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Thesis Abstract

Polymers have emerged as exciting candidates for self-assembly into nanomaterials.
Advancements in polymer science have seen an increase in the design of complex, but well-
defined systems unlocked by the evolvement of controlled and living polymerisation
techniques. As such, architectures such as molecular polymer bottlebrushes (MPBs) that are
considered synthetically complex, can be achieved as well-defined and uniform polymer
building blocks. Additionally, their large scope for functionality provides opportunity for the
synthesis of tailored building block materials, unlocking self-assembly pathways of
morphologies and functional materials that have remained quite elusive to date. This thesis
will explore the synthesis of MPB containing building blocks to better understand their bottom-

up self-assembly behaviour towards polymeric discoidal nanoparticles.

The first research chapter shows the synthesis of poly(ethylene glycol)-block-(poly (2-(2-
bromoisobutyryloxy)ethyl methacrylate)-graft-poly(benzyl methacrylate)) (PEG-
block(pBIEM-g-pBzMA) MPB bottlebrush-linear ‘tadpoles’ synthesised by reversible-
deactivation radical polymerisation (RDRP) techniques including reversible-addition-
fragmentation chain-transfer (RAFT) polymerisation of a polymer backbone, and subsequent
atom transfer radical polymerisation (ATRP) to graft polymeric side chains. The dimensions
of the MPB component of these architectures was explored to determine their effect on self-

assembled morphology.

The second research chapter explores the co-assembly of chemically different bottlebrush-
linear architectures into discoidal particles. By co self-assembling two chemically distinct
tadpoles, namely poly(ethylene glycol)-block-[poly(3-azido-2-hydroxypropyl methacrylate)-

graft-poly(ethyl  ethoxylate)] and  poly(ethylene  glycol)-block-[poly(2-(2-bromo
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isobutyryloxy)ethyl methacrylate)-graft-poly(benzyl methacrylate) with tendency to self-
assemble into discoidal particles, this chapter explores the relationship between concentration
mixtures and nanoparticle morphologies. Furthermore, we investigate the effect of selectively
disassembly one component in this mixture upon stimulus exposure in a proof-of-concept

study.

The third research chapter extends the ‘tadpole’ architecture to a more complex bottlebrush-
linear-bottlebrush ~ ‘dumbbell”  architecture  [(poly  (2-(2-bromoisobutyryloxy)ethyl
methacrylate)-graft-poly(benzyl methacrylate))-block-poly(ethylene glycol)-block-(poly (2-
(2-bromoisobutyryloxy)ethyl — methacrylate)-graft-poly(benzyl — methacrylate))].  Whilst
maintaining the required balance between corona-forming flexible blocks and rigid core-
forming blocks, a range of brush dimensions are surveyed to assess their self-assembled
morphologies. Extending their application, the co-assembly of these macromolecules with

tadpole structures is investigated towards networks of nanoparticles.
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Chapter I : Introduction



1. Designing Nanomaterials

Nanoparticles (NPs) remain influential across many industries as an exciting and effective
means to improve the performance and specificity of functional materials.'” Since Feynman’s
visionary lecture on the possibilities of nanomaterials in the 1950s,* the landscape of
nanotechnology continues to evolve to find pathways to access elusive but attractive NP
qualities with tuneable properties.> > ¢ Being predominantly used in the biomedical field, NPs
have been revolutionary in addressing issues concerning treatment, diagnosis, and theranostic
applications.® 7 Other applications include agriculture, coatings, textiles, and electronics. To
enhance their performance towards specific applications, the design of their size, surface

chemistry, and shape is particularly important.®

1.1 Size

It is increasingly accepted that size influences the activity of NPs. In biomedicine, oral drug
delivery requires passive transport across the lumen with particles with an average size of
approximately 100 nm exhibit optimal absorption into enterocytes.® Size is also imperative to
avoid clearance pathways such as renal clearance or the reticuloendothelial system (RES). NPs
within the size range of 10 — 100 nm have been deemed to be optimal for intravenous
administration.” Whilst certain physical biological barriers such as the BBB may have specific
size cut-off ranges, studies have found that NPs between 40 — 50 nm experience optimal cellular
uptake via passive transport.'? In catalysis, smaller particles present a higher surface to volume
ratio, making them more active for catalytic reactions.!! Similarly, decreased sizes have
improved performance of nanoparticle inks in three-dimensional (3D) printing for

electronics.'?



1.2 Surface Chemistry

One of the most influential NP properties for targeted application is surface chemistry. For
biocompatible NPs, surfaces that carry a relatively neutral charge with hydrophilic character
are particularly advantageous to avoid premature metabolism or excretion. Polymers that
satisfy this criteria join a class of biocompatible polymers, with the current industry gold
standard being poly(ethylene glycol) (PEG).!* PEG recruits dysopsonin proteins within the
protein corona of NPs that prevents recognition by immune systems thus prolonging circulation
time.'* The success of this stealth response is dependent on factors such as the molecular
weight, density, and conformation of the PEG polymer.'> ¢ Alternative synthetic polymers

have been investigated for their anti-fouling properties such as shape or chemically modified

18,19 ) 20,21
b

PEG derivates,!” poly(2-oxazoline)s, poly(vinyl pyrrolidine and poly(zwitterions).?*
23 Surface chemistry has also been used for targeted therapies where surfaces are designed to
resemble or interact with endogenous ligands specific to disease environments. This strategy

9:2426 and inflammatory diseases,?”

has been used widely in the design of anti-cancer therapies,
2 because there are a plethora of characteristic receptors and endogenous molecules to choose

from.

1.3 Shape

Additional to the parameter of size, it is now accepted that the shape does also significantly
boost nanoparticle performance. In plasmonics and optics, the shape of particles can vastly
change their properties. Asymmetric structures can alter the resonance frequency dependent on
their aspect ratio,>* allowing the wavelengths to be tuned across the spectrum.’! Budy et al.,
showed that anisotropic morphologies exhibit higher sensitivity to the localised surface
plasmon resonance, with relevance to sensing and light harvesting.’? In addition, their non-
Newtonian behaviour in fluid dynamics whereby nanofluids containing anisotropic

nanoparticles can undergo shear thinning,** making them well-suited for applications such as



industrial lubricants and paints.>* This behaviour is well explained in biological settings, where
their higher aspect ratio facilitate preferential cellular interactions and fluid dynamics over
spherical particles.® Ultimately, this elevates rates of margination towards endothelium within
vasculature. Blanco and coworkers demonstrate this by comparing how spherical and
anisotropic NPs respond to the stress from fluid dynamics of blood in vessels differently.3¢
Spherical NPs continue in a laminar flow as they rotate in a uniform pattern, and therefore
continue through vasculature in the cell-free layer, with minimal margination towards the
vasculature wall (Figure 1.1). In contrast, the geometry of non-spherical NPs allows them to
advance in a non-linear oscillation pattern. The randomness of this oscillation and greater
particle surface area for fluid dynamics to act upon contributes to greater margination of NPs
towards endothelial cells.>” When at the vasculature wall, the difference in available surface
area between spherical (Figure 1.1b) and disc-shaped NPs (Figure 1.1c) affects the potential
contact area between cells and NPs, hence resulting in the latter experiencing greater likelihood
of cellular uptake.*® 3 This phenomenon is responsible for their preferential extravasation to
smaller blood vessels and subsequently, NP accumulation in target tissues with reduced
clearance.***? In turn, nanodisc carriers are poised as optimal carriers for a plethora of
biomedical applications such as for drug delivery.*** In a similar manner, the high aspect ratio
and surface area are well-suited to catalytic applications, finding that octahedral nanocrystals
have displayed better activity due to the multiple facets available for a range of reactions.!! %
In environmental applications, gas detection, heavy metal and contamination detection and
water purification application also benefit from the increase in available active sites that high
surface area in anisotropic particles affords.*® Therefore, there is large interest in the fabrication
of anisotropic NPs, with particular emphasis on discoidal NPs to advance current nanomaterials

and models.



Figure 1.1. Spherical and anisotropic nanoparticle flow, localisation, and ellular interaction
properties to demonstrate the importance of nanoparticle size and shape on biodistribution. a)
localisation and interactions of spherical and anisotropic nanoparticles in vasculature b) cellular
interactions of spherical nanoparticles with endothelial cells. ¢) cellular interactions with anisotropic

nanoparticles with endothelial cells. Reproduced from Ferrari and coworkers.*®

2. Current Nanodisc Models

Currently, the term nanodisc typically refers to four major classes of biologically relevant
particles. These include lipid nanodiscs (LNDs), styrene-maleic acid copolymer lipid particles
(SMALPs), polymer nanodiscs (PNDs) and hybrid bicelles (HBs). Typically, these models
were intended as a membrane mimetic for biological studies. However, with increasing interest
in anisotropic nanoparticles, some have been studied as drug delivery agents, particularly in

oncology.



LNDs were the first type of nanodiscs to be reported.*’ Originally intended as reconstituted o-
HDLs,** % they are comprised of a phospholipid bilayer that is then stabilised by lipoproteins

such as apolipoprotein-A1l (Apo-Al).

SMALPs are similar in structure to LNDs, substituting the Apo-A1 that stabilise the structure
with styrene-maleic acid copolymers.>® Structural characterisation uncovered that the polymer
assumes a ‘bracelet’ conformation around the lipid bilayer.’! The styrene moieties afford the
macromolecule greater stability, whilst the negative charge via the maleic acid moieties
facilitates dispersion in aqueous environments. However, the applications of this model are
also limited by a range of factors. Due to the charged nature of maleic acid units, this system
is not applicable in acidic environments,*> and incompatible with divalent metal ions.> To

mitigate this, modifications to these polymers have been introduced.>*

PNDs gain their name by the inclusion of polymeric amphiphiles that substitute the
phospholipids that constitute the planar bilayer. Unlike SMALPs, they maintain the use of
stabilising MSPs and therefore are not entirely polymeric in nature. In the presence of MSPs
and detergent, these polymer amphiphiles can be directed to self-assemble into discs instead of

spherical polymersomes.>”

HBs differ entirely, comprised of cerasome forming lipids (CFLs) and shorter phospholipids,>®
that form the planar and curved edges of discoidal shapes respectively.’” The CFLs assemble
into a vesicular structure with the strength of a silicon-based shell. Comparisons between
bicelle and liposomal drug carriers show the former exhibiting increased cellular uptake and

drug efficacy,® attesting to the effects of NP shape presented in Section 1.3.

Whilst these models provide many biomedical advances, barriers preventing the wide-scale use
in drug delivery involves cost, safety and stability. Arguably the largest challenge surrounds

cost of production. Majority of these systems require stabilisation by MSPs, with Apo-A1 and



its derivatives being most commonly used. From a safety perspective, the use of endogenous
components in nanodiscs with the intention of introducing these into other living organisms
may induce immunogenic responses with overuse.>® Whilst efforts towards synthetic Apo-Al
are evolving, barriers of immunogenicity and synthetic complexity remain.’® Like all
nanoparticles, the stability of nanodiscs is reliant on the free energy equilibrium of building
blocks in response to their environment.’® The involvement of detergents and complex

synthetic strategies to achieve these models can affect the stability of some components. !

To overcome these limitations and make nanodiscs a versatile platform for all applications,
inspiration has been taken from the extensive advantages that precise polymer design has to
offer. Despite the inclusion of synthetic polymers in some of the aforementioned models, none
of these are entirely polymeric in nature. Thus, there is large interest in achieving entirely
synthetic discoidal NPs. We acknowledge that there are many reports of synthetic inorganic

62,63 metallic,** or gold-based,® nanoparticles in nanomedicine.*® However,

NPs such as silica,
to delicately balance the requirements of size, surface chemistry, and morphology with
precision control, polymeric NPs are particularly advantageous. As a soft matter, synthetic
polymers offer diverse chemical functionalities and tuneable physical properties, making them
a versatile building block for self-assembly to suit any application.®’ In an amphiphile, having

independent control over both the hydrophilic and hydrophobic segment,®®

polymer self-
assembly remains an adaptable field of interest. By strategically designing the polymeric
composition of building blocks, researchers can control the size, shape, and surface
characteristics of the resulting nanoparticles, enabling precise tailoring for specific
applications. To achieve such properties, many rely on reversible deactivation radical

polymerisation (RDRP) techniques, particularly in applications where material precision and

adaptability are paramount.



3. Reversible Deactivation Radical Polymerisation

RDRP techniques have been transformative in polymer chemistry, enabling the synthesis of
well-defined polymers with precision in targeting molecular weights, narrow molecular weight
distributions, and well-defined architectures. Therefore, these approaches are highly relevant
in the synthesis of polymeric materials for nanoparticle fabrication. The three most widely used
RDRP techniques are Atom Transfer Radical Polymerisation (ATRP), Reversible Addition-
Fragmentation Chain Transfer (RAFT) Polymerisation, and Nitroxide Mediated
Polymerisation (NMP). The process of NMP and its application has recently been reviewed.®’
With ATRP and RAFT being relevant to this project, these polymerisation techniques will be

discussed further.

