.3.5 Quaternisation of P(DMA-stat-PEGMA) and Characterisation

(a) (b)
28 o
E,F“OETEZE:;'TEST . Same M, with increased R, ....’ ‘.‘0
D=318 26 - “. o
&° @
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Figure 4.12: (a) Molecular weight distributions recorded for the precursor FRP copolymer and
its quaternized analogue. (b) My, vs. R, plot obtained for the neutral precursor FRP copolymer
and its cationic quaternised analogue in aqueous solution using the GPC-MALLS instrument.

To investigate polyelectrolyte behaviour over a broader molecular weight range, a polydisperse
statistical copolymer denoted P(DMA(,-stat-PEGMA ), was synthesised via free radical
copolymerisation. This copolymer exhibited a relatively broad molecular weight distribu-
tion, ranging from a few thousand to several million g-mol~!. The pendent tertiary amine
units were subsequently quaternised to form quaternary ammonium groups (P(QDMA »-stat-
PEGMAyz3g)), thereby imparting a permanent cationic charge independent of solution pH.
Both P(DMA »-stat-PEGMA g) and P(QDMA) »-stat-PEGMA g) were analysed by aqueous
GPC-MALLS. An aqueous eluent was selected because, unlike the P(DMA( ;-stat-PEGMA 3)
precursor, the quaternised copolymer was found to be insoluble in DMF.

Figure 4.12a presents the aqueous GPC curves for each copolymer. The M,, and P for the free
radical polymerised copolymer were 84.8 kg-mol~! and 3.15, respectively. Quaternisation of
the precursor resulted in an increase in M,,, while the dispersity remained essentially unchanged.
It should be noted that this M,, value is relative, as calibration was performed using poly(methyl

methacrylate) standards. A MALLS detector was coupled to the aqueous GPC instrument, and



Chapter 4 185

a RI detector was employed to determine the copolymer concentration based on the known
differential refractive index increment (dn/dc) for each sample.

The dn/dc values were measured for four higher molecular weight copolymers using an eluent
at pH 10 (Figure 4.13a). The dn/dc value was found to increase with increasing DMA content.
Although PDMA is not water-soluble at pH 10, extrapolation yielded a dn/dc of 0.172 mL-g~! for
this homopolymer under such conditions, which is comparable with values previously reported

in acidic aqueous solution (Figure 4.13b).!%?

(a) (b)

1.0 e ’:::D‘::“‘”'““‘ . 7.325 mg-ml” & Measured dn/dc value -
) 0s 0.17 Fitted dn/dc vs. DMA mol% )
s = ~Extrapolation of fitted line
08l o Fitted dn/dc value of PDMA
% 1z 04 d = 0.164 ° Reference dnidc value
= . o
o 02 s *
7] 4 —
I 0.6 EEE" 2 H € s E 0.15
.; Concentration ."mg-rnl" : R -
< 4 T 0.14 o
14 1.831 mg-mi” -E L
0.2 0.916 mg-mi” 0.13
0.458 mg-ml~’'
0.0+— . . . . . 0.12 . . . . "
10 20 30 40 50 60 20 40 60 80 100
Time / min DMA / mol%

Figure 4.13: (a) Representative differential refractive index data for a PD9010:150 statistical
copolymer dissolved in pH 10 GPC buffer. The signal response is shown for copolymer
concentrations ranging from 0.458 to 7.325 g-dm™>. The signal intensity increases stepwise
with copolymer concentration, attaining a plateau value at each target concentration. The
inset shows a linear plot of dRI vs. copolymer concentration. The slope indicates a dn/dc
value of 0.1235 mL-g~! for PD9010:150 copolymer. (b) Relationship between dn/dc and the
DMA content of such copolymers. The extrapolated dn/dc value for PDMA homopolymer is
consistent with literature data.!0?

GPC column can effectively separate the copolymer chains, with longer chains eluting prior
to shorter chains. Hence the MALLS detector can simultaneously and continuously detect
the My, and R,. Given the relatively long wavelength of visible light and the poor sensitivity
of MALLS for the analysis of dilute copolymer solutions (< 0.001 g-dm™>), R, values below
20 nm are considered to be unreliable. Figure 4.12b shows R, as a function of My, for

P(DMA-stat-PEGMA) and P(QDMA-stat-PEGMA) at pH 10, with My, ,»s values of less than
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700 kg-mol~!' and R, values greater than 20 nm. A R, ~ M,,” scaling relationship was
observed, where the Flory exponent v = 0.45 is related to the solvent quality and the scaling of
polymer size,3? hence the inherent flexibility of the copolymer chain. According to the polymer
physics literature, unperturbed flexible random walk chains scale as Ry ~ M, 0> 83103104 which
corresponds to a typical Gaussian coil under §-conditions. In contrast, Rg ~ M08 for flexible
self-avoiding random walk chains dissolved in a good solvent, 3193105 while Ry ~ M, 033 is
characteristic behaviour for collapsed coils in a poor solvent.'% This parameter is also reflected
in the scaling law exponent in form factor. The lower v value indicated by MALLS analysis
is attributed to the reduced solubility of the copolymer chains in the presence of added salt.!?”
However, the observed trend is consistent with random coils over the whole measurement range
accessible by MALLS, as at this polymer concentration and pH 10 GPC buffer condition,
electrostatic interactions and the solution structure factor are minimised. And therefore the
self-avoding Gaussian chain model is applicable for both charged and neutral copolymer chains
with sufficient long contour length.

A calculation based on the data set shown in Figure 4.12b gives I, = 19.9 A (b = 39.8 A) for
the neutral and 21.7 A (b = 43.4 A) for the quaternised statistical copolymers, respectively. It
should be noted that the Kuhn lengths determined by MALLS are slightly larger than those

obtained from SAXS, which may be attributed to differences between the two techniques.
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4.3.6 Interactions between Poly(ethylene glycol) and Salt

x10'
g, MO R,=52.5A
107" - slope = 0.54
x10° 6.0 mM HCI
g102{ ©
o
—
T
~ 1073- R,=52.6 A
slope = 0.54
104
0.01 0.1

g/ A"

Figure 4.14: SAXS patterns recorded for 1.0% w/w aqueous solutions of P(PEGMA3¢) ho-
mopolymer random coils using the Xeuss 2.0 instrument. The flexible polymer chain model
accounting for excluded volume was fitted to determine the mean Rg for the random coils
formed by this neutral homopolymer in deionised water (blue dots) and in 6 mM HCI aqueous
solution (green dots).

In the above discussion, it was assumed that the PEG side chains served only to enhance the
aqueous solubility of the copolymer, and that this non-ionic component did not interact with
either salt or acid. However, several studies suggest that PEG can interact with various anions
and cations.!%-110 For example, Cao et al. reported that PEG becomes protonated under acidic
or weakly basic conditions (pH < 9), thereby forming a super-electrolyte.!” Moreover, Rogers
et al. demonstrated that longer PEG chains interact more strongly with thiocyanate (SCN™).108
Similarly, Maltesh and Somasundaran found that various cations influence the conformation of
PEG chains.!!? In principle, such ions may also affect the copolymer conformation at different
solution pH values and salt concentrations. Demonstrating that these effects are negligible

for the present P(DMA-stat-PEGMA) system is important for validating the WLC-PRISM
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model. Accordingly, a PIPEGMAj3(p) homopolymer was synthesised for SAXS analysis under
identical solution conditions to investigate whether the PEG side chains significantly influence
the copolymer chain conformation.