3.1 Reversible Addition-Fragmentation Chain Transfer (RAFT) Polymerisation

Since its development in the late 1990’s,”° RAFT polymerisation has become a standard
technique in a polymer chemist’s toolbox. This is largely due to its ease and versatility in
affording even complex polymer architectures. The characteristic ‘living’ nature of this
polymerisation technique is revolutionary in terms of RDRP approaches because it allows
polymerisations to proceed to >99% monomer conversion whilst maintaining control, unlike
other techniques which can facilitate a maximum of approximately 80% conversion.”! This is
because the equilibrium of dead and living chains in traditional RAFT is controlled by the
number of available initiators. The RAFT process begins by radical initiation before an
equilibrium is established between living and dormant chains facilitated by the chain transfer
agent (CTA) and its interaction with propagating radicals.”!

The CTA comprises of an R- and Z- group connected by a thiocarbonylthio (S=C-S) group.
The R-group is known as the ‘leaving group’ due to its homolytic nature. Its main purpose is

to control the reinitiation of the propagation of polymer chains by the strength of the connecting



C-S bond.”? Alternatively, the functional Z-group acts to be reversibly transferred between
living and dormant polymer chains in a degenerative transfer mechanism to facilitate their
polymerisation before termination.”> The Z-group is responsible for ensuring the stability of
the RAFT intermediate, and in turn, controls the rate of propagation of polymer chains such
that they exist over a narrow molecular-weight distribution throughout the entire process.’!
Figure 1.2 depicts the RAFT process. Whilst there are many subtypes of RAFT based on their
radical initiator source, conventional RAFT typically uses azo-initiators. The initiator
undergoes fragmentation, and the subsequent radicals can react with monomers to form and
active propagating polymer chain (Pn-). In the pre-equilibrium, this propagating chain reacts
with the CTA to form a RAFT intermediate. Via this intermediate, the radical can be exchanged
from the active polymer chain to reinitiate other monomers and form another polymer chain
(Pm-).

The RAFT equilibrium between the propagating radicals Pn- and Pm- and their transfer across
the CTA is then established. The fragmentation of the chains controls the equilibrium between
dormant chains attached to the CTA, and active chains until the monomers are consumed or
termination is initiated. The controlled polymerisation that RAFT is known for relies on the
fast rate of addition-fragmentation in comparison to the rate of monomer addition. This allows
equal chance of monomer addition to the propagating radical chains, in turn narrowing the
molecular weight distribution of resulting polymers. Additional to CTA choice, the kinetics of

the addition and fragmentation steps of RAFT can be optimised experimentally by controlling

radical concentration, initiator choice, and temperature.

One of the advantages of RAFT over other RDRP processes is its ability to polymerise a wide
range of monomer types across a variety of reaction conditions. However, with different types

of monomers exhibiting different reactivities, the RAFT CTA must be chosen appropriately to



ensure well-controlled and efficient polymerisations. Factors such as steric hindrance, polarity

and electrophilicity of substituents can all influence the reactivity and kinetics of CTAs.”?
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Figure 1.2. The mechanism of reversible addition-fragmentation chain transfer polymerisation across

the initiation, propagating equilibriums, and termination steps.

Moad, Rizzardo, and Thang outlined the suitable Z- and R- groups of a CTA for the most
efficient polymerisation of different monomers (Figure 1.3).”* As expected, more activated
monomers (MAMs)  such as methacrylates, acrylates, styrenes, acrylamides and
methacrylamides require a different combination of Z- and R-groups compared to less-
activated monomers (LAMs) such as vinyl acetates. MAMs are distinguished by the presence
of electron-donating groups adjacent to the vinyl bond, whilst LAMs have electron-
withdrawing groups in this position.”” Incompatibilities with RAFT agents based on their
reactivity gave rise to universal or switchable CTA to allow copolymerisation of both monomer

classes.”®
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Figure 1.3. The compatibility of Z- and R- groups of a RAFT chain transfer agent with different

monomers. Reproduced from Moad and coworkers.”

3.2 Atom Transfer Radical Polymerisation (ATRP)

Pioneered by Matyjaszewski and Sawamoto in 1995,””7® ATRP is an extensively used RDRP
strategy advantageous for synthesising polymers with narrow molecular weight distributions
and diverse molecular architectures. The mechanism of conventional ATRP (Figure 1.4)
involves an alkyl halide initiator (R-X) catalytically being activated by a donor ligand
complexed with a transition metal (M{"/L), typically copper due to its low cost and predictable
chemistry. The metal halide ligand is oxidised in this process, transitioning from lower
oxidation state (M") that facilitates polymerisation activation, to the higher oxidation state
(M{™*1) being the deactivating state. The active radical (R') then reacts with free monomer to
create a propagating chain at a constant rate of propagation (kp). To ensure controlled
polymerisation, the ATRP equilibrium must be balanced, maintaining a lower constant rate of
activation (ka) and concentration of activating molecules compared to the constant rate of
deactivation (kq) thereby allowing the polymerisation to proceed in a well-controlled manner

and minimising the incidence of deactivating complexes and subsequent termination.”

Whilst this reaction is reversible between activation and deactivation of polymer propagation,
chain termination reactions are still present, though negligible in occurrence, when two

propagating radicals meet to form R-R dormant chains. Eventually, this contributes to the

11



equilibrium shift to favour chain activation and propagation resulting in greater concentration

of deactivating complex (X-M¢™*!/L), which slows the addition of monomers to propagating

chains.
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Figure 1.4. The mechanism of atomic transfer radical polymerisation in the initiation and equilibrium

phases.

ATRP is an attractive polymerisation method due to its wide compatibility with not only a range
of monomer classes, but also efficiency in both polar and non-polar solvents. To determine the
optimal alkyl halide and ligand combination for a monomer class, thermodynamic and
electrochemical properties must be considered to ensure optimal electron transfer.3’ Additional
factors that must be considered include reaction temperature, solvent polarity, and pressure. As

mentioned previously, whilst copper is most commonly used, the metal catalyst can also be
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changed,®! with reports on a range of metals being used including iron, ruthenium,

cobalt,®® and nickel.?’

As the landscape of ATRP evolves, a series of ATRP subtypes have been uncovered. To reduce
copper concentration to a few parts per million, including continuous activator regeneration
(ICAR) ATRP?®® single-electron transfer living radical polymerisation (SET-LRP),%
photoinduced ATRP,”® and electrochemical ATRP (eATRP)’! are used. To limit copper
concentration, these polymerisation types rely on reducing agents to reactivate active copper
species. Methods that are more tolerant to oxygen compared to conventional ATRP have also

been explored such as activators regenerated by electron transfer (ARGET) ATRP.”> %3

4. Polymer Self-Assembly

The self-assembly of polymeric materials into nanoparticles remains an extensively used
strategy. The versatility of this approach is dependent on the differences in the properties and
architectural design of the polymer starting material. The simplest of polymer structures
available for self-assembly are linear in nature, usually existing in amphiphilic form, where
monomers are either attached in distinct hydrophilic and hydrophobic blocks. The interplay of
thermodynamic, geometric and kinetic factors largely govern morphological control of
resulting nanoparticles. The incompatibility of these blocks in aqueous solution drives the
thermodynamic process of their segregation into distinct phases, generally with a compact
hydrophobic core, and relaxed hydrophilic shell. This is quantified by the Flory-Huggins
interaction parameter () which explains the incompatibility between polymer segments, and
also between polymers and the solvent system.”* When y > 0.5, the energy penalty drives self-
assembly through phase separation and aggregation. Solvent selectivity determines the extent
of block solvation,”” which in turn, can also affect polymer packing and morphology.

Entropically favourable morphologies for polymers include particles with a higher surface
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curvature, namely micelles, cylinders and vesicles. The phase diagram that defines the

realisation of these morphologies is defined by the volume fraction of amphiphiles (Figure 1.5).

This phenomenon is denoted as the critical packing parameter (CPP) that compares the volume

of the hydrophobic segment (V) to the surface area of the hydrophilic head (ao) with respect to

the length of the hydrophobic tail (lc) (Figure 1.5). When CPP < 1, the molecular shape of the

polymer building block is more tapered and lends towards shapes with more curved surfaces.

When the CPP extends beyond 1, more lamellar phases are accessed before reaching inverse

micelles. Whilst this model was initially developed to explain the behaviour of simple two

segment surfactants and amphiphiles, the principles can be extended to multiblock copolymer

systems towards hierarchical systems.

Critical
Mol:ecular packing
mape parameter
CPP<1/3
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packing
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/ 1/3<CPP<1/2
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CPP=V/(a;l.)
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Figure 1.5. Critical packing parameter of amphiphilic building block that dictates the molecular shape

and self-assembled entity. Reproduced from Dopazo et al.*®
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Self-assembly of such block copolymers has been reviewed extensively.”” *® The competition
between interfacial tension (y) and chain entropy also influences the particle core dimensions
as the system tries to achieve equilibrium and minimise total free energy. The interactions
between polymer chains can also affect their solution behaviour and influence interfacial
tension, which has been theoretically investigated with self-consistent field theory (SCFT).”
Depending on the chemical moieties present within these chains, hydrophobic, electrostatic, nt-
7 interactions, and an interplay between these can also be manipulated to tune morphology.'®
With self-assembly behaviour being influenced by so many thermodynamic factors, strategies
have looked to direct the process by altering solvent type, pH, concentration and ionic strength,
making this process tuneable and diverse.!”! Despite this, morphologies existing beyond the
traditional phase diagram defined by CPP such as discoidal nanoparticles have proven to be

relatively difficult to achieve.

In some cases, kinetic factors can govern the self-assembly process, enabling access to
kinetically ‘frozen’ intermediate morphologies.'®> This phenomenon gave rise to techniques
such as polymerisation induced self-assembly (PISA) which will be discussed further. Kinetic
trapping typically occurs when chain mobility is restricted by factors such as glass transition
temperature (Tg).!”> When the self-assembly temperature is below the Ty of a polymer, it
becomes glassy and brittle.® % In contrast, polymers with lower T, maintain flexibility and

can rearrange in response to environmental change towards thermodynamic equilibrium.

Whilst linear block copolymer self-assembly has been used extensively, another layer of
complexity can be achieved by using cyclic polymers and branched structures to access higher-
order morphologies.'®> Branched structures remain an interesting domain and range from
sparsely branched architectures such as star and comb polymers, to densely branched structures
in the form of network polymers and the hyper-branched molecular polymer brushes (MPBs).
As an amphiphilic building block, bottlebrush block co-polymers (BBCPs) are advantageous
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due to the wider capacity to include different physiochemical properties and greater stability in
solution.! 197 To ensure that these polymer systems remain well-defined despite the
complexity of their architectures, many synthesis routes rely on RDRP techniques discussed
previously in Section 3. The synthesis routes for MPBs will be discussed further in Section 5.

Common morphologies of particles reportedly achieved by the self-assembly of BBCPs

108-112 108, 112-114

include micelles and vesicles.

4.1 Self-Assembly of Molecular Polymer Bottlebrushes

The complexity of MPB architectures offers a plethora of structural features that can be
manipulated to induce morphological control in self-assembly. These include BBCP side chain
and backbone lengths which can be manipulated to alter volume fraction of hydrophilic and
hydrophobic blocks, as well as grafting density. The combination of these parameters results
in interesting packing behaviour of bottlebrushes compared to linear polymer systems.!!> 116
Their influence on intrinsic flexibility and chain entropy dictates self-assembled morphologies
based on the curvature of interfaces between hydrophilic and hydrophobic domains.
Theoretical studies largely form our understanding of the independent effect of these
parameters on MPB packing behaviour, with some work in bulk self-assembly. Solution-based
self-assembly studies remain the least explored. Figure 1.6. highlights some experimental

studies where these parameters have been explored in variations of bottlebrush block

copolymer architectures.
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Figure 1.6. Schematic representations and corresponding TEM of systematic self-assembly studies
altering key MPB structural parameters showing morphological evolution in response to changing
packing in (A) asymmetric MPB copolymers with comparable hydrophobic wt% where tapered side
chain lengths achieves greater particle surface curvature. Adapted from Matson et al.''? (B) MPB block
copolymers where increased backbone length decreases intrinsic flexibility, transitioning from onion-
like to ellipsoid particles in emulsion droplets. Adapted from Kim et al. ' (C) rod-coil ‘toothbrush’

block copolymers where increased grafting efficiency increases side chain stiffness, resulting in

particles with less interfacial curvature. Adapted from Adamson et al.'*

4.2 Polymer Side Chains

The side chains of MPBs have a large impact on steric and intermolecular interactions, thus
affecting their packing arrangement.!'” A simple example of increasing the side chain length of
an MPB containing amphiphile presented by Wooley and coworkers showed morphological
transitions from spherical and cylindrical particles to bilayers.''"® The change in side chain
simultaneously influenced the molar ratios between hydrophobic and hydrophilic segments,

which is also expected to contribute to morphology changes. Isolating side chain length from
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molecular weight changes, the Seo group opted to maintain amphiphile ratios in a Janus core-
shell bottlebrush, instead creating asymmetry in side chain length on either side of a polymer
backbone to influence self-assembled morphologies.!® By increasing side chain asymmetry to
favour a shorter core-forming section the backbone bending energy increases, disproportionally
affecting nanoparticle curvature stability to favour less curved structures. In another approach,
the Matson group incorporate macromolecular asymmetry between two blocks of a BBCP with
conflicting chemistries by systematically shortening and lengthening the side chains of
hydrophobic and hydrophilic blocks they were able to alter both volume fraction and polymer
shape. Comparing systems of ~50 wt% hydrophobic fraction with differing shapes where the
hydrophobic and hydrophilic side chains were either similar, tapered or invertedly tapered
(Figure 1.6A), a progression from cylindrical to more spherical particles with greater surface
curvature. The packing parameter is controlled by the shape of the bottlebrush, highlighting the
role of building-block asymmetry in morphology control.''% ! Collectively, these examples
show that side chain length proportionally increases MPB rigidity, resulting in morphologies

with less interfacial curvature.