SAXS analysis shows that the scattering patterns recorded for the P(IPEGMA3(0) homopolymer
in deionised water and in the presence of 6.0 mM HCl are essentially identical, indicating that its
chain conformation is independent of the solution pH (Figure 4.14). By modifying the flexible
polymer model to account for the effect of excluded volume, the Ry and power law slope were
fitted to be 52.5 A and 0.54 in deionised water, compared with 52.6 A and 0.54 in the presence
of 6.0 mM HCI, respectively. Thus, notwithstanding their role in diluting the cationic charge
density, PEGMA 3 repeat units act solely as a passive non-ionic hydrophilic component when

studying the conformation of polyelectrolytes.
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4.4 Conclusions

A series of weakly basic statistical copolymers comprising DMA and PEGMA comonomers
were synthesised as a model system for investigating the effect of chain flexibility on statistical
copolymer surfactant. The statistical nature of the model comonomer distribution was confirmed
by determining comonomer reactivity ratio by 'H NMR spectroscopy studies.

The pH-responsive behaviour of these statistical copolymers was evaluated via acid-base titra-
tion and zeta potential measurements. A clear correlation was established between acid addition,
mean degree of protonation, and copolymer charge density. DLS and TEM studies indicated
changes in size and chain conformation on addition of acid, revealing the role of electrostatic
repulsion on the solution behaviours of these statistical copolymers.

SAXS provided useful insight into the chain conformations adopted by such neutral/charged
copolymers. Introduction of the WLC-PRISM model enabled the extraction of key structural
parameters, including Kuhn length, interchain interaction strength, interaction fuzziness, and
effective interaction distance. The fitting results confirmed that the copolymer chains adopt
compact coil conformations under neutral conditions, which become more rigid and expanded
at low pH due to enhanced intra-chain electrostatic repulsion, with the increasing acid concen-
tration.

Salt screening experiments indicated that electrostatic interactions are significantly attenuated
at high ionic strength, resulting in reduced Kuhn length and coil size. Variation of copolymer
concentration also suggested the influence of interchain repulsion on coil conformation in
the dilute regime. The observed scaling behaviour of the structure factor peak position with
concentration was consistent with prior studies of aqueous solutions of polyelectrolytes.3:1%
GPC-MALLS measurements were conducted to examine the molecular weight dependence
of coil size. Comparison between the precursor P(DMA-stat-PEGMA) and its permanently
charged analogue P(QDMA-stat-PEGMA) revealed a consistent trend of charged coil expansion

across the entire molecular weight range, suggesting the generality of charge-induced swelling
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in these systems.

Overall, this study demonstrates that the chain conformation of weakly basic statistical copoly-
mers in aqueous solution is governed by charge density, ionic strength, and copolymer con-
centration. The WLC-PRISM model provides a rigorous and physically grounded framework
for analysing SAXS data. In a series of ionisable model copolymers, the stiffness differences
arising from the distinct backbone structures of acrylates and methacrylates were simulated
through electrostatic interactions, enabling reliable quantification of chain rigidity and elec-
trostatic contributions. Consequently, this modelling approach is expected to be applicable to
less complex, non-ionic systems as well, such as the statistical copolymer surfactant system as
discussed in Chapter 3.

In principle, SANS experiment could be conducted to investigate the condensed counterion
layer that surrounds the charged statistical copolymer coils. The contrast match technique
using D,O/H;0 binary mixture is expected to improve the resolution of the outer layer thick-
ness, thereby refining current fitting models and enabling more reliable characterisation of the
electrostatic double layer.””

Furthermore, the WLC-PRISM framework could be extended by replacing electrostatic interac-
tions with hydrophobic interactions, enabling the exploration of chain flexibility for non-ionic

amphiphilic copolymers in non-aqueous media.
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4.5 Appendix

4.5.1 Synthesis

Table 4.7: Summary of reagent quantities required in the synthesis of the statistical copolymers

Sample ID DMA/g PEGMA/g CPDB/g AIBN/g Ethanol/g

PD9010:250 0.2406 4.0500 21.5
PD8020:250 0.4813 3.6000 20.4
PD7030:250 0.7219 3.1500 0.0137 0.0025 194
PD6040:250 0.9625 2.7000 18.3
PD9010:125 0.2406 4.0500 21.5
PD&020:125 0.4813 3.6000 20.4
PD7030:125 0.7219 3.1500 0.0274 0.0049 19.4
PD6040:125 0.9625 2.7000 18.3
PD9010:FRP 1.5721 12.0000 N/A 0.0014 136.0
4.5.2 NMR Kinetics
a a a b
b b f
X t=0h
(o) (o)
fN c, o h . t=1h
N
*j: ot B N L " t=2n
-sta
(0] 0
t=3h
. H g gl A A o
N
L t=20h
6.2 56 5.4 4.2 4.0 38 3.6 2.6

5/ ppm

Figure 4.15: Partial '"H NMR spectra (CDCl3) recorded during the synthesis of a P(DMA(»-

stat-PEGMA g) statistical copolymer.

'H NMR spectra were recorded during the synthesis of P(DMA( »-stat-PEGMA g) statistical
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copolymer. Both DMA and PEGMA are methacrylic monomers and therefore exhibit sev-
eral overlapping proton signals (see a, b, ¢ and g). Signals a and b disappeared during the
copolymerisation and are assigned to vinyl protons. Conversely, the intensity of signal g in-
creased during the copolymerisation and is assigned to the two oxymethylene protons adjacent
to the ester group for the copolymerised DMA and PEGMA repeat units. The corresponding
oxymethylene protons adjacent to the ester group for the DMA and PEGMA comonomers are
labelled c; and c;, respectively. The remaining oxymethylene signals arising from the pendent
poly(ethylene glycol) groups gave rise to signal d at 3.50 - 3.75 ppm. The methyl group (signal
e) at the end of the PEG side chain remained unchanged during the copolymerisation. The
overall comonomer conversion was calculated by comparing the integrated vinyl signals at 5.5
and 6.1 ppm to that of the methyl chain end signals on PEG at 3.3 ppm. The initial triplet signal {
assigned to the azamethylene protons in DM A monomer at 2.60 ppm was gradually replaced by
signal h at 2.54 ppm for the copolymerised DMA repeat units. Integration of these two signals
enabled determination of the DMA conversion at any given time. The corresponding PEGMA
conversion was calculated from the difference between the overall comonomer conversion and

the DMA conversion.
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4.5.3 MALLS Measurements
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(continued from previous page)
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Figure 4.16: MALLS plots obtained using the Zimm formalism for light scattering data col-
lected for eight P(DMA ,-stat-PEGMA,)) statistical copolymers dissolved in a pH 10 eluent (a
- h).> The absolute weight-average molecular weight, My, ups, for these eight copolymers are
summarised in Table 4.1

4.5.4 SAXS Fitting Functions

Gaussian flexible polymer without excluded volume effect
Polymer chain in an ideal situation conform to a random flight model with Gaussian statis-

tics.!'1:112 The related scattering function has been calculated by Debye:3!