An interesting modelling tool used in self-assembly attesting to side chain induced rigidity is
superstrong segregation regime (SSSR). SSSR was first introduced by Semenov, Khokhlov and
coworkers modelled by block copolymers between highly incompatible blocks containing
strongly interacting groups that consequently stretch to overcome any interfacial tension to
lower free energy.!? 12! As the incompatibility increases, micellar structures are no longer the
stable conformation, and disc-like particles form. Whilst this has typically been explored with
linear polymers, Vasilevskaya et al., proposed that it was easier to achieve with brush-like
polymers, applying mathematical principles to predict SSR induction in systems.'?? They
explain that increasing the length of side chains and grafting density can increase the stretching

of the comb section, facilitating a crossover to SSSR when appropriately balanced with a
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hydrophilic coil segment. Kim et al., experimentally confirm this model in micelles of
polynorbornene-based fluorinated MPBs. Because of the additional steric hindrance that
grafted side chains afford over linear polymers, interactions between incompatible short side
chains and longer polymeric backbones facilitates backbone stretching.!?* Therefore, the radius
of the core forming components increases. Whilst not accessing anisotropic particles
themselves, they present this work as a scalable model to adjust the flexibility of polymer

blocks, which can improve access to different morphologies.

4.3 Polymer Backbone

Alternatively, the conformational stretching of MPBs can be influenced via backbone design.
Theoretical models by Zhulina, Sheiko, and Borisov,'** have shown that extending the length
of MPB backbones in solution lends to a stretched backbone conformation when side chains
are of sufficient length. Therefore, polymer lengths, combined with environmental factors such
as solvent quality have been controlled to access varied morphologies. Chremos et al. used
molecular dynamic studies to correlate intrinsic stiffness of MPBs to morphological transition
independent of side chain length and volume fraction.!? They found that as backbone length
increased, also increasing intrinsic MPB stiffness, the packing of the rod-like segments
transitioned from favouring hexagonal cylinders to lamellar phases. Experimentally, Ishizu et
al. designed an amphiphilic brush comprising of hydrophilic PEG, and poly(hydroxyethyl)
methacrylate (PHEMA) as the hydrophobic component. With a shortened polymeric backbone,
MPBs assumed a more ellipsoid conformation as opposed to typical cylindrical shapes. In turn,
this affected their aggregation behaviour and self-assembly into higher-order morphologies
such as compartmentalised onion-like nanoparticle with distinct domains visualised through
electron microscopy techniques.'?® More recently, Kim and coworkers observe a similar
phenomenon, where the confinement self-assembly of MPBs with longer backbones are driven

by larger entropic bending penalty, as opposed to shorter backbones where surface energy is
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the dominant factor in morphological control (Figure 1.6B). This facilitates a transition from

ellipsoid to onion-like particles respectively.'?’

4.4 Grafting Density
Another factor on MPB conformation explored in SSSR theory,'?* and supported in other

SCFT,!'"” and molecular dynamic simulations, ' 128

is grafting density. As grafting density
increases, MPBs transition from linear to comb-like, to bottlebrush regimes.!* Grubbs and
coworkers explored the scaling effect of grafting density on backbone stiffness, identifying a
critical threshold where chain conformation transitions become evident as a result of side chain
repulsion induced rigidity.!? While this study was conducted in solid phase, the general trends
and observations are expected to correspond to similar systems in solution. In an architecturally
relevant system to disc-forming building-blocks discussed further in Section 5.2, Martinez et
al. investigated the effect of grafting density in a library of poly(styrene-block-(isoprene-grafi-
poly(ethylene oxide)) rod-coil polymers (Figure 1.6C). Reducing grafting density by
approximately 90% evolved particles from spherical micelles to higher order structures.'*® This

is attributed to the greater flexibility afforded to side chains as grafting density is reduced, due

to the absences of inter side chain repulsion.

These systematic investigations highlight the large potential to direct MPB based architectures

toward desired anisotropic morphologies through structural design.

S. Self-Assembly of Discoidal Nanoparticles

A notable anisotropic morphology lacking in self-assembly studies is discoidal particles. We
recently reviewed self-assembly approaches resulting in discs,®” noting that their difficulty to
fabricate is reflected in the lack of reports in literature since their introduction in the 1990s."3":

132 Herein, we focus on the self-assembly approaches toward discoidal particles as the

motivation of this thesis. Readers are directed to relevant reviews and studies to achieve other
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anisotropic nanoparticles such as platelets, , worms, '3 3% toroids, and

cylindrical nanorods.3* 108 111136

A variety of polymer types and exotic self-assembly approaches have been employed in disc
fabrication. The reported approaches have been distinguished into two groups, being top-down
and bottom-up self-assembly. As their names suggest, top-down (Figure 1.7C) and bottom-up
(Figure 1.7A & 1.7B) self-assembly methods are opposite in nature with the former starting
from a bulk-material that is fashioned into nanoscale objects, and the latter assembling small

molecules into NPs.
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Figure 1.7. Schematic representation of self-assembly to achieve discoidal polymer nanoparticles by

A) direct (B) directed, and (C) disassembly methods. Reproduced from Brisson et al.®’



5.1 Top-Down Nanodisc Self-Assembly

To fabricate nanodiscs, the most common top-down self-assembly approach involves the
disassembly of a superstructure. Large microparticles can be fabricated either in bulk thin film
where solvent evaporation is involved,’® or by confinement self-assembly within a droplet.'?’
Choosing copolymer blocks with distinct chemistries affords phase separation within the
microparticle that can then be modified later in the disassembly process. Figure 1.8 shows that
while these approaches differ in their self-assembly approach, the mechanism of their
disassembly into nanostructures is similar in that they both require post self-assembly

modification steps.

Exploring the use of bulk thin films, Walther et al., use linear polystyrene-block-polybutadiene-
block-poly(methyl methacrylate) (PSBM) amphiphilic polymers to assume lamellar-lamellar
sheets (Figure 1.8A).13 Cross-linkage along the polystyrene phases and subsequent sonication
afforded compartmentalised janus nanodiscs, amongst other janus particle morphologies such
as cylindrical rods and spheres. Janus particles characteristically have chemically distinctly
domains, and derive their name from the Roman god known for two faces representing
beginnings and endings.'*

The Groschel group have contributed greatly to the research landscape concerning evaporation-
induced self-assembly (EISA) within oil in water emulsions. With linear polymers, they
showed the assembly of polystyrene-block-polybutadiene-block-poly(methyl methacrylate)
(PSBM) triblock terpolymers and subsequent cross-linking of the polybutadiene (PB) phase
provided stability to the nanostructures once the particles were redispersed. By varying the
weight percentage (wt%) of each block, the morphologies could be tuned, with 40 wt% PB

block resulting in Janus nanodiscs (Figure 1.8B).

The Hawker group demonstrated the phase-separation of polystyrene-block-poly(2-

vinylpyridine) (PS-b-P2VP) in droplets facilitated by a mixed surfactant strategy to tune the
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surface energy into elongated axially stacked microparticles.'*® A second step to cross-link the
P2VP domain was required for their disassembly into discs with a hydrophobic core stabilised
by the modified P2VP shell. Exchanging the P2VP domain for poly(4-vinylpyridine) (P4VP),

Deng et al. highlight a similar approach to give janus discs.!'*!
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Figure 1.8. Hierarchal disassembly of microstructures into janus nanodiscs by different mechanisms.
(A) Assembly of ABC terpolymer in bulk film to afford lamellar sheets and subsequent disassembly by
sonication. (B) Self-Assembly of ABC terpolymer within confinement and disassembly by redispersion.

Reproduced from Brisson et al.®’
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EISA has also been used with MPBs. AB diblock brush copolymers Extending their work on
linear polymers with hyperbranched structures, Groschel, Miillner and coworkers synthesised
MPBs composed of poly[2-(2-bromoisobutyryloxy)ethyl methacrylate)-graft-polystyrene)-
block-poly(2(trimethylsilyloxy)ethyl methacrylate-graft-poly(lactic acid)) (PBIEMo2-g-PSx)-
b-(PHEMA 104-g-PLA33). The self-assembly into microparticles within an oil-in-water nano-
emulsion.'*? With polymers predisposed to phase separation, this approach highlights the

relevance of MPB architectures as kinetically favourable self-assembling material.

Whilst this technique facilitates good microphase separation that is essential for Janus particles,
to achieve particles with dimensions on the nanoscale, post assembly processing steps such as
cross-linking cannot be excluded from the fabrication process. Additionally, to take advantage
of emulsion droplet confinement self-assembly, both components of the brush must be
hydrophobic in nature so that they are contained within the droplet. Amphiphilic molecules
will instead assemble at the emulsion interface displaying surfactant tendencies. To make them
applicable for drug delivery and other biomedical applications, the properties of one phase must
be switched to feature hydrophilic and biocompatible properties. This limits the monomers that

can be applied by this process.

Another interesting approach presented by the Liu group employed swelling-induced phase
separation as a means of compressing a discoidal structure within a micron-sized droplet.'®
Starting with a hydrophilically modified PS particle by introducing charged monomers along
PS polymers, composite droplets were formed in the swelling polymerisation of 2-ethyl hexyl
methacrylate (EHMA) in decane. Subsequent removal of the decane and soluble EHMA
yielded micro-sized discs. By altering the composition of the polymeric NP surface by

incorporating different percentages of hydrophilic monomer or changing their locality along

the polymer chain, the shape and concavity of discs could be tuned. Whilst this example is
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irrelevant based on particle size, the approach can be considered translatable to nano-sized

objects.

Other top-down approaches that can achieve nanodiscs include lithography and particle
replication in nonwetting templates (PRINT). Whilst these processes are not truly considered
self-assembly because they use templates with pores for polymeric material to be moulded into
desired shapes,'** they have been used to access anisotropic particles that are otherwise difficult
to achieve. The bulk material can then be removed from the template by washing to reveal the
well-defined nanoparticles. PRINT is an extension of lithography that was developed to remove
processing steps that are incompatible with organic material that are relevant for biocompatible
nanoparticles.!* This is achieved by introducing non-wetting polymers that do not leave excess
bulk material behind. Both these approaches produce particles with precise shape and size
based on the template. Enlow et al., demonstrate its use to assemble cylindrical NPs loaded
with chemotherapeutics as a means of synthesising particles with greater control over tailored
properties.'*® To further improve bioavailability of drug carriers, Rolland et al. applied this
method to synthesise PEG based carriers of doxorubicin, achieving trapezoidal, conical, and
cylindrical shaped NPs.!* One downfall of lithography is the NP harvesting procedures. The
simplest harvesting process involves the physical detachment of NPs from surfaces using a

sharp tool with risk of mechanical damage to particles and moulds.

The development of bottom-up approaches provides alternatives to top-down methods that are
attractive based on avoiding post-assembly processing steps and limiting the types of applicable
polymer materials. The simplicity and ease of bottom-up self-assembly in comparison has seen

a large increase in their study to realise polymer nanodiscs.
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5.2 Bottom-Up Nanodisc Self-Assembly

Bottom-up self-assembly of amphiphilic block copolymers is favoured to achieve an extensive
range of controlled polymeric nanostructures. An approach that has gained significant attention
due to its ease in accessing anisotropic morphologies is Polymerisation-induced self-assembly
(PISA). PISA is based on the principle of chain extending a solvophilic RAFT polymer with a
solvophobic monomer. As the chain length of the second block increases, the polymer chains
self-assemble into different morphologies in situ. Whilst this approach has been very successful

in achieving cylindrical and worm-like micelles,'4’- 148

planar structures such as disc-like
micelles remain seldomly reported.'*® Focusing on bottom-up self-assembly approaches in
solution resulting in disc-like micelle formation can be distinguished further into two
categories, being directed self-assembly, and direct-self-assembly. The distinction is made on

the governing factor that allows the energy penalty to compress or bend molecular assemblies

into planar structures.

5.2.1 Directed Self-Assembly
Given the challenges associated with disc formation, directed self-assembly has provided an
avenue for people to access desirable morphologies. This approach involves extrinsic factors

such as templates, solvent mixtures or small molecule chaperones drive disc formation (Figure

1.7B).

The use of structure-guiding templates that facilitate the formation of particle morphologies
has used to achieve uniform nanodiscs. Yang and co-workers exemplify this using a PEO-
block-poly(3-triethoxysilylpropyl methacrylate)-block-PS triblock terpolymer.!*® By using
paraffin droplets as templates in a paraffin-in-water emulsion, the terpolymers acted as a
surfactant at the interface. Acidifying the system triggered a polycondensation of the
triethoxysilypropyl component around the droplet, whilst the PEO and PS segments remained
flexible. Upon dissolution of the droplets, Janus discs were retrieved that also had surfactant
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capabilities in organic-aqueous solvent mixtures. Additional work substituted paraffin droplet
as templating surfaces for silica particles adorned with imidazole domains.!>! Poly(acrylic
acid)-block-PS interacted with these regions by electrostatic interactions. Subsequent cross-
linking of the PAA region allowed well-defined discs of approximately 20 nm diameter to be

retrieved.

Small molecules that can influence polymer interactions and their subsequent packing
arrangements have also been explored to overcome energy bending penalties and access higher
order morphologies. One small molecule used for this purpose is tartaric acid. PS-b-P2VP
polymers in acetone were subject to slow addition of an aqueous tartaric acid solution.'*? In the
aqueous anti-solvent, the polymers arranged themselves into spherical assemblies with a
stacked lamellae phase induced by cross-linking of the P2VP domains by the tartaric acid. After
exceeding a certain threshold of tartaric acid concentration, the P2VP became protonated in the
acidic environment, which induced a morphological transition into polymer discs. This
example crosses over between two strategies, involving both small molecule additives and the

disassembly of a superstructure in a one-pot reaction.

Another example of small molecule additive avenues to disc formation was highlighted by
Wooley and Pochan.'*® Their exotic approach involved the use of two PAA-b-PS diblock
copolymers exhibiting different CPP to achieve an assembly with a planar domain and curved
edges respectively. Without additives, these polymers self-assembled with those of their own
CPP, affording a mixture of cylindrical micelles and bilayer structures. However, with the
addition of ethylenediaminediacetic acid (EDDA), the two diblock copolymers could self-
assemble into a hybrid structure to afford discs. The driving force of this hybrid self-assembly
was credited to the electrostatic interactions of the PAA segment with the EDDA, as well as

factors of blend ratios, and aqueous solvent addition.'** The choice of diamine additive was
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also investigated by the same group finding that multivalent and smaller sized diamines

interacting with PAA segments favoured stable and uniform disc formation.'>®

5.2.2 Direct Self-Assembly
In contrast, direct self-assembly relies on the intrinsic chemical composition of the polymers,
and their predominant interactions that lend to preferential packing into a flat structure (Figure

1.7C). Due to its simplicity, it is generally the most-preferred self-assembly route.

Direct approaches till date have relied heavily on crystallisable chemistry within core-forming
polymer blocks as a means of instilling rigidity into building blocks. In the 1990s, two
demonstrations of this approach were presented by Richter et al.,'*! and Nakano et al.,'*? with
polyethylene-block-poly(ethylenepropylene) (PE-b-PEP) and octadecyl vinyl ether-block-
poly(2-hydroxyethyl vinyl ether) (HOVE) respectively. The self-assembled micelles could be
manipulated into a flattened structure by reducing the temperature below that of the
crystallisable temperature for the core-forming PE and octadecyl containing blocks. Since then,
many have exploited semicrystalline polymers, such as poly(N, N-dimethylacrylamide)-block-
PE (PDMAg4-b-PEs7).1°¢ At elevated temperatures and pressure, spherical particles were
observed, However, reducing the temperature below the melting point of the crystallisable PE
segments forced a collapse of the core into discoidal particles (Figure 1.9). Other examples of
crystalline core-forming blocks have involved polymers such as polymethylene!’,
polyethylene,'>® and isotactic polystyrene, ' as the driving force for disc formation. It is worth
noting that control over polymer dimensions is still required with high degrees of
polymerisation in either the hydrophilic corona or crystallisable core resulting in crowding and
impeding the crystallising-driven mechanism.'3? Extending the use of crystallisable polymers,

semi-crystalline materials have also been explored.
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An intriguing crystalline material class also used in self-assembly are liquid crystal (LC)
moieties. Venkataraman et al. synthesised an amphiphilic polymer with pendant cholesterol
derivatives PEG-block-poly(2-(5-methyl-2-oxo0-1,3-dioxane-5-carboxyloyloxy)ethyl
carbamate)) (PEG-b-MTC-Chol).!'®® Relying on the close packing of LC materials upon
dialysis from DMF to water afforded well-defined discs. As the LC component of the building

blocks increased, they also observed stacked discs into cylindrical microparticles by TEM.
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Figure 1.9. Direct self-assembly of crystalline polymers into micelles before temﬁefature induced

collapse into nanodiscs. Reproduced from Yin and Hillmyer.'¢

Opting for rod-like architectures, as means of achieving greater rigidity, Allen and coworkers
modified a methoxy-PEG-block-poly(allyl glycidyl ether) (mPEG-b-PAGE) with different
hydrocarbon chains to explore the driving force behind self-assembly in semi-crystalline
polymers.'®! Using (mPEG-b-P(AGE-Cis)>s building blocks in both solvent-switch and
solvent-evaporation self-assembly methods, mixtures of discs, toroids, worms and spheres
were achieved. This indicated that the semi-crystalline properties of the polymer dictated the
self-assembly process. However, altering the carbon tail grafts to C18 increased the polymer

volume resulting in polymersomes. In contrast, reducing the chain to C12 produced rod-like
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micelles, further confirming the importance of polymer dimensions to access discoidal

morphologies.

An interesting approach that incorporates elements of direct and directed self-assembly with a
crystallisable polymer was reported by Toebes and Wilson.'®> By manipulating the electrolyte
levels and solvent environment of mPEG-block- D,L-lactide polymers in a solvent-switch
method, they were able to access different morphologies including discs. Mixtures of THF and
dioxane with a higher THF content seemingly favoured greater curvature in the packing, where
cores were smaller than particle coronas. When dioxane content increased, disc formation was
more prevalent likely due to polymer stretching. Salt addition was also seen to promote the

stretching phenomenon.

Semi-crystalline polymers are also well documented in crystallisation-driven self-assembly
(CDSA) approaches. Whilst the approaches presented above differ from this concept in that
they force a collapse of crystallisable components in already formed morphologies, CDSA
relies on intermediate crystalline ‘seeds’ that initiate epitaxial growth as unimers arrange
themselves.!%® Liquid-CDSA, a process relying on liquid crystal properties of polymers has
been recently introduced to achieve nanodiscs. In a seed solution poly(ethylene glycol)-block-
poly(y-benzyl L-glutamate) (PEG-b-PBLG) rod-coil polymers assumed smectic packing of the
LC segments.'® Further addition of PEG-b-PBLG unimers facilitated controlled two-
dimensional (2D) growth of discs. This approach unlocks the potential of synthesising discs of
tuneable dimensions simply by altering factors such as seed concentration and time. In the
context of biomedicine however, a collapsed crystalline core phase impedes drug diffusion,
which can hinder both drug loading and release. Studies have ascribed this to the lack of
available space in the hydrophobic domain.!6> 16 Therefore, alternative chemistries continue

to be explored.
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Extending the idea of balancing a rigid segment with a flexible coil gave rise to polymers
designed as rod-coil architectures. Reports of this architecture have typically seen rod segments
involving conjugated, helical, or polypeptide-based materials. A novel demonstration of
conjugated materials by Liu and coworkers used a polymerised camptothecin prodrug attached
to a PEG chain (PEG-b-PCPTM) to achieve what they denote as poly(prodrug) amphiphiles.
Combining the rod-coil architecture with non-specific steric and n-w interactions facilitated by
the camptothecin achieved discs with diameters of ~300 nm.'®” Unfortunately this approach is

not universal, relying heavily on the bulkiness of drug moieties.

Helical structures are inherently rigid due to their strong intermolecular forces positioning them
as interesting self-assembly tools. Zhou and coworkers showed solvent-dependent self-
assembly of PEG-block-poly[(+)-2,5-bis[4°-((S)-2-methylbutoxy)phenyl]styrene] (PEG-b-
PMBPS) rod-coil polymers.'® Transitioning from THF being a good solvent for both blocks,
to aqueous environments, the rods packed in a nematic fashion while the PEG chains extended
outward. However, when starting in dioxane being a bad solvent for the PEG, the strain on the
linear chain lended toward spherical particles instead, highlighting the role of stabilising
polymer conformations in morphologies of self-assembled particles. Wu et al. also ascribe
nematic packing of the helical rods to disc formation in their demonstration with poly(n-hexyl
isocyanate)-block-poly(ethylene glycol) (PHIC-b-PEG).!® In toluene, the solubilised PHIC

block maintains a stiff helical structure driving the planar self-assembly.

Another type of helical system self-assembled include polypeptides, with the most extensively
used being PEG-b-PBLG. By increasing the DP of PBLG, Lin et al., showed a morphological
transition from micelles, to disc-like structures with pores, to vesicles.!”® Polymers were first
aggregated in THF solutions before self-assembly was induced by dropwise addition of water.
The driving force of disc-formation in response to aqueous solvent was the helical rigidity from
the PBLG, whilst the resulting pores were attributed to the inhomogeneous nature of the solvent

31



switch and potential for polymers to arrange at THF/water interfaces as bubbles. Interest in
polypeptides is also focused on their LC properties at critical concentrations. The LC behaviour
can be further influenced through temperature, to influence rod arrangements in self-

assembling structures.'”!

More recently, researchers have looked to combining linear polymers with an MPB segment to
achieve coil and rod blocks respectively. The unique interplay of side chain steric repulsion
and conformational stretching of the polymer backbone chains lends to interesting
physiochemical behaviour in different physical environments. In some cases, this affords MPB
segments enough rigidity to overcome the bending energy penalty for disc formation. This,
combined with their branched architecture contributes to the lower CMC of MPBs compared

172 making them interesting candidates for self-assembly building blocks.

to linear polymers,
Chen and coworkers presented a facile approach with an AbBA coil-rod-coil or brush-linear-
brush architecture. With poly(N-(2methacryloyloxyethyl)pyrrolidone (PNMEP) coils and a
poly(tert-butyl acrylate)-block-polystyrene (PfBA-b-PS) grafted MPB, discs ranging from 100
— 300 nm in width and ~ 30 nm in height were achieved in a coil-selective solvent.!”® With a
PS containing MPB, staining by TEM uncovered a hexagonal pattern within the discs,
providing insight into the 2D packing of the building blocks (Figure 1.10A). Employing rod-
coil bottlebrush-linear MPBs, Zeng et al. self-assembled PEG-block-poly(ethyl glycoxylate)
bottlebrush copolymers into discs ranging from 300 — 600 nm (Figure 1.10B).!7* Interestingly,
the height of these discs persisted at ~7 nm which corresponds to the length of the rod-like
MPB block instead of two rod segments assuming lamellar stacking to mimic a coil-rod-coil

arrangement presented above. Furthering this work, demonstrations of pH-responsive

disassembly of nanodiscs for controlled drug release were self-assembled with a similar disc

height.!”
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Whilst these examples offer seemingly simplistic avenues to achieve discoidal self-assemblies,
there are many factors of MPB design that can alter the volume fraction of designed

amphiphiles, and therefore the self-assembled morphologies.

Self-assembly

Bottlebrush

block copolymer Nanodiscs

Figure 1.10. Discoidal nanoparticle self-assembly of molecular polymer brush based (A) ABA coil-
rod-coil poly(N-(2methacryloyloxyethyl)pyrrolidone (PNMEP)-block-[poly(3-(methylamino)
propylamine)-grafi-poly(t-butyl  acrylate)-block-polystyrene]-block-PNMEP, (Reproduced from
Miillner and coworkers)'” (B) AB coil-rod polyethylene glycol (PEG)-block-[poly(glycidal

methacrylate)-graft-poly(ethyl glyoxylate)]. Reproduced from Chen and coworkers.'7*

6. Synthesis of Molecular Polymer Bottlebrushes

MPBs can be accessed by one of three synthetic pathways - grafting-to, grafting-from, and
grafting-through methods (Figure 1.11).!”> The method of choice is heavily influenced by the
desired MPB composition. The composition of MPBs that can be accessed depends on the

number and type of side chains incorporated, as well as their locality along a backbone. The
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simplest form is a homopolymer (Figure 1.11A) comprised entirely of one chemical
environment. For self-assembly, MPBs require multiple chemical domains, which can be
achieved by the introduction of two or more side chains. This can occur in multiple formats
including block copolymer (Figure 1.11B), janus (Figure 1.11C) or core-shell (Figure 1.11F)
structures. In these three cases, the MPB exhibits distinct chemical environments dictated by
the locality of the side chains along the backbone in the case of block- and janus MPBs, and
the order of polymer segments along each side chain in the case of core-shell brushes. Where
differing chemical environments are not required but multiple chemistries are important,
heteropolymer statistical (Figure 1.11D) and random (Figure 1.11E) MPBs can also be

achieved.

grafting-through MPB compositions

S A

Q‘&?ﬂﬂ.w
D tMom, qomaemmms

Figure 1.11. Synthetic approaches to assume polymer brushes of different compositions a)
homopolymer, b) block copolymer c) janus, d) statistical copolymer, e) random copolymer and f) core-

shell brushes. Reproduced from Miillner.!”?
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6.1 Grafting-Through Method

The grafting-through method involves the synthesis of macromonomers that contain a terminal
functionality that can undergo polymerisation (Figure 1.11). An important consideration in
experimental designs is to ensure that the polymerisable moiety intended for ‘grafting-through’
must be chemically distinct from other functional groups present in the macromonomer to
avoid interference in the polymerisation process. To achieve the graft-through synthesised
macromonomers, polymerisation types that have been used for this approach include radical
polymerisations such as conventional radical polymerisation,!’® ATRP!"7"'” and RAFT
polymerisation.'8"-182 Because all macromonomers are installed with the same polymerisable
group, grafting-through mechanisms proceed as a typical polymerisation. Grafting-through
approaches are particularly useful to achieve MPB compositions such as block copolymers

where side chain locality along a backbone must be controlled.