2(e™+u-1)
u2

Ppebye(q, L, b) = (4.12)

with parameter u = (Ré)qz, where (Ré) is the ensemble-average radius of gyration squared and
(Ré) = Nb?/6, where b is the Kuhn length and N is the mean number of Kuhn segments. The
contour length, L, is given by L. = Nb. Hence (Ré) = L.b/6.

However, such an expression is only applicable to flexible chains in a theta solvent where the
excluded volume effect is precisely cancelled by polymer-solvent interactions.'!3 Under such
conditions, segment-segment interactions are ignored. In reality, the conformation of a real

polymer chain in solution is affected by the solvent quality. A polymer dissolved in a good
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solvent forms solvent-swollen random coils and the gdependence of the scattering intensity is
not consistent with the Debye Function. In this case, it is necessary to account for the effect of

excluded volume.

Self-avoiding flexible chains

The following empirical expression was reported by Hammouda:®

1 1 1 1
PHammouda(q’Rg’ V) = m Y (57 U) - le/v Y (;’ U) (413)

where v is the excluded volume parameter and is defined as the reciprocal of power law exponent
p = 1/v. Parameter U and raduis of gyration R, are defined as:
g’ Rz (2v +1)(2v +2)

U= - (4.14)

) _ bZNZV
E v+ 1)(2v+2)

(4.15)

where R, is modified by the excluded volume effect parameter v. The theta condition can only
be achieved when v = 0.5, and PHammouda (g, Rg, V) is the same as Ppebye(q, L, b) under this
condition. The parameter b is the Kuhn length and N is the number of Kuhn segments.

v(a, b) is the lower incomplete gamma function defined as:

b
y(a,b) = / 1l ldr (4.16)
0
Worm-Like Chain (WLC) model
To take chain flexibility into account, worm-like chain (WLC) model, also known as Kratky-

Porod model, is required to describe local rod-like behaviour of semi-flexible chains.’” A

numerical interpolation formula was developed by Yoshizaki and Yamakawa!!* and then further
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optimised using Monte Carlo simulations to consider excluded volumn effect by Pedersen and
Schurtenberger.*’
The overall scattering function for semi-flexible self-avoiding chains consists of the modified

Debye function with excluded volume effect, and the expression with local rod-like structure:*’

qb

Pwrc(q, L, b) = Pw(q, L, b) e_(ql ) + Pioc(q, L) (1 - 6_(%)191) (4.17)

where ¢g| and p; are empirical constants.

The scattering function reported by Sharp and Bloomfield, Pg,(q, L, b) is:'!>
L4 7 11 7 b
P L,b) =P L —||=+—=u-|—=+—=u|e™| = 4.1
sb(q, ’b) exv(q, ’b)+c(b)[15+15u (15+15M)€ ]L ( 8)

The second term, which accounts for the local chain stiffness, is reduced by a factor (C(L/b))
that depends on L/b.

For sufficiently long chains where L/b > 10, the function C(L/b) can be approximated as:

C (5) - (f;m (4.19)
5

where a4 and pj3 are empirical constants. For shorter chains, where L/b < 10, the following

expression is used:

L
C (z) =1 (4.20)

The first term in Py, (g, L, b) represents the scattering contribution associated with excluded

volume effects:

Pexv(qa L, b) = [1 - W(ng)] PDebye(Qa L, b)

+w(qRg) [1.220(gRy) ™" +0.4288(gR,) " — 1.651(qRy) "] (4.21)
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where
L\* bL
<R§>=a(z) = (4.22)
2 3183
a(x)* = 1+(3.xlz) +(8.x67) ] (4.23)

with effective € = 0.176 (or 0.170), and v = (1 + €)/2.

The function w(gRy) is an empirical crossover function chosen to be:#

1 + tan (x—1.523)

0.1477
w(x) = (4.24)
2
The parameter u is given by:
L\* , bL
— (R2\ 2 — 2
u=(Ry)q"=a (E) q° - < (4.25)
The scattering function at high ¢ reduces to:
Proc(q.L) = —— + = (4.26)
loc\q> = qu2 Lq .

Polymer Reference Interaction Site Model (PRISM)
The WLC model has described the scattering pattern well at high ¢ and infinite dilution. The
following expression takes into account inter-chain interactions and are based on simulation by

Pedersen and Schurtenberger for semi-flexible polymers:’7

I(q) — I’ZMZ P((]) PCs(q)

. 427
¢ T ve(q) P(9) 27

where 7 is the number density of the polymer coils, v describes the strength of the interaction,
M. is the scattering mass of a single chain. The function P(g) represents the form factor
for self-avoiding, semi-flexible polymer chains, Pwrc(q, L, b), based on the WLC model, see

Equation (4.17). The function P(g) is an appropriate cross-section form factor of an cylinder
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and is given by a first-order Bessel function of the first kind:*’

2
2J1(gR

Pe(g) = (M) (428)

gR

where J; is the Bessel function of the first kind of order one:

1 /7 )

Ji(x) = — / cos(xsin6 — @) do (4.29)
T Jo

c(q) is the three-dimensional Fourier transform of the direct correlation function in the Ornstein-

Zernike (OZ) equation, which describes the interactoin between polymer coils. For polyelec-

trolytes, the empirical form:!1©

sin(gR.) e

c(q) = 7R

(4.30)

were found to describe the simulation data, where o describes the interaction fuzziness and
R, is the effective interaction distance. The two parameters are theoretically subject to the

following correlation:

= = 2108 (7) (431

But typically, they are used as fitting parameters.!°

v is proportional to the copolymer concentration, copolymer M,,, and to the strength of the

excluded volume interaction, which is given by Ohta and Oono:'!’

1 _ 2In(1 + X) (1 1
v—8 9X 2+—X )exp[4 (X+(1 Xz)ln(1+X))] (4.32)

with X = 16A,cM, where c is the polymer concentration and M is the polymer mass. Using

renormalisation group theory, the second virial coefficient A, can be expressed as:!'!’

R3
A, = 4ﬂ3/2NAﬁg2‘P (4.33)
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where N is Avogadro’s constant, R, is the ensemble-average radius of gyration of a single
chain, and ¥ ~ 0.21 is the degree of interpenetration!'8. It is recommended to use v as a fitting

parameter because the simulations were performed for charged micelles'!.