Whilst this strategy is adopted used for its simplicity and high grafting efficiency,'®? it is limited
in the ability to synthesise ultra-long MPBs depending on the bulky nature of the synthesised
macromonomers, with larger macromonomers also presenting as an issue for purification.
However, the use of ROMP as an elegant polymerisation method overcomes barriers that
previously prevented the polymerisation of complex and bulky macromonomers. '8! In order to
utilise ROMP for the synthesis of MPBs, macromonomers must be installed with terminal
cyclic olefin,'®* such as the commonly used norbornene. Because of its high ring-strain, along
with the active ruthenium centre of Grubbs’ catalysts,!> ROMP reactions are typically very

fast. However, these reactions are highly sensitive and require precise conditions to remain

controlled.

6.2 Grafting-(on)To Method
The grafting-to method involves the synthesis of both a polymer backbone and linear polymer
side chains individually, which are then connected via coupling reactions such as click
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chemistry (Figure 1.11). Various brushes has been synthesised using a backbone with reactive

groups such as alkyne functionalities on a poly(HEMA) backbone for click chemistry, 3¢ 1¥7

or
chloride groups along a poly(chloroethylvinyl ether)'®® backbone to then attach
macromonomers via substitution reactions. This approach is highlighted for its precise control
of grafting-density and grafting-position along a backbone depending on the availability of
active grafting sites for side chains. Additionally, because the side chains can be synthesised
and characterised individually, this approach can be advantageous where control over side
chain chemistry is relevant. Conversely, the grafting density capability of this approach is

limited by steric factors depending on side chain bulkiness.'®3

6.3 Grafting-From Method

Similar to the grafting-to method, grafting-from strategies also employ a polymer backbone
with active grafting sites (Figure 1.11). The difference of this approach is that the backbone is
installed with multiple polymerisation initiator sites instead of reactive coupling sites. The type
of initiators installed dictate the polymerisation routes that can be chosen to graft side chains.
Typically, side chain grafting is achieved by controlled and living-type polymerisations such
as reversible-addition fragmentation chain-transfer (RAFT) by attachment of pendant CTA, or
pendant bromine sites for atomic transfer radical polymerisation (ATRP).!3% ° The grafting
density of MPBs via this strategy can be tuned by co-polymerisation of the polyinitiator
backbone to include spacer monomers in different patterns and in turn influencing steric
hindrance. Thus, grafting-from method can be useful in targeting MPBs with long backbones
and high molecular weight. A drawback of this method is that the side chains cannot easily be
individually characterised without cleaving them off the backbone. Despite this, the degree of
polymerisation, and consequent molecular weight can still be derived using simple

characterisation techniques such as proton nuclear magnetic resonance ('"H NMR) and gas

36



permeation chromatography (GPC), to assume the composition of side chains with relative

confidence.

Regardless of the chosen synthetic approach, all MPBs are unique as they can facilitate a
variance between intramolecular chemical environments. This can be entirely within the side
chain composition in the case of core-shell, block copolymer MPBs or Janus structures. MPB
properties can be extended further by the inclusion of functional or stimuli-responsive moieties
along polymer side chains and are therefore primed to provide greater scope for improving
pharmacokinetic and pharmacodynamic profiles of therapeutics. By this approach, systems

191-194 H 195-200
2

responsive to biologically relevant external stimuli such as temperature, p salt

200-203 and redox molecules®** 2%° have been reported. As a result, MPB based

concentration,
systems are positioned as interesting building-blocks to study their self-assembly into higher
order morphologies.

Inspired by reports of how structural features in MPB architectures can be designed to tune
morphological control discussed in Section 4.1, the motivation of this thesis is to develop
structure property relationships directed towards the self-assembly of polymer nanodiscs.
Building upon work where discs have been achieved using variations of linear-block-

bottlebrush block copolymers, this work also aims to investigate this understudied architecture

and understand their self-assembly behaviour in more detail.

7. Thesis Goals and Outlines

Linear-block-bottlebrush block copolymer variations represent an understudied building block
in self-assembly. Their unique architecture and junctions between flexible and rigid segments
afford them interesting packing behaviour which can lead to higher-order morphologies. This
thesis aims to provide fundamental insight into how polymer architecture can be tuned to

influence solution self-assembly outcomes.
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Polymer nanodiscs are positioned as a lucrative system across a wide range of applications,
owing to their enhanced fluid dynamics, aspect ratio, anisotropy and larger surface area for
increased interactions. In addition, adding functional moieties can improve the specificity of
these approaches. As it is generally accepted that a balance between flexible corona forming
segments and a rigid core-forming block in a block copolymer amphiphile is required, linear-
block-bottlebrush systems are positioned well to attempt to uncover discoidal fabrication

avenues.

Whilst many planar objects are accessed using crystalline material that impedes functions such
as cargo loading, or via directed routes that are complex in nature, it is the goal of this thesis to
expand the use of arguably the simplest solution self-assembly route being ‘direct self-
assembly’. The aim of investigating underexplored linear-block-bottlebrush based architecture
building blocks is to uncover more versatile and universal routes toward disc fabrication that
relies on intrinsic thermodynamic principles instead of external or kinetic measures. To this
effort, the dimensions of complex building blocks will be explored to find windows where
planar packing occurs, and the potential application of these particles in proof-of-concept co-

assembled stimuli-responsive systems will be investigated.

Currently, the use of linear-block-bottlebrush block copolymer variations towards amorphous
nanodiscs remains limited to linear-block-bottlebrush and linear-block-bottlebrush-block-linear
systems (Figure 1.10), but there is a lack of understanding regarding the building-block design

rules that dictate planar packing.

The first research chapter explores the probing of a library of bottlebrush-linear polymer
‘tadpoles’ to investigate how their dimensions and composition influences self-assembled
morphologies. By designing polymer tadpoles with changing backbone and side chain length

of an MPB rod segment, we determined how the building block packing differed to yield
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different morphologies. We also defined a window of dimensions where discs can be accessed,
as a step towards improving general accessibility to discoidal morphologies for wider

applications.

Extending the use of stimuli-responsive discs for applications where disassembly is an “all-or-
nothing” response,'’® !> the second research chapter explores how the co-assembly of
chemically diverse tadpole structures can achieve continuous discs with distinct assembly and
disassembly behaviour, and postulate how morphologies may be preserved upon exposure to a
stimulus selective to a single component of a binary blend. This work also serves as a proof of
concept towards more advanced multi stimuli-responsive materials where multiple building
blocks can be incorporated into single particle, and responses can be tuned by chemical
composition with opportunities for morphological preservation which is not considered viable

in current reported systems.

In the third research chapter, the design of bottlebrush-linear block copolymers is extended by
self-assembling underexplored bottlebrush-linear-bottlebrush ‘dumbbell’ polymer to explore
morphological differences compared to self-assemblies from ‘tadpole’ structures. With their
design informed by the tadpole structures previously investigated, this chapter explores how
the change in flexibility of the linear corona-forming segment based on its locality in a block
copolymer influences self-assembly outcomes. Furthermore, these macromolecules were

investigated as physical cross-linkers towards connected anisotropic particles.
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Chapter II : Probing the Dimensions of
Bottlebrush-Linear Block Copolymers
Toward their Self-Assembly into
Discoidal Nanoparticles



1. Abstract

Polymer building-blocks can be fundamentally designed to access specific morphologies by
self-assembly. This chapter explores how tuning the architecture of a rod (bottlebrush)-coil
(linear) copolymer system can induce morphological changes in self-assemblies. Employing
both reversible addition-fragmentation chain transfer (RAFT) polymerisation and atomic
transfer radical polymerisation (ATRP) to design a library of poly(ethylene glycol)-block-
poly[2-(2-bromo isobutyryloxy)ethyl methacrylate]-graft-poly(benzyl methacrylate) [PEG-b-
(PBIEM-g-PBzMA)] ‘tadpole’ copolymers we demonstrate how systematic and independent
change of the backbone and side chain lengths of the core-forming rod segment can alter
particle morphology. Observations of resulting morphologies ranging from polymersomes,
dense spherical particles, and flattened monolayer discoidal particles, were rationalised in
terms of packing behaviour, polymer crowding and interfacial energy in response to the
bottlebrush-linear copolymer molar ratio. The findings establish a design framework for
engineering shape-controlled nanostructures through bottom-up direct self-assembly and
provide insights into how ‘tadpole-like’ molecular geometry can be harnessed to reliably access

anisotropic discoidal morphologies relevant to biomedical delivery systems.
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2. Introduction

The advancing field of nanotechnology has witnessed the positive impact of polymeric
nanoparticles in many industries including biomedicine, electronics, and materials sciences. In
particular, anisotropic particles, with their higher aspect ratio compared to their isotropic

counterparts continue to garner significant attention.'

In the biomedical industry, discoidal nanoparticles have shown greater pharmacokinetic
profiles compares to spherical systems. This is attributed to their higher surface area that
facilitates enhanced opportunity for cellular interactions and subsequent biodistribution for
drug delivery.>% Additionally, their flat shape contributes to an atypical oscillation pattern in
response to the fluid dynamics within the bloodstream, further promoting cell margination and
uptake.” Therefore, discoidal nanoparticles are highly relevant for drug delivery and diagnostic
applications.” 8 Inspiration from endogenous a-HDL has given rise to lipid nanodiscs, styrene-
maleic acid lipid polymer nanodiscs (SMALPs), and polymer nanodiscs as discoidal drug
deliver agents. Unfortunately, these suffer from barriers to their clinical translation surrounding
cost, stability, and safety,” ' largely due to the inclusion of scaffolding proteins and
endogenous polypeptides. As an alternative, interest in polymeric nanoparticle systems
continues to soar. Central to the development of such advanced nanostructures is the use of

self-assembly techniques, particularly bottom-up approaches.

The bottom-up self-assembly approach offers several advantages. It allows for the precise and
scalable fabrication of nanostructures, minimises the need for complex and expensive
equipment, and leverages the inherent properties of the building blocks to drive their assembly.
This method also enables the formation of highly uniform and monodisperse nanoparticles,
which is critical for consistency in applications such as drug delivery and diagnostics. A large

focus on polymerisation-induced self-assembly (PISA) has uncovered pathways to anisotropic
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worm-like and cylindrical micelles.!"> > 2D nanomaterials that are planar in nature such as
polymer nanodiscs are more difficult to fabricate, but are particularly exciting as a functional
material. Despite first being explored in the late 1990s,'> 4 literature on nanodisc fabrication

remains limited, largely ascribed to the high demands of their self-assembly.

To overcome the bending energy penalty that favours morphologies with curved surfaces, many
have relied on directed self-assembly processes involving assistance from external stimuli, 1>
17 templates,'® or small molecules,'” % to achieve desired bending energies.” These methods
typically involve meticulous control of various self-assembly parameters to access nanodiscs.
The complexity of these approaches underscores the need to develop more generalised

methodologies that can be applied across different polymer systems and application contexts.

Mechanisms relying on intrinsic polymer chemistries alone have favoured crystallisation-
driven self-assembly (CDSA) as a means of producing uniform nanomaterials.?! 2> The most
common approach includes the use of semi-crystalline polymers, where the crystallinity of the

core-forming segment can be exploited to drive disc formation,?-2¢

while others have employed
variations of liquid crystal material to access similar morphologies.?”?* However, crystalline

chemistry in the core of nanoparticles limits their biomedical relevance as cargo carriers.

To mimic the favourable rigidity that crystallisable polymers offer in order to be energetically

favourable to access discs,”’

strategies require precise control over polymer architecture.
Tailored polymer building blocks require strong chain-chain interactions between polymer
building-blocks to demonstrate favourable entropy. The simplest demonstrations of discoidal
nanoparticles to date involve a combination of molecular polymer brush and linear polymer
segments in an elegant building block. Akin to rod-coil copolymers before, the bottlebrush

adopts the properties of a rigidifying rod-like segment, balanced by the flexibility of the corona

forming linear polymer chain.
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Chen and coworkers showed 2D self-assembly of discs using ABA coil-rod-coil, or linear-
bottlebrush-linear block copolymers, using strong n-rt stacking within the core-forming rods to
achieve assemblies approximating ~400 nm in width and ~30 nm in height.’*® In an AB
bottlebrush-linear system, our group recently demonstrated self-assembly of a functional
linear-bottlebrush polymer ‘tadpole’ into discs ranging between 300 — 500 nm wide.?! The
modularity of this approach was further demonstrated by varying the hydrophobicity of the
core-forming side chains, revealing that different side chains with low glass transition
temperature (T¢) can be grafted without compromising the disc formation process.*? To expand
our understanding of disc-forming building blocks, we herein demonstrate that tadpole-like
copolymers with a high T, core can also form nanodiscs. We further show that a simpler
“grafting-from approach” can be used to build a library of bottlebrush-linear bottlebrush

copolymers, which we used to identify an optimal window in which nanodiscs can be realised.
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3. Experimental Section

3.1 Materials

Poly(ethylene glycol) methyl ether 5000 (mPEG 5K), 4-cyano-4-(phenylcarbanothio)
pentanoic acid (CPADB, 99 %), anhydrous dichloromethane (DCM, >99.8%), N-ethyl-N'-(3-
dimethylaminopropyl)carbodiimide hydrochloride (EDC-HCl, 98%), 2-hydroxyethyl
methacrylate (HEMA, 97%), o-bromoisobutyryl bromide (98%), N,N,N',N",N"-
pentamethyldiethylenetriamine (PMDETA, 99%), 2,2'-Azobis(2-methylpropionitrile) (AIBN,
98%), anisole (99%), mesitylene (98%) and copper(I) bromide (CuBr, 98%) were purchased
from Sigma-Aldrich. N,N-dimethylaminopyridine (DMAP, >99%), tetrahydrofuran (THF),
petroleum benzine (b.p. 40-60 C), and diethyl ether were sourced from Merck. Pyridine (99%)
and magnesium sulphate (MgSO4) were purchased from Ajax. Dimethyl formamide (DMF,
99.8% by gas chromatography (GC)) was sourced from RCI LabScan. Benzyl methacrylate
(BzMA, 98%) was sourced from Tokyo Chemical Industry Chemicals. AIBN was recrystallised
from ethanol prior to use. Ethanol was dried with 4A molecular sieves before use. HEMA and
BzMA were filtered through a short basic aluminium oxide column to remove inhibitors. All

other chemicals were used as received.

3.2 Experimental Procedure

Synthesis of PEG114-CPADB (macro-RAFT agent)

In a typical procedure (Scheme 1), a dry round bottom flask (RBF) was charged with mPEG
5K (2.0 g, 0.4 mmol, 1.0 equiv.) and CPADB (167 mg, 0.7 mmol, 1.8 equiv.) in 10 mL
anhydrous DCM. The RBF was then cooled with an ice bath and vigorously stirred.
Subsequently, a solution of EDC-HCI (201 mg, 0.6 mmol, 1.8 equiv.) and DMAP (11.7 mg, 0.1
mmol, 0.24 equiv.) in 5 mL anhydrous DCM was added dropwise. The reaction was stirred

over ice for a further 10 minutes, before being left to stir at room temperature overnight. The
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macro-RAFT agents were recovered in cold diethyl ether three times over, redissolving in
DCM. The recovered product was redissolved in DCM and washed three times over in
deionised water. The organic layer was dried over MgSQOg prior to filtration. The product was
then concentrated under reduced pressure and lyophilised into a pink powder (1.6 g, 80% yield)
and characterised by '"H NMR spectroscopy (300 MHz, CDCls, & 7.26 ppm) and SEC
(DMACc/LiBr, 50 °C, PMMA). The macroCTA was stored at -20 °C in an airtight vial shielded

from light.

Scheme S2.1 : Synthesis of PEG114.-CPADB macro-RAFT agent.
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Synthesis of PHEMAX-block-PEG series

In a typical procedure, PEG-CPADB (150 mg, 28.5 umol, 1 mol equiv.), HEMA, and AIBN
(3.1 mg, 5.7 umol, 0.2 mol equiv.) were charged to a vial in anhydrous EtOH with mesitylene
(100 pL) as an internal standard. A time sample (t0) was taken and analysed by 'H NMR
spectroscopy. The vial was equipped with a stirrer bar and the solution bubbled with N2 to
degas for 30 minutes before reacting at 70 C for 5 hours. A further time sample (t5) was taken
and analysed using "H NMR to determine the degree of polymerisation (DP) of the PHEMA
block. The resulting polymer was recovered by precipitation in diethyl ether, redissolving in
methanol three times over. The product was then lyophilised to give a pink powder. The final
product was characterised by 'H NMR spectroscopy (300 MHz, MeOD, § 3.31 ppm) and SEC

(DMACc/LiBr, 50 °C, PMMA).
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Scheme S2.2. Synthesis of PHEMA-block-PEG 14 via RAFT polymerisation
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In a general procedure, PHEMA-block-PEG and pyridine (5 mol equiv. per -OH repeat unit)

Synthesis of PBIEMx-block-PEG series

were dissolved in THF in a round-bottom flask and stirred on ice. a-BiBB (4 mol equiv. per -
OH repeat unit) was added dropwise by syringe to the flask over 5 minutes. The reaction
continued to stir over ice for 10 minutes, before reacting overnight at room temperature. The
solution was subject to gravitational filtration to remove formed pyridinium salts and washed
with THF before being concentrated by rotary evaporation. The resulting polymer was
recovered by precipitation in hexane three times over, S4 redissolving in THF. Finally, the
polymer was lyophilised to give a pale pink powder and characterised by 'H NMR

spectroscopy (300 MHz, CDCls, 8 7.26 ppm) and SEC (DMAc¢/LiBr, 50 °C, PMMA).

Scheme S2.3. Synthesis of PBIEM -block-PEG14
O
BrY Bf

P
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Synthesis of (PBIEMx-graft-PBzMAy)-block-PEG series

PBIEMx-b-PEG, BZMA, PMDETA (1.2 mol equiv. per -Br unit), and mesitylene (100 pL) as
an internal standard were dissolved in anisole (80% v/v) in a Schlenk flask. After removal of
an aliquot to monitor conversion, the vessel was subject to three freeze-pump-thaw cycles, with
addition of CuBr (1.2 mol equiv. per -Br unit) prior to the last pump cycle. The flask was

backfilled with nitrogen gas, and then reacted at 70 C for 2.5 hrs. An aliquot was taken to
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determine monomer conversion. The solution was run through a short neutral alumina column
to remove copper catalyst, and anisole removed under nitrogen flow. The polymer was
redissolved in DMF and purified by precipitation in diethyl ether three times. The resulting
pellet was redissolved in DMF and solid content determined. Finally, the polymer was
characterised by '"H NMR spectroscopy (300 MHz, CDCl3, § 7.26 ppm) and SEC (DMAc/LiBr,

50 °C, PMMA).

Scheme S2.4. Synthesis of (PBIEM -graft-PBzMA,)-block-PEG114 using grafting-from approach with
ATRP

Q
toru 0~ AR CHENT

ATRP
Grafting-through

Self-Assembly of tadpoles

A 2mg/mL polymer solution in DMF (unless stated otherwise) was prepared and transferred
into a vial capped with a dialysis membrane (MWCO 3500 Da). The solution was dialysed
against DI water for 2 days, replacing the DI water twice a day. The resulting solution was

collected and analysed by DLS and various microscopy techniques.

Kinetic monitoring of self-assembly

A 1 mL of a 2 mg/mL TPj5.75 solution in DMF was placed in a vial capped with a dialysis
membrane (MWCO 3500 Da). The solution was dialysed against 600 mL deionised water. A
40 pL aliquot was taken and added to 80 ul mesitylene as a standard for 'H NMR analysis in
MeOD (ie. solvent switch rate of TP15.75 comparing integral of (a) DMF using (b) mesitylene

as a standard).
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Figure S2.1. Kinetic monitoring of Self-Assembly by 'H NMR of (a) DMF solvent peak against (b)

mesitylene standard (300 MHz, MeOD, ¢ 3.31) across t0, t1, t3, t5, t7, t24, t26, t31, t48, t50, t52

Nuclear magnetic resonance (NMR) spectroscopy

NMR spectra were recorded at the University of Sydney using Bruker NEO 300 MHz NMR
spectrometers. 'H NMR measurements were carried out using a zg pulse program (90° pulse)
with a recycle delay (D1) of 2-5 s. "TH NMR spectra are referenced to the residual solvent peak
for CDCl3 (6 7.26 ppm), or MeOD (o 3.31 ppm) as appropriate. Deuterated solvents were

obtained from Sigma Aldrich and used without any further purification.

Size exclusion chromatography (SEC)
SEC was performed using a Shimadzu Prominence UFLC (ultra-fast liquid chromatography)
system fitted with a Shim-pack GPC-800DP guard column followed by two in-series Phenogel

columns (5 pm, 104 A and 105 A). The system eluent was HPLC grade dimethyl acetamide
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(DMACc) containing LiBr (0.03 wt%) and BHT (each at 0.05 wt%), eluting at a flow rate of 1
mL/min. The column assembly was incubated at 50 °C, and retention times were calibrated

using narrow PMMA standards from PSS.

Atomic Force Microscopy (AFM)

AFM was performed in air using a Multimode 8 with NanoScope V controller (Bruker) in
standard tapping-mode (Tap300Al-G cantilevers, 300 kHz, 30 Nm-1, Budget Sensors).
Samples were prepared by depositing 10 uL. of aqueous selfassembly dispersion onto a silicon
wafer previously cleaned by CO> blast. The droplet was spin-coated by two 60 second cycles

at 4000 rpm. Image analysis was performed on Bruker’s Nanoscope Analysis software.

Dynamic light scattering (DLS)
DLS measurements were performed on a Malvern Zetasizer Ultra equipped with a He-Ne (633
nm) laser. The hydrodynamic diameters of polymer self-assembly samples were directly

measured on DLS without any further treatment.

Transmission Electron Microscopy (TEM)

TEM observations were performed using the JEM-1400 (JEOL, Japan) with a beam
acceleration of 120 kV. Sample solutions were adjusted to 0.5 g/L, and a 10 pL droplet placed
on parafilm. A carbon-coated Cu grid (ProSciTech, Australia) was hydrophilised by GloQube
Plus (Quorum), using a 25mA plasma current for 30 seconds. The hydrophilised grid was
placed onto the sample droplet for 10 minutes prior to removal of excess solution with a filter
paper. The sample was negatively stained with a 2wt% of phosphotungstic acid (PTA) solution

adjusted to pH ~ 7 with excess solution removed with filter paper unless stated otherwise.
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4. Results and Discussion

4.1 Synthesis of bottlebrush-linear polymer library

In this work we designed a “grafting-from” strategy to build a library of amphiphilic
bottlebrush block copolymers (BBCPs) using a linear poly(ethylene glycol) (PEG) block (coil)
and a poly(benzyl methacrylate) (PBzMA) bottlebrush block (rod) (Scheme 2.1). First,
reversible addition-fragmentation chain-transfer (RAFT) polymerisation was used to
synthesise a diblock copolymer by polymerising 2-hydroxyethyl methacrylate (HEMA) from

a synthesised mPEG14-CPADB macro-RAFT agent (Figure 2.1).
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Figure 2.1. Characterisation data of mPEG14~-CPADB macroCTA agent (A) 'H NMR (300 MHz,

CDCls) 6 7.26 and B) SEC chromatograms in DMAc (50 °C and 1 mL min-1)

The PHEMA was subsequently esterified with o-bromoisobutyrate bromide to give a
poly(ethylene glycol)i14-block-poly[2-(2-bromo isobutyryloxy)ethyl methacrylate]x (PEG114-
b-PBIEMy) polyinitiator backbone. An exemplar 'H NMR of PEG14-b-PHEMA ;5 is shown in
Figure 2.2. A displaying integrated PHEMA peaks 6 4.06 (CH»), 3.79 (CH>), 2.01 (CH»), 1.04
(CH3) compared to the PEG peak at & 3.66 (CH2CHz). Complete esterification to PEG114-b-
PBIEM ;s is evidenced by the shift of the CHz peaks to & 4.40 and 4.23, along with the methyl
group signal at 1.99 ppm. Additionally, a comparison of the size exclusion chromatography
(SEC) chromatograms shows a slight shift toward a higher retention time because of the

reduced apparent hydrodynamic size of PEGi14-b-PBIEM compared to PEGi14-b-PHEMA.
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Characterisation data for further polymer backbones referenced in this research chapter can be

found in supplementary material (Figure S2.2).
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Figure 2.2. Representative characterisation data of polymer backbones (A) 'H NMR of PEGs-b-
PHEMA (300 MHz, MeOD) 6 4.06 (a, CH»), 3.79 (b, CH>), 3.66 (¢, CH.CH>), 2.01 (d, CH,), 1.04 (e,
CH,). (B) '"H NMR of PEG14-b-PBIEM (300 MHz, CDCls) & 4.40 (a, CH,), 4.23 (b, CH>), 3.66 (c,
CH,CH>), 1.99 (f, CH3), 1.88 (d, CH>), 1.02 (e, CH,). (C) SEC chromatograms comparison of PEG4-

b-PHEMA and PEG14-b-PBIEM in DMAc (50 °C and 1 mL min™)