Polydispersity

It is well established that free radical synthesised copolymer chains possess a certain degree of
inherent polydispersity.®> This arises not only from the statistical nature of the polymerisation
process itself but may also be influenced by chain transfer events. The presence of polydispersity
has a significant impact on the shape of the SAXS pattern, particular in the Guinier region and
at the crossover to the power-law behaviour.!?® Consequently, molecular weight distribution
must be taken into account during data modelling and fitting. The total scattering function for

polydisperse copolymer chains can be expressed in the z-average form:3

[ N(L) L* Pwirc(q, L, b) dL
[ N(L)L?dL

<PWLC(CI, L, b)>z = (434)

The function N (L) represents the number distribution of copolymer chains with contour length
L, while Pwic(q, L, b) is the form factor for self-avoiding semi-flexible polymer chains, as
described in Equation (4.17). To account for polydispersity, a Schulz-Zimm distribution was

applied:>>37

z+1 z+l L~
N(L) =
(L) (Lavg) T+1) P

where L,y is the number-average contour length, I'(z) is the Gamma function and z is the

—(z+ I)LL ] (4.35)

avg
distribution parameter:

1
D= ——_ 4.36
z+1 ( )

The copolymer dispersity was fixed at ©® = 1.1, in all cases.
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4.5.5 Polydispersity Calculation

Although GPC can be used to evaluate the molecular weight distribution of polymers, the
obtained My, M, and D values are relative to the calibrants. Due to such systematic errors, the
actual distribution cannot be accurately represented. To obtain more reliable absolute molecular
weight information, 'H NMR data were used to determine the number-average molecular
weight M, based on the polymer DP. Meanwhile, the absolute weight-average molecular weight
M, aps Was obtained from MALLS measurements. A more accurate dispersity value D was
therefore calculated and used for subsequent scattering curve modelling.

The absolute dispersity is given by:

DP (x1 M + x,M3)

Daps = 4.37
abs Mw,abs ( )

where x and M are the molar fraction and monomer molecular weight, respectively. The

calculated value for the PD8020:150 copolymer is 1.1.
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4.5.6 Additional SAXS Patterns and Fitting Results

[HCIJ/[DMA]

0.01 0.1
qgl/A"

Figure 4.17: Synchrotron SAXS patterns recorded for a 1.0% w/w aqueous solution of
PD6040:150 with varying degrees of protonation collected at Diamond Light Source. All
scattering data were fitted using the WLC-PRISM model. The [HCI]/[DMA] molar ratio is
indicated on the righthand side of each curve. For clarity, some curves are vertically shifted by
an arbitrary factor.
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Table 4.8: Summary of SAXS data fits obtained for 1.0% w/w aqueous solutions of PD6040:150
with varying mean degrees of protonation. All scattering data were fitted using the WLC-PRISM
model. The copolymer contour length and cross-sectional cylinder radius were fixed at 378
A and 9.33 A, respectively. The b was fitted from WLC form factor. The R, was calculated
using Equation (4.1) rather than fitted. v, o and R. were calculated from the structure factor.

Form factor Structure factor

[HC1J/[DMA]

b/A  Ry/A v o/ A R. /A
H,0 192+14 419 | 1.8+02 254+25 N/A
0.20 31.0+0.8 50.8 | 6.8+03 39.6+1.7 78.8+2.0
0.40 35.7+£0.9 53.6 | 93+0.5 40.1x1.9 76.1+25
0.60 409+1.1 565 |12.0+£0.7 39.5+1.8 78519
0.80 425+1.1 573 |150+0.8 385+14 82.0x1.2
1.00 359+09 537 | 120+0.6 39.4+15 78.0+1.6
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5.1 Introduction

The chemical structure of the polymer backbone can significantly affect the physical properties
of a polymer, including its thermal stability, mechanical strength, solubility and processability.!
For example, as shown in Figure 5.1, poly(methyl acrylate) (PMA) is composed of highly
mobile chains, while poly(methyl methacrylate) (PMMA) chains are much less flexible owing
to the additional methyl group within every monomer repeat unit, which increases the steric
hindrance.! This structural difference is reflected in the glass transition temperatures (Ty) of
the two polymers: the T, of PMA is about 10 °C,> while the T, of PMMA is about 105 °C,?

indicating that PMA chains exhibit higher segment mobility at room temperature.

~
| |

PMA PMMA PMVE

Figure 5.1: Chemical structures of PMA, PMMA and PMVE.

In the previous chapters, acrylic copolymers significantly outperformed their methacrylic coun-
terparts in terms of their foam performance. Thus chain flexibility appears to be an important
parameter for surface activity.* In this chapter, vinyl ether-based monomers bearing similar side
chains were prepared and polymerised in an attempt to target even more flexible backbones to
further optimise the foamability performance of statistical copolymer surfactants.

Compared with the ester side groups contained in PMMA or PMA, the ether side groups
in poly(vinyl ethers) (PVE) have lower steric hindrance and higher rotational freedom.> This
structural feature should aid the rapid rearrangement of PVE-based amphiphilic copolymer
chains at the air-water interface. Taking poly(methyl vinyl ether) (PMVE) as an example (see
Figure 5.1), its glass transition temperature is around —31°C.% Thus, for the same methoxy
substituent, PVE < PMA < PMMA, in terms of T values, which can be taken as a proxy for

chain mobility. In principle, a wide range of vinyl ether monomers can be readily prepared via
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transetherification of a suitable commercially available vinyl ether monomer.”

Vinyl ether polymers are usually prepared by cationic polymerisation, which involves carbo-
cations as the active chain-end.>® Due to the high reactivity of such carbocations, cationic
polymerisation is extremely sensitive to moisture.! Hence low temperature, anhydrous and
moisture-free conditions are required to ensure successful syntheses.! Commonly used initia-
tors include Lewis acids such as AlCl3, TiCly or SnCly combined with a proton source (e.g.
alcohols or trace water).!?-10

Pioneering systematic studies have been reported by Aoshima et al., who designed a series of
amphiphilic cationic copolymers.®!!1? In addition, Forder et al. prepared a series of water-
soluble poly(vinyl ether)-based block copolymers via living cationic polymerisation.!? These
latter studies focused on the copolymerisation of various hydrophilic and hydrophobic vinyl
ethers such as methyl vinyl ether, tri(ethylene glycol) vinyl ether, iso-butyl vinyl ether, and
benzyl vinyl ether.!*!7 Normally, free radical polymerisation is not considered suitable for
vinyl ethers. Nevertheless, Sugihara and co-workers reported the successful copolymerisation
of several hydrophilic and hydrophobic vinyl ethers, providing potential for the realisation of
free radical copolymerisation.'®

In this chapter, the two desired vinyl ethers, TMHVE and MPEGVE, were prepared via
transetherification starting from ethyl vinyl ether (see Figure 5.2). Subsequently, various
synthesis conditions were evaluated for the preparation of amphiphilic statistical copolymers

based on these two monomers.
4\0/\)% o™,
TMHVE MPEGVE

Figure 5.2: Chemical structures of the hydrophobic TMHVE and hydrophilic MPEGVE
monomers prepared via transetherification in this chapter.
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5.2 Experimental