The PBzMA brush segment was then synthesised using the grafting-from approach from the
PBIEM moieties using atom transfer radical polymerisation (ATRP) to yield well-defined
tadpole-like BBCPs macromolecules. By independently varying either the PHEMA block
length of the copolymer or the PBzMA side chain length allowed for adjustment to the
bottlebrush segment, and consequently the overall BBCP dimensions and hydrophilic-to-
hydrophobic ratio (Table 2.1). As a first set, we used a PEG14-b-PBIEM 5 backbone to generate
a library of building blocks with constant backbone length, but variance in side chain lengths:
PEG114-b-(PBIEM5-g-PBzZMAy), with y = 6, 23, 51, 75, 144. Greater side chain length
increased the overall hydrodynamic volume of the BBCPs, evident through a progressive shift
towards shorter retention times in size exclusion chromatography (SEC) (Figure 2.5A). Side

chain lengths were determined by 'H NMR end group analysis, with comparison of the
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integration of the CH> of the benzyl group at & ~ 4.75 ppm to the repeating (CHz)2 PEG signal

at & ~ 3.55 ppm (Figures 2.3 & 2.4) under the assumption of 50% grafting efficiency.’* 3

Scheme 2.1. Synthesis of PEG-b-(PBIEM,-g-PBzMA,) (x = 9, 15, 31, 49) (y = 6, 23, 51, 75, 144)

tadpole-like bottlebrush-linear bottlebrush copolymers.
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In addition, we synthesised a second BBCP set, maintaining a comparable side chain length
(DP~ 76-79), instead changing the PBIEM backbone length (x =9, 31, 49). Again, a shift in
SEC retention time was attributed to the increasing hydrodynamic volume with increasing
bottlebrush blocks (Figure 2.5B). A summary of the PEG114-b-(PBIEMx-g-PBzMAy) BBCP
libraries is shown in Table 2.1. From here on, we denote our materials as tadpoles (TP),

encoding the DP of PBIEM backbone and the DP of the side chains, e.g. PEG114-b-(PBIEM5-

g-PBzMA75) becomes TPis.7s.

Table 2.1. Characterisation data of PEG14-b-(PBIEM,-g-PBzMA,) polymer library

BBCPs DPrec  DPreiem  DPpezva  “fiava "Muosvr  “Psec  Self-Assembly
Morphology

TPis6 114 15 6 0.44 12 900 1.19  Polymersomes

TP1s-23 114 15 23 0.75 30 400 1.11  Dense Polymer Particles
TPi551 114 15 51 0.87 72 400 1.11 Dense Polymer Particles
TPis-75 114 15 75 0.91 104 000 1.11  Discs

TP1s-144 114 15 144 0.95 195 000 1.11  Dense Polymer Particles
TPo-79 114 9 79 0.86 67 600 1.16  Dense Polymer Particles
TP30-76 114 31 76 0.95 207 000 1.12 Dense Polymer Particles
TP4s-79 114 49 79 0.97 346 000 1.15  Dense Polymer Particles

2 Ratio of PEG:PBzMA repeat units, "Determined by 'H NMR analysis, “Determined by SEC (My/M).
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Figure 2.5. SEC traces in DMAc (50 °C and 1 mL min) of (A) PEG14-b-(PBIEM;5-g-PBzMA,) library
with increasing side chain length (y = 6, 23, 51, 75, 144) and (B) PEG14-b-(PBIEMx-g-PBzMA5)

library with varied backbone length (x =9, 31, 79).
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4.2 Effect of bottlebrush segment side chain length on self-assembly

Using the first set of BBCPs (constant PBIEM, but varying side chain length), we self-
assembled the BBCPs via a solvent switch method, starting with a 2 mg/mL solution in DMF
and their dialysis into deionised water. We used transmission electron microscopy (TEM) to
survey the resulting assemblies (Figure 2.6) and dynamic light scattering (DLS) to estimate

their hydrodynamic sizes (Figure S2.3A).

e . Y
'@ § ! v @
.4 | 200 nm “ D 4

Figure 2.6. (tp) Schematic representation of varying side chain lengths of BBCPs with TEM images
of self-assemblies from (A) TPis.s, (B) TPis.23, (C) TPis.s1, (D) TPis.75, (E) TP15.144 (bottom) TEM
micrographs of negatively-stained self-assembled BBCPs, with inset showing a representative

unstained particle.

The self-assembly of TP1s.6 resulted in the formation of polymersomes, as verified by spherical
structures with seemingly deflated membranes in TEM (Figure 2.6A). Particles with irregular
topology were confirmed by atomic force microscopy (AFM) (Figure 2.7) with variance in
deflated heights between the centres and boundaries of particles, further confirming vesicular

morphologies (Figure 2.7B).

Increasing the side chain length twofold in TPs.23 revealed spherical particles averaging 200
nm in hydrodynamic diameter (Figure S2.3A) and particles ranging from ~90-200 nm via TEM
(Figure 2.6B). These particles are verified by AFM, with deflated heights of ~12-28 nm with

monomodal and uniform height traces, indicating dense spherical particles (Figure 2.8).
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Figure 2.8. AFM of particles self-assembled from TPs.23 (A) 2D Height map (B) Corresponding

particle height plots

Doubling the side chain length again, TPs.5; gave similar spherical morphologies, albeit with
larger diameters (~80-300 nm) in TEM, AFM and DLS (Figure 2.6C, Figure 2.9, Figure
S2.3A). Guided by the coexistence of seemingly different particles in TEM (Figure 2.9A),
AFM was employed to establish that this sample also contained flat assemblies (height ~ 5 nm)

that were dispersed amongst the larger particles (with deflated heights of ~20-30 nm) (Figure
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2.9B-2.9D). The flat particles indicated the coexistence of another species, most likely

discoidal assemblies.

(A) : . (€)
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Figure 29 Characterisation of flat assemblies from TPis.s (A) TEM (B) 2D AFM height map (C)
Corresponding particle height plots (D) 3D height map with arrows indicating stacked discs. Z-value -

13 — +28nm.

Interestingly, when extending the side chains further, TP;s75 self-assembled exclusively into
nanodiscs with diameters ranging from ~50 to 160 nm. These flat particles were observed to
be uniformly shaded in TEM (Figure 2.6D), which aligns with previous work.?* 3! 32 The
discoidal morphology was confirmed by AFM cross-section analyses (Figure 2.10), which
occasionally revealed stacked discs (with doubled height) among single discs (Figure 2.10B &
2.10C) as an artifact of the sample preparation process. As the approximate carbon—carbon
length in polymethacrylates correlates to ~0.25 nm,* a stretched bottlebrush backbone would
measure ~4-5 nm in height, indicating the BBCPs should stack side-by-side rather than end-
to-end. Further extension of the side chain length to TPis.144 resulted in the formation of
spherical particles with ~ 100-200 nm diameters with deflated heights between ~25-33nm
(Figure 2.6E, Figure 2.12). Considering the ratio of hydrophilic PEG to hydrophobic PBzZMA
and their macromolecular topology, we postulate that the shortest PBzZMA side chains (DP=6),
combined with a reduced grafting density (ie. not 100% grafting efficiency) afford sufficient
mobility of the bottlebrush segment to be stabilised sufficiently by the hydrophilic PEG block

(fBama = 0.44, Table 2.1), leading to polymer vesicles.
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Figure 2.10. (A) AFM height image of self-assembled discs of TPs.7s and its cross-sectional analysis
(B). (C) 3D plot of the marked section in the height image, with arrows indicating stacked discs. Z-

value -1 — +7nm.

With increasing side chain lengths, the hydrophobic component of the amphiphile increases,
leading to architectural asymmetry. This translates to a less prominent flexible linear PEG,
reducing its stabilisation of the self-assembly. This leads to the self-assembly of dense polymer
particles (Figure 2.13B & C), as we have recently shown for a different system.*® Further
extension of side chain length with the grafting density remaining constant, increases crowding

and steric repulsion in the bottlebrush segment, leading to segment stiffening.>’ This is further
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supported by theoretical predictions.>® In addition, a strong rigidity contrast of segments in
rod—coil macromolecules can diminish the influence of volume fractions and dominate
thermodynamic factors in the self-assembly of discrete nanostructures.®® At fizva = 0.91 found
in TP15-75, this steric repulsion affects the ability of the bottlebrush segment to bend and to
adopt curvature during dialysis,*’ leading to planar, discoidal assemblies (Figure 2.13D). This
segment stiffening is expected to be minimally affected by the nature of the solvent, provided
the solvent is a good solvent for the bottlebrush. Using THF instead of DMF for the dialysis
also exclusively yielded nanodiscs (Figure 2.11) indicating that the self-assembly depends
more on the rod—coil structure than solvent effects. This aligns with molecular dynamic
simulations, indicating that increasing side chain length leads to stiffening and an extension
effect on bottlebrush backbones.*! The stiffening role of the bottlebrush segment in the
architecture is further supported through the comparison to self-assembly of linear block
copolymer systems. Changes in volume fraction between hydrophilic and hydrophobic
components is observed through the transition from spherical micelles toward bilayer and
lamellar systems and finally inverted micelles as critical packing parameter (CPP) increases.
Notably, discoidal particles are not well-defined in the CPP phase diagram largely because the
flexibility in linear systems favours particles with surface curvature making them

thermodynamically unfavourable.*?
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Figure 2.11. Characterisation of flat assemblies from TPis.7s from THF (A) TEM (B) 2D AFM height

map (C) corresponding particle height plots
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As the ratio of PEG to PBzMA diverts further, sufficient stabilisation of the self-assembled
materials becomes problematic, leading to the formation of dense polymer particles (Figure
2.13E) (likely large compound micelles or nanoprecipitates)*> with low colloidal stability.
Scattering experiments indicate that the flexibility of bottlebrush backbones can be restored by
excessive elongation of side chains as their mutual interaction and conformational entropy

overwhelms steric effects.**
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Figure 2.12. AFM of particles self-assembled from TPis.144 (A) 2D Height map (B) Corresponding
particle height plots

Increasing sidechain length

Figure 2.13. Schematic representation of self-assembled particle morphology with increasing side

chain length from BBCPs (A) TPis.6 (B) TPis.23, (C) TPis.s1, (D) TPis.75, (E) TPis5.144

4.3 Effect of molecular polymer brush segment backbone length on self-assembly

After finding that TP15.75 yielded polymer nanodiscs, we then varied the bottlebrush backbone
length as another parameter to alter both the molar ratio and dimensions of the hydrophobic
segment. Whilst the grafting density across our systems remains constant as the synthetic

procedure is identical, a very short backbone length (DP = 9) in TPo.79 will allow for less
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protruding side chains and a reduced steric hindrance between the side chains, mimicking
systems with sparsely grafted side chains.*> Thus, the corresponding self-assemblies of the
highly asymmetric amphiphile TP9.79 were also able to form polymersomes (Figure 2.14A,
Figure 2.15). Despite maintaining a comparable PEG:PBzMA ratio (fg.ma = 0.86) to TP15.75,
the curvature effect at the interface between the domains is influenced by the greater side chain
flexibility and reduced persistent length of the backbone*® lending to vesicular structures

(Figure 2.18A).

images of self-assemblies from (A) TPo.79, (B) TP30.76, (C) TP49-79 (bottom) TEM micrographs of

negatively-stained self-assembled BBCPs, with inset showing a representative unstained particle.
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Figure 2.15. AFM of particles self-assembled from TPo.79 (A) 2D Height map (B) Corresponding

particle height plots

Increasing the backbone length in TP30.76 and TP49.79 meant that the hydrophobic bottlebrush
segment increased dramatically in volume and was more likely to behave like a bottlebrush
due to increased chain crowding and axial backbone stretching.*’ This resulted in spherical
polymer self-assemblies (Figure 2.14B and 2.14C; Figure 2.16 & 2.17), produced by the
collapse of the bottlebrush blocks, as described in earlier work.>® Whilst the rigidity of the
brush segments in these instances should satisfy the expected requirements of planar packing
similar to TPis575s (Figure 2.18B), the decrease in PEG:PBzMA molar ratio leads to dense
spherical morphologies (Figure 2.18C & D, further supporting the integral role molar ratio

plays in designing disc-forming polymer building blocks.
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Figure 2.16. AFM of particles self-assembled from TP3i.76 (A) 2D Height map (B) Corresponding

particle height plots
20
(A) - A
-8B
‘%' 104 I
> ¢\
« ' \
' \
DL P \ { I
m L] L) L]
0 200 400 600 800
width (nm)
20
- C
E
+ 10
o
*
0
L) L) L) .|
0 200 400 600 800
width (nm)

Figure 2.17. AFM of particles self-assembled from TP49.79 (A) 2D Height map (B) Corresponding

particle height plots

Increasing backbone length

B Cc

Figure 2.18. Schematic representation of self-assembled particle morphology with increasing backbone

length from BBCPS (A) TP9.79 (B) TP15.75, (C) TP31.7(,, (D) TP49.79
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To deduce the influencing parameter on disc formation, we compared the linear: bottlebrush
molar ratios of TPys.75 (Table 1) with that of previously reported “grafting-to” studies using
poly(ethyl glycoxylate) (PEtG)*' and poly(ethoxyethyl glycidyl ether-ran-tetrahydropyranyl
glycidyl ether) P(EE-ran-TP)* side chains respectively. Both PEtG (DP PEG:PEtG ratio =9:59)
(DP PEG:P(EE-ran-TP) = 9:33) exhibit molar ratios relatively similar to TPis.75. However,
when amphiphilicity was assessed based on mass ratios of hydrophilic and hydrophobic
segments, we found that these tadpole models were not comparative. This suggests that the
molar ratio between the hydrophilic coil to the hydrophobic rod segment plays an important
role in the observed planar packing. At this ratio, we also expect that the backbone is
appropriately extended by longer side chains that protrude radially in response to steric
repulsion.***® This reduces flexibility within the core-forming segment, whilst enhancing the
segregation strength between the domains of the amphiphile,*->° both favourable for planar
packing.