5.2.1 Materials

Ethyl vinyl ether (EVE, > 99%, Sigma-Aldrich, UK) was purified by filtration over basic
alumina, followed by drying over anhydrous potassium carbonate (K,CO3). The purified EVE
was then distilled from freshly cut chunks of sodium metal and then stored in a —20 °C freezer
prior to use. Mercuric acetate (Hg(OAc),, ACS reagent, > 98.0%, Sigma-Aldrich, UK) was
recrystallised from absolute ethanol and dried under vacuum prior to use. This compound is
light-sensitive, so all operations were performed with glassware wrapped in aluminium foil to
minimise light exposure. 3,5,5-Trimethyl-1-hexanol (TMHALC, > 85%, Sigma-Aldrich, UK)
was freeze-dried and then stored in a —20 °C freezer before use. Methoxy-capped poly(ethylene
glycol) (MPEG3s0) was kindly donated by GEO Specialty Chemicals, UK. This precursor was
dried by fractional distillation from a toluene solution to remove water and afford a solution
of MPEGs3s in dry toluene, which was then stored in a —20 °C freezer before use. Lithium
hydroxide (LiOH, 99.9%, Sigma-Aldrich, UK), aluminium chloride (AlCl3, anhydrous, Sigma-
Aldrich, UK) and titanium tetrachloride (TiCly, 99.9%, Sigma-Aldrich, UK) were used as
received. Methanol was purchased from Fisher Scientific, UK and used as received. Dry
dichloromethane (DCM) was obtained from an in-house Grubbs dry solvent system. MilliQ

water was obtained from an Elga Elgastat Option 3A Water Purifier system.
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5.2.2 Synthesis of Vinyl Ether Monomers

Synthesis of 3,5,5-Trimethylhexyl Vinyl Ether (TMHVE)

M no@Ao N
/\ \ + —_— N\ * HO
0 HO 20 hreflux ~ ©

Scheme 5.1: Synthesis of 3,5,5-trimethylhexyl vinyl ether (TMHVE) from ethyl vinyl ether by
transetherification using a Hg(OAc), catalyst.

The synthesis of 3,5,5-trimethylhexyl vinyl ether (TMHVE) monomer was conducted by
transetherification as described by Watanabe et al.” This method was employed to prepare
each comonomer for subsequent copolymerisations. Accordingly, recrystallised mercuric ac-
etate (3.00 g) was added to a solution of 3,5,5-trimethyl-1-hexanol (50.0 ml) in purified ethyl
vinyl ether (240 ml) in a 500 ml two-neck round-bottom flask. The solution was refluxed for
15 h, followed by addition of a further 1.50 g of mercuric acetate, and refluxing was continued
for another 5 h (Scheme 5.1). After cooling, the reaction mixture was washed three times with
10% K,COj3 aqueous solution to remove the spent catalyst. The washed solution was then dried
over anhydrous K,COs3. The resulting mixture was stirred over freshly cut sodium for three
days to remove alcoholic by-products. The filtered mixture was distilled to collect a low-boiling
fraction (30 ~ 31 °C), while the crude product remained in the flask. The crude TMHVE
was washed several times with deionised water and dried again over K,CO3, followed by an
additional treatment with sodium to eliminate any residual alcohol or water impurities. The
final filtration yielded a pale yellow, transparent oily liquid identified as 3,5,5-trimethylhexyl
vinyl ether (18.86 g, 46%). This monomer was characterised by gas chromatography-mass
spectrometry and 'H NMR spectroscopy and stored in a —20 °C freezer prior to use. '"H NMR
(CDCl3, 400 MHz) 6 = 6.46 (dd, 1H), 4.16 (dd, 1H), 3.96 (dd, 1H), 3.68 (t, 2H), 1.00 - 1.80(m,
5H), 0.95 (d, 3H), 0.89 (s, 9H).
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Synthesis of Methoxy Poly(ethylene glycol) Vinyl Ether (MPEGVE)

Hg(OAc),

250 + HotNO% S 2o + o™

Scheme 5.2: Synthesis of methoxy poly(ethylene) vinyl ether (MPEGVE) from ethyl vinyl ether
by transetherification using a Hg(OAc), catalyst.

A similar reaction strategy was used to prepare methoxypoly(ethylene glycol) vinyl ether
(MPEGVE), as described above. Recrystallised mercuric acetate (2.55 g) was added to a
solution of methoxy-capped poly(ethylene glycol) precursor (77.0 ml) in purified ethyl vinyl
ether (228.0 ml) in a two-neck round-bottom flask (500 mL). The solution was then refluxed for
20 h, followed by addition of a further charge of mercuric acetate (1.27 g) and then refluxing for
another 5 h (Scheme 5.2). After cooling, the solution was purified using the same protocol de-
scribed above. However, the reaction mixture was first washed and then concentrated by rotary
evaporation to remove the majority of unreacted ethyl vinyl ether prior to distillation. The final
filtration yielded a colourless transparent oily liquid, methoxy(polyethylene glycol) vinyl ether
(5.88 g, 7%). This monomer was characterised by gas chromatography-mass spectrometry and
"H NMR spectroscopy and stored in a —20 °C freezer prior to use. 'H NMR (CDCl3, 400 MHz)
0 =6.46 (dd, 1H), 4.14 (dd, 1H), 3.96 (dd, 1H), 3.61 (m, PEG), 3.34 (s, 3H).

5.2.3 Copolymerisation of TMHVE with MPEGVE

Table 5.1: Summary of statistical copolymerisations of TMHVE with MPEGVE

TMHVE MPEGVE Polymerisation

Solvent Initiator Conversion
/g /g method
0.10 1.00 FRP Bulk AIBN 71%
0.10 1.00 FRP MeOH/LiOH  AIBN 73%
0.50 N/A Cationic Dry DCM TiCly > 99%

0.50 1.00 Cationic Dry DCM TiCly  Unsuccessful
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Synthesis of Poly(TMHVE-stat-MPEGVE) via Free Radical Copolymerisation

Free radical copolymerisation was evaluated to target the amphiphilic statistical copolymers
shown in Table 5.1. AIBN (10.9 mg, 0.07 mmol) was weighed into a 5 ml glass vial, followed
by TMHVE (100.5 mg, 0.59 mmol) and MPEGVE (900.0 mg, 2.31 mmol) to target a TMHVE-
MPEGVE copolymer with a [TMHVE]:[MPEGVE] mass ratio of 10:90 using 1.0% w/w
initiator based on the total mass of comonomer. Polymerisation was performed either in the
bulk using AIBN initiator alone or in polymerisation using the same initiator with a catalyst.
In the latter case, lithium hydroxide catalyst (7.4 mg, 0.18 mmol) and water co-catalyst (0.10 g)
were added to the reaction mixture, followed by 5.00 g of methanol, see Table 5.1. This mixture
was vortex-mixed for 30 s and then sealed using a rubber septum after addition of a magnetic
stir bar. The solution was degassed with the aid of an ice bath using a stream of nitrogen gas for
30 min and then immersed in an oil bath set at 70 °C with continuous stirring under a nitrogen
atmosphere for 16 h. The copolymerisation was quenched by exposing the reaction mixture
to air while cooling to room temperature. The overall comonomer conversion and copolymer
composition were determined by 'H NMR spectroscopy (CDCl3) while molecular weight and

dispersity data were obtained by DMF GPC.

Synthesis of PTMHVE via Cationic Polymerisation Using either TiCly as an Initiator.
Dry TMHVE (500.0 mg, 2.95 mmol) was dissolved in dry DCM (2.0 ml) in a 10 ml round
bottom flask, which was sealed using a rubber septum after the addition of a magnetic stir
bar. This reaction solution was degassed using a stream of nitrogen gas and cooled using a
dry ice/acetone bath for 30 min. TiCls (3.5 pL, 0.03 mmol) was added to the mixture under
a nitrogen atmosphere using a dry gas-tight glass syringe to initiate the polymerisation, which
was quenched by adding methanol after 3 h. The overall monomer conversion was determined
by '"H NMR spectroscopy (CD,Cl,) while molecular weight and dispersity were obtained by
DMF GPC.
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5.2.4 Characterisation Methods

1'H NMR Spectroscopy
Spectra were recorded in either CDCl3 or CD,Cl, at 25 °C using 400 MHz Bruker Avance-400

spectrometer with 64 scans being averaged per spectrum.

Gel Permeation Chromatography (GPC) with DMF Eluent

Molecular weight data were obtained using an Agilent 1260 Infinity GPC system, which included
a pump, degasser, and two PL-gel 5Spm Mixed-C columns connected in series, equipped with
both UV and refractive index detectors. HPLC-grade DMF containing 0.02% w/w LiBr was
used as the eluent, the column and detector temperature was set to 60 °C, and the flow rate was
1.0 mL-min~!. Near-monodisperse poly(methyl methacrylate) standards ranging from 370 to
2,520,000 g-mol~were employed for calibration, with data analysed using Agilent Technologies

GPC/SEC software.
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5.3 Results and Discussion
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Scheme 5.3: Overall reaction scheme for the synthesis of statistical copolymers comprising
TMHVE and MPEGVE.

As shown in Scheme 5.3, two vinyl ether-based monomers, MPEGVE (hydrophilic) and
TMHVE (hydrophobic), were synthesised by transetherification. These two comonomers were
selected based on the optimal acrylic copolymer structure indicated by ANOVA analysis in
chapter 2. Subsequently, the two comonomers were statistically copolymerised by either free
radical or cationic copolymerisation to prepare amphiphilic statistical copolymers comprising
highly flexible PVE-based backbones. Such copolymers were anticipated to exhibit enhanced

foam stabilisation performance.

5.3.1 Preparation of 3,5,5-Trimethylhexyl Vinyl Ether (TMHVE)

Monomer

The TMHVE monomer was prepared by transetherification using 3,5,5-trimethyl-1-hexanol and
ethyl vinyl ether. The latter reagent was selected for its affordability and because its correspond-
ing ethanol by-product is relatively volatile, which aids its efficient removal. Mercuric acetate
was used as the transetherification catalyst.” The purified target monomer was isolated as an oily
pale-yellow liquid and its chemical structure was confirmed by 'H NMR spectroscopy and GC-

MS analysis, see Figure 5.3 and 5.4. Characteristic NMR signals corresponding to the expected
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chemical environments were observed. A signal at 6.50 ppm (dd, signal A) was assigned to the
vinyl proton adjacent to the ether group. Two doublets between 3.90 - 4.20 ppm (signal B and
C) were assigned to the other two non-equivalent vinyl protons located further from the ether
group. The remaining signals were consistent with the aliphatic protons of the hydrocarbon
chain. However, overlapping chemical shifts and extensive multiplet patterns prevents more
detailed proton assignment for this pendant branched alkyl group. During distillation, only one
low-boiling fraction was collected at 30 - 31 °C, which was identified by 'H NMR analysis as
unreacted ethyl vinyl ether. In addition, the mass spectrum of the purified monomer exhibited
a parent ion signal at m/z = 170 Da, which is in good agreement with the calculated molecular
weight of TMHVE. These analytical data are consistent with the successful synthesis of the

desired compound.
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Figure 5.3: Assigned 'H NMR spectrum (CDCl3) for the purified TMHVE.
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Figure 5.4: GC-MS data for the purified TMHVE.

5.3.2 Preparation of Methoxy Poly(ethylene glycol) Vinyl Ether

(MPEGVE) Monomer
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Figure 5.5: Assigned '"H NMR spectrum (CDCl3) for the purified MPEGVE.



Chapter 5 223

The MPEGVE monomer was prepared by transetherification of ethyl vinyl ether using methoxy-
capped poly(ethylene glycol). The purified product was isolated as a colourless transparent oily
liquid and its chemical structure was confirmed by ;H NMR spectroscopy and GC-MS analysis.
Inspecting the 'H NMR spectrum, signals A, B and C were assigned to the three vinyl protons.
The multiplet signals at 3.61 ppm (signal D) were assigned to the oxyethylene protons within the
PEG side-chain. The singlet at 3.34 ppm was assigned to the terminal methoxy group. However,
unexpected additional signals were also observed at low chemical shifts. Such signals remained
visible even after repeated purification. The combined integrated intensities of these peaks are
relatively low compared to those of the expected monomer signals. It is estimated that the
monomer purity is approximately 93%. Considering their low chemical shifts, it is plausible
that these minor impurity signals arise from hydrocarbon contaminants originating from CDCl3.
Poly(ethylene glycol) usually appears as a series of characteristic peaks in mass spectrometry
analysis, with a spacing of 44 Da between adjacent peaks that corresponds to the mass of the
-CH,CH;O- repeat unit. This polydispersity effect is problematic for GC-MS analysis of the
MPEGVE monomer. Owing to this distribution of PEG chain lengths, there is no unique parent

ion, which masks the rather small molecular weight difference between MPEGVE and MPEG.

5.3.3 Free Radical Copolymerisation Synthesis of P(TMHVE-stat-

MPEGVE)

It is well known that vinyl ethers are not normally amenable to free radical polymerisation. This
is because vinyl ether radicals are relatively unstable and hence prone to side-reactions such as
B-cleavage and hydrogen transfer.! However, Sugihara et al. reported a method for preparing
poly(vinyl ethers) via free radical polymerisation either in the bulk or in aqueous solution,
which opens up new synthetic possibilities.'® This new approach minimises the reactivity of
the growing free radicals through hydrogen bonding, which is sufficient to inhibit the normal
side-reactions. Water molecules or hydroxyl groups can act as hydrogen bond donors to form

hydrogen bonds with the ether oxygen in the vinyl ether (see Figure 1.6), thereby stabilizing
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the intermediate free radicals. In addition, the introduction of Li* leads to cation-r interactions
which activates vinyl ethers towards initiation. In principle, hydrophilic monomers such as
MPEGVE should be suitable for this approach because it can participate in the formation
of hydrogen bond networks. Thus good results were anticipated in this case. However, for
the hydrophobic TMHVE monomer, modifications are required to facilitate the free radical

copolymerisation.
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Figure 5.6: NMR spectra (CDCl3) recorded for the attempted free radical copolymerisation of
MPEGVE with TMHVE at 70 °C using AIBN initiator in the bulk copolymerisation

Bulk copolymerisation of TMHVE with MPEGVE was attempted initially at 70°C. The
progress of this free radical copolymerisation was monitored via 'H NMR spectroscopy and
DMF GPC analysis. The instantaneous comonomer conversion was calculated by comparing
the integrated NMR signal assigned to the terminal methoxy chain-end of MPEGVE (singlet

at 3.34 ppm) with that of the three vinyl protons at 6.46, 4.14 or 3.96 ppm. The latter signals
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gradually disappear as the copolymerisation proceeds, with 90% conversion being achieved
within 16 h at 70 °C. However, various side-reactions could also consume the vinyl ether vinyl
groups, so in this case NMR analysis does not necessarily prove successful copolymerisation.
Indeed, DMF GPC analysis indicates a very modest increase in My, from 160 to 320 g-mol~!,

suggesting merely the formation of dimer only.

——M,, =320 g mol” | ——M,, =160 g mol”

Retention time / min

Figure 5.7: DMF GPC recorded for the attempted free radical copolymerisation of MPEGVE
with TMHVE at 70 °C using a AIBN initiator in the bulk copolymerisation.

Previous studies by Sugihara et al.'® indicate that the addition of LiOH to produce a basic
aqueous solution can effectively stabilise radical intermediates (see Figure 5.8). In this prior
study, M, of poly(methoxy vinyl ether)'® was significantly increased from 4,500 to 12,300
g-mol~! in the presence of LiOH. Inspired by this finding, we investigated the feasibility of
applying the same methodology to the free radical copolymerisation of MPEGVE and TMHVE

in an aqueous solution of LiOH.
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Figure 5.8: Lithium cation - 7 interactions assisted stabilisation of the vinyl ether, as suggested
by Sugihara and co-workers.'®

"H NMR analysis indicated that the comonomer conversion reached 74% within 15 h at 70 °C.
However, GPC analysis again indicated only a marginal increase in M, which is inconsistent

with the results reported by Sugihara et al.'®

Following email discussions with Prof. Sugihara,
we hypothesised that this apparent discrepancy might be attributed to the chemical structure
of MPEGVE. More specifically, its PEG side-chains introduce a larger number of potential
hydrogen bond sites. Thus, compared to the MOVE monomer used in the prior study, MPEGVE
may be more prone to form intramolecular hydrogen bonds within its side-chains. If this is
correct, such intramolecular competition would reduce the availability of the ether oxygen to
form hydrogen bonds with water, thereby reducing the stabilisation of the propagating radical
species and leading to poor polymerisation efficiency.

In view of the consistently low molecular weights obtained under these conditions, further in-

vestigation into the radical copolymerisation behaviour of TMHVE and MPEGVE is considered

to be of limited practical value.

5.3.4 Cationic Homopolymerisation of PTMHVE

In the TiCly system, the TMHVE monomer conversion was monitored by *H NMR. The
characteristic vinyl proton signals at 6.5 ppm and 3.9 - 4.2 ppm completely disappeared within
3 h at —-78 °C, suggesting almost complete conversion. DMF GPC analysis indicated that the
peak molecular weight (Mp) of the copolymer increased from 160 g-mol~! at the beginning
of the reaction up to 820 g-mol~!, indicating the formation of oligomers, rather than high
molecular weight copolymer chains (Figure 5.9). In principle, this might be the result of either

water contamination or extensive chain transfer or S-hydride elimination.
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Figure 5.9: DMF GPC recorded for the attempted cationic homopolymerisation of PTMHVE
at =78 °C using a TiCly initiator in dry DCM.

In addition, the above initiator were also examined for the cationic copolymerisation of
MPEGVE with TMHVE. Since residual water associated with the hydrophilic PEG side-chains
is difficult to completely remove, the water content of such systems may be relatively high, which
in turn could affect the stability and initiation efficiency of the Lewis acid. Unfortunately, no

polymerisation was achieved in all experiments.
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5.4 Conclusions

Two vinyl ethers were successfully synthesised using transetherification, namely hydrophilic
MPEGVE and hydrophobic TMHVE. Either free radical copolymerisation or cationic polymeri-
sation of these two comonomers was explored to produce amphiphilic statistical copolymers for
foam stabilisation studies. The rationale here was to target highly flexible backbones compared
to the equivalent (meth)acrylic copolymers for optimal surface activity.

Free radical copolymerisation led to the formation of oligomers, which may be attributed to
hydrogen-bond stabilisation.!® Nevertheless, this interpretation requires further verification by
infrared spectroscopy. However, the copolymer molecular weight was significantly lower than
that desired. In addition, the presence of TMHVE repeat units within the copolymer could not
be confirmed by '"H NMR spectroscopy.

The cationic homopolymerisation of TMHVE was successful when using the TiCly initiator,
which produced a low molecular weight product. However, no initiation occurred in the
subsequent attempt to copolymerise TMHVE with MPEGVE. This failure is believed to be
related to the difficulty of removing of residual water from the hydrophilic MPEGVE monomer:
the highly reactive cation chain-ends are readily deactivated in the presence of such a protic
impurity. Hence more stringent drying methods such as azeotropic distillation are recommended
for future experiments to rigorously dry the MPEGVE monomer prior to copolymerisation.
All attempts to employ the AICI3/H;O system as an initiator system for cationic polymerisation
were also unsuccessful.

In summary, the cationic homopolymerisation of the hydrophobic monomer TMHVE can be
conducted using the TiCly initiator, whereas the hydrophilic MPEGVE monomer is much more
difficult to dry and is hence much less amenable to cationic polymerisation. More rigorous
drying and appropriate initiator selection are key problems that need to be addressed for
copolymer synthesis via cationic polymerisation. However, RAFT copolymerisation of such

vinyl ethers has been successful under certain conditions. There is scope for further examination
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of this synthetic protocol in future work.
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The structure-property correlations of amphiphilic statistical copolymer surfactants were sys-
tematically investigated with a focus on optimising their foaming performance. Appropriate
design rules were established by initially screening for important statistical factors, followed by
characterisation of amphiphilic (meth)acrylic copolymers and detailed structure-property stud-
ies, including evaluation of new polymerisation routes to amphiphilic statistical copolymers
with more flexible backbones (e.g. the attempted synthesis of novel vinyl ether-based copoly-
mers). In addition, a fully hydrophilic statistical copolymer was synthesised as a model system
for evaluating backbone flexibility from SAXS patterns using the WLC-PRISM model.! This
approach enabled isolation of conformational effects arising solely from chain stiffness, with-
out interference from chemical composition or molecular weight, providing a useful reference
sample for examining chain flexibility.

Primary variables that control foamability for Pluronic-type triblock copolymers and
(meth)acrylic copolymers were identified in Chapter 2 using DoE combined with the ANOVA
method.”* For amphiphilic statistical copolymer, the chemical structure of the hydrophobic
comonomer emerged as the dominant factor, followed by molecular weight, the [HB]/[HL] ratio
and the nature of the copolymer backbone (e.g. acrylic > methacrylic). These findings provided
useful guidance for subsequent copolymer syntheses.

Amphiphilic statistical (meth)acrylic copolymers exhibited superior foamability compared to
their block counterparts, which is attributed to more efficient interfacial adsorption by the
former species.’ By connecting dynamic surface tension with foamability, a trade-off was iden-
tified between rapid diffusion (which requires shorter copolymer chains) and the formation of
stable interfacial films, for which longer copolymer chains are desirable. This highlights the
importance of optimising the copolymer molecular weight to achieve a balance between adsorp-
tion kinetics and film stability. However, there was no correlation between either foamability
or foam stability and the "static" surface tension determined using either the bubble pressure
method or the du Noiiy ring method. Ideally, such static interfacial properties of the adsorbed

copolymer layers require further investigation via neutron reflectometry.®~
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SAXS studies indicated a clear correlation between copolymer composition, micelle mor-
phology and foaming performance. Copolymers with lower hydrophobic character formed
relatively loose micellar aggregates which are able to undergo rapid dissociation. This facili-
tates rapid yet weak surface adsorption. In contrast, more hydrophobic copolymers produced
more compact, stable micelles that undergo relatively slow micellar dissociation and interfacial
adsorption, which is not desirable for efficient foam formation. Consequently, the hydrophobic
comonomer content must be optimised to balance the conflicting requirements of initial fast
dissociation/diffusion kinetics with subsequent thermodynamic foam stabilisation. The micelle
structure and surface activity can be tuned by varying the nature of the hydrophobic comonomer,
with a highly branched alkyl substituent conferring superior foamability.

Although the nature of the copolymer backbone exerted only a mild influence on the micelle
structure, it strongly affected the foaming performance. Foam collapse is a dynamic process,
which requires a highly flexible copolymer backbone to respond to the continual interfacial
deformation. In this context, relatively inflexible methacrylic copolymer surfactants perform
poorly. This observation suggested that more mobile/flexible copolymer chains should provide
greater foam activity. However, for studies of PEG-based copolymers, differential scanning
calorimetry proved to be ineffective for assessing the glass transition temperature, which is a
proxy for chain mobility.

The amphiphilic statistical copolymers investigated in this study did not form the desired
unimolecular micelles in deionised water, which is attributed to the strongly hydrophobic
nature of the THMA comonomer. Accordingly, a series of ethanol-water mixtures could
be examined to determine the minimum ethanol content required for unimolecular micelle
formation. Likewise, introducing more hydrophilic substituents, such as ionic groups, may
also promote the formation of unimolecular micelles. A dedicated systematic study is therefore
required to identify the specific solution conditions and copolymer compositions that enable
unimolecular micelle formation.

In this study, among the amphiphilic statistical copolymers examined in deionised water, only
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the sample with the highest hydrophilic-monomer content (PT95 series) was able to form
the expected unimolecular micelles. This is attributed to the strong hydrophobicity of the
THMA comonomer. Accordingly, a series of ethanol-water mixtures could be examined to
determine the minimum ethanol content required for unimolecular micelle formation. Likewise,
introducing more hydrophilic substituents, such as ionic groups, may also promote the formation
of unimolecular micelles. A dedicated systematic study is therefore required to identify the
specific solution conditions and copolymer compositions that enable unimolecular micelle
formation.

To compensate for the limited conformational information reported in Chapter 3, a series of
weakly basic P(DMA-stat-PEGMA) statistical copolymers was prepared as a model platform
for investigating the effect of chain flexibility. For this model system, backbone flexibility can
be modulated by introducing intra-chain electrostatic repulsion via reversible protonation of
the tertiary amine group on the DMA comonomer repeat units. This strategy simulates the
flexibility variations via electrostatic interactions that would otherwise arise from changes in
backbone chemical structure, while eliminating compositional bias and enabling direct tun-
ing of chain rigidity. As such, it provides a useful platform for probing structure-property
relationships. SAXS analysis using the WLC-PRISM model provided the mean persistence
length of the copolymer chains (i.e. intra-chain interactions) while also accounting for electro-
static interactions (inter-chain interactions, interaction fuzziness and the effective interaction
distance).! Neutral copolymer chains formed compact coils, whereas increasing the degree of
protonation at low pH leads to coil expansion and stiffer chains. Salt screening experiments
revealed a marked reduction in the mean persistence length and coil dimensions at high ionic
strength.!®!!" Concentration variation produced a structure factor that scaled with classical
polyelectrolyte theory.!>!3 GPC-MALLS studies confirmed that charge-induced coil expansion
persisted across a wide range of molecular weight when comparing P(DMA-stat-PEGMA)
with its permanently charged analogue, P(QDMA-star-PEGMA). Overall, the chain conforma-

tion depends on the charge density, ionic strength, and copolymer concentration. This study
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has validated the WLC-PRISM scattering model for analysing charged hydrophilic statistical
copolymers in aqueous solution. On this basis, the WLC model should also be applicable to less
complex, non-ionic systems, such as the statistical copolymer surfactants discussed in Chapter
3. For these systems, the backbone flexibility of acrylic- and methacrylic-based copolymers
can be quantified through the Kuhn length derived from the WLC model, enabling a systematic
comparison of the chain rigidity of the two backbones and compensating for the limitations of
glass-transition measurements obtained by DSC. In the future, the WLC framework should be
applied in suitable solution environments to determine the Kuhn lengths of amphiphilic statis-
tical copolymer surfactants and to further evaluate the chain flexibility differences between the
two copolymer backbones. Moreover, contrast-match SANS studies should be conducted in
D,O/H,0 mixtures to characterise the condensed counter-ion layer, thereby refining the current
data fits to scattering patterns.

Attempts were made to prepare amphiphilic vinyl ether-based statistical copolymers which were
expected to exhibit even greater chain flexibility than the best-performing acrylic copolymers.
TiCly-initiated cationic homopolymerisation of hydrophobic TMHVE was achieved but its sta-
tistical copolymerisation with hydrophilic MPEGVE proved to be problematic owing to the
presence of residual water. Moreover, alternative syntheses based on free radical copolymeri-
sation yielded only low molecular weight oligomers. Although these syntheses were ultimately
unsuccessful, they highlight the critical importance of rigorous monomer drying and initiator
selection that is required for successful cationic polymerisation.

Overall, three universal design rules have been identified in this thesis: (i) branched hydrophobic
comonomers promote stronger interfacial adsorption compared to their linear counterparts; (ii)
moderate molecular weights balance rapid diffusion to the air-water interface with sufficiently
resilient adsorbed copolymer layers; and (iii) enhanced copolymer chain flexibility promotes
foamability. These useful physical insights suggest design strategies for next-generation non-
ionic copolymer surfactants.

Future work should focus on reducing the copolymer molecular weight (e.g. by introducing a
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suitable chain transfer agent) and further diversifying the selection of hydrophilic and hydropho-
bic comonomers. Neutron reflectometry studies should enable the characterisation of adsorbed
copolymer layers formed at the planar air-water interface under static conditions (and possibly
even dynamic foaming conditions), while contrast match SANS experiments should enable a
more refined structural model to be developed to describe the condensed counter-ions associ-
ated with charged copolymer chains/micelles.'* In principle, either longer acquisition times or
selecting a shorter camera length should improve the quality of the scattering data recorded
in the high q regime, thereby providing greater resolution. Finally, further optimisation of
the copolymerisation conditions required for the preparation of amphiphilic vinyl ether-based
copolymers remains a key synthetic challenge. A deep practical challenge is to make statisti-
cal copolymer surfactants that are not based on a carbon-carbon backbone. Polymers with a
heteroatom in the backbone are more intrinsically biodegradable. This is important because
polymeric surfactants are ultimately dispersed in the environment in their application and they
need to safely degrade into degnin, mineralisable residual rather than becoming persistent "for-
ever chemicals".!> Such future studies are expected to accelerate the design of next-generation

statistical copolymer surfactants.
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