A notable difference between these systems, one that can also affect backbone conformation,
is the grafting approach in the bottlebrush synthesis. Comparing the grafting efficiencies (GE)
of the grafting-from approach utilised in this approach (GE = 50%) compared to the grafting-
from approaches (GE = 75%), it is expected that increasing GE can introduce side chain
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overlapping and density,” in turn positively influencing persistent rigid conformations of

backbones,*’ 32

which may account for deviations in required side chain length. Moreover,
differences in side chain chemical compositions, particularly the glass transition temperature
(Ty) may affect the bottlebrush conformational flexibility in the self-assembly process.>
Comparing the high T, PBzMA side chains of TP;s.75,>* to low T PEtG,* and P(EE-ran-TP)>¢

and the subsequent on side chain mobility may affect the mechanism of disc formation, and

therefore, the observed diameter of particles.
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5. Conclusion

In conclusion, this study revealed that a library of tadpole-like amphiphiles can be readily
produced via a modular “grafting-from” approach. Depending on their composition, topology,
and overall amphiphilic character, these amphiphiles self-assembled into either polymersomes,
spherical polymer particles, or nanodiscs. The window to exclusively assemble these BBCPs
into nanoscale polymer discs was narrow, but it demonstrated the opportunity of custom-
designing building blocks with rod—coil character to produce pure polymer nanodiscs. In
addition, we could demonstrate that BBCPs with a high Ty bottlebrush segment are able to
form nanodiscs, just like their low T counterparts in previous studies. Insights from this study
will aid the development of amorphous 2D nanoparticles and provide a route toward designing
suitable building blocks for bottom-up fabrication of nanodiscs via solution self-assembly.
While the complete mechanism of the disc formation remains unclear at this point, the above
insights will aid future experiments to study the self-assembly process of rod—coil copolymers

during dialysis. Previous work on rod—coil copolymers,®’ including our nanodiscs,’!

support
a fusion driven self-assembly process involving intermediate assemblies. Simulation of this
process will further provide an understanding of bottlebrush properties in a progressively
changing solvent environment. More generally, architectural asymmetry in copolymers has

become a growing focus in polymer self-assembly, both experimentally and theoretically,®"

64 to which this work will contribute.
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Chapter I11: Co Self-Assembly of
Bottlebrush-Linear Block Copolymers
into Stimuli-Responsive Discoidal
Nanoparticles



1. Abstract

Co-assembly approaches of copolymer systems are gaining significant attention as a means of
controlling particle morphology, size and stability, whilst simultaneously offering avenues to
include multiple functionalities in single nanoparticles. However, these approaches are often
limited by the incompatibility of competing polymer chemistries. Herein we employ two
chemically distinct linear-bottlebrush block copolymer architectures, namely poly(ethylene
glycol)-block-[poly(3-azido-2-hydroxypropyl methacrylate)-grafi-poly(ethyl ethoxylate)] and
poly(ethylene  glycol)-block-[poly(2-(2-bromo  isobutyryloxy)ethyl methacrylate)-graft-
poly(benzyl methacrylate), that have previously been shown to self-assemble into discoidal
nanoparticles. By comparing their co-assembly in binary blends of different compositions, we
show that continuous phase discoidal particles can be achieved across the board. Furthermore,
we show how their molecular reorganisation at acidic pH is dependent on their composition,
postulating the ability of co-assembled materials to retain structure upon stimulus exposure.
This work serves as a proof-of-concept study that bottlebrush-linear block copolymers can
overcome limitations of block copolymer self-assembly towards advanced stimuli-responsive

materials for wide applications.
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2. Introduction

The incorporation of stimuli-responsiveness into 2D nanomaterials through functional polymer
systems transforms these morphologies into sophisticated, dynamic platforms suitable for
diverse applications.! While single-component block copolymer systems have been extensively
explored across various morphologies, multi-component copolymer self-assembly remains
underutilised despite its potential to expand self-assembled materials toward functional

integration, property tuning, and responsive behaviour.

Stimuli-responsive polymers constitute powerful functional materials capable of rapid
conformational changes upon alteration of environmental conditions including temperature,’
pH,> # or ionic strength.> ¢ These dynamic materials enable programmable responses and
adaptive behaviour, establishing them as essential components in smart material systems.
However, a fundamental limitation lies in their propensity toward structural instability upon
activation. Functional systems induce disruption of intra- and intermolecular interactions,
causing chain collapse or expansion, creating instability and subsequent morphology
switching. These structural instabilities present critical challenges for applications requiring

consistent morphological properties.

While such instabilities can occasionally be harnessed as functional features, many responsive
polymers undergo complete structural reorganisation upon activation, representing

conventional all-or-nothing systems that compromise morphological advantages.

Strategic integration of stimuli-responsive elements with morphologically stable components
within co-assembled architectures offers a promising approach to overcome these structural
limitations. Rather than relying solely on responsive polymers that compromise structural

integrity, co-assembly approaches can introduce selective responsiveness while maintaining
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overall morphological stability through structural elements that are not responsive to the same
stimulus. The fundamental challenge in such multi-component co-assembly lies in achieving

controlled integration while maintaining morphological precision.

Most current supramolecular co-assembly approaches employ systems with chemically similar
polymers of different architectures to control morphology and size.” Alternatively, polymers
are co-assembled with other materials such as nanoparticles, proteins or additives,® with
potential to lower critical micelle concentrations and improve stability.” In some cases, linear
diblock copolymers blends such as AB/AC or AB/CD have also been explored to determine
their spatial arrangement in tuned morphologies.!” The co-assembly of chemically distinct
polymers, combining stimuli-responsive and non-responsive components, offers a compelling
extension towards functional materials. This approach provides unique advantages through
independent component optimisation, post-assembly modification capabilities, and dynamic
reconfiguration in response to environmental factors. Despite the conceptual appeal and
potential of multi-component co-assembly, significant fundamental questions remain regarding
principles governing successful integration, factors controlling spatial organisation, and
mechanisms of selective responsiveness. The complex interplay between enthalpic
interactions, entropic effects, kinetic barriers, and external stimuli requires systematic

investigation to establish predictive design frameworks essential for rational system design.

Polymer nanodiscs are highly sought after 2D nanomaterials with exceptional potential owing
to their high surface-area-to-volume ratio, anisotropic properties, and tuneable functionality.'!
For discoidal nanostructures, maintaining the high surface-area to volume ratio and anisotropic
properties during stimuli response becomes particularly challenging as polymer packing
behaviour is disrupted. This chapter investigates the co-assembly of stimuli-responsive and

non-responsive disc-forming block copolymers as a model system for understanding multi-
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component assembly principles. As a proof-of-concept study, we demonstrate the viability and
advantages of this approach through systematic investigation of pH-responsive and chemically
inert polymer co-assembly. By varying component ratios, we establish the ability to create
stable discoidal nanoparticles with tuneable responsive characteristics while maintaining

morphological integrity.

Our approach reveals that controlled co-assembly preserves beneficial morphological
characteristics while introducing selective functionality through strategic component
integration. This work establishes fundamental principles for multi-component co-assembly
while demonstrating practical strategies for creating nanostructures with spatially
differentiated properties and programmable environmental responses. The findings transform
the traditional trade-off between responsiveness and stability into a design opportunity,
providing a foundation for next-generation smart materials that harness the benefits of both
responsive and non-responsive components within unified, morphologically preserved
nanostructures for applications such as triggered drug delivery, tissue engineering scaffolds,

and theranostics.'?
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3. Experimental Section

3.1 Materials

Poly(ethylene glycol) methyl ether 5000 (mPEG 5K), 4-cyano-4-(phenylcarbanothio)
pentanoic acid (CPADB, 99 %), anhydrous dichloromethane (DCM, >99.8%), N-ethyl-N'-(3-
dimethylaminopropyl)carbodiimide hydrochloride (EDC-HCl, 98%), 2-hydroxyethyl
methacrylate (HEMA, 97%), o-bromoisobutyryl bromide (98%), N,N,N',N",N"-
pentamethyldiethylenetriamine (PMDETA, 99%), N,N’-azobis(isobutyronitrile) (AIBN,
98%), anisole (99%), mesitylene (98%) and copper(I) bromide (CuBr, 98%) were purchased
from Sigma-Aldrich. N,N-dimethylaminopyridine (DMAP, >99%), tetrahydrofuran (THF),
petroleum benzine (b.p. 40-60C), and diethyl ether were sourced from Merck. Pyridine (99%)
and magnesium sulphate (MgSO4) were purchased from Ajax. Dimethyl formamide (DMF,
99.8% by gas chromatography (GC)) was sourced from RCI LabScan. Ethyl ethoxylate side
chains were received from the Kim Group. PEE»s tadpole was synthesised by Ping Zeng.
Benzyl methacrylate (BzMA, 98%) was sourced from Tokyo Chemical Industry Chemicals.
AIBN was recrystallised from ethanol prior to use. Ethanol was dried with 4A molecular sieves
before use. HEMA and BzZMA were filtered through a short basic aluminium oxide column to

remove inhibitors. All other chemicals were used as received.

3.2 Methods

Synthesis of PEG-CPADB (macroCTA)

PEG5K (2g, 0.4mmol, 1 mol equiv.) and CPADB (167.6 mg, 0.6 mmol, 1.5 mol equiv.) were
charged into a dry round bottom flask with anhydrous DCM (10mL) and stirred over ice. In a
separate vial, DMAP (11.73 mg, 0.1 mmol, 0.24 mol equiv.) and EDC.HCI (11.5 mg, 0.6 mmol,
1.5 mol equiv.) were dissolved in anhydrous DCM (5mL). The contents of this vial was then

added dropwise to the reaction vessel under vigorous stirring over ice. The reaction was stirred
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on ice for a further 10 minutes, before reacting overnight at room temperature. The synthesised
macroCTA was recovered by precipitation in cold diethyl ether three times, redissolving in
DCM to remove unreacted small molecules. The crude product was then washed three times
with DI water to remove unreacted PEG-OH. The pink organic solution was dried over
anhydrous MgSO4 before being concentrated under vacuum into a dark pink solid, and
lypholised into a light pink powder. The macroCTA was stored at -20 °C in an airtight foiled

vial.

Scheme S3.1: Synthesis of PEG14-CPADB macro-RAFT agent.

EDC HCI,

S 5
. . DMAF, DCM .
>ans S Sleae aae
o/n, RT “

Synthesis of PEG-block-PHEMA 15

PEG-CPADB (500 mg, 0.95 mmol, 1 mol equiv.), HEMA (231.17 pL, 1.9 mmol, 20 mol
equiv.), and AIBN (3.1 mg, 0.19 mmol, 0.2 mol equiv.) were charged to a vial in anhydrous
EtOH (3.63 mL) with mesitylene (100 pL) as an internal standard. A time sample (t0) was taken
and analysed by "H NMR. The vial was equipped with a stirrer bar and the solution bubbled
with N> to degas for 30 minutes before reacting at 70 °C for 5 hours. A further time sample (t5)
was taken and analysed using '"H NMR to find the degree of polymerisation of the PHEMA
block. The resulting polymer was recovered by precipitation in diethyl ether, redissolving in
methanol three times over. The product was then lypholised to give a pink powder. The product
was characterised by '"H NMR (300 MHz, MeOD, §, ppm) and SEC (DMACc/LiBr, 50 °C,

PMMA).
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Scheme S3.2. Synthesis of PHEMA is5-block- PEG114 via RAFT polymerisation
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Synthesis of PEG-block-PBIEMis

PEG-block-PHEMA 5 (140.6 mg, 8.12 mmol, 20 mol equiv. of -OH units) and Pyridine (306.7
uL, 3.81 mmol, 10 mol equiv. per -OH unit) were dissolved in anhydrous THF in a round-
bottom flask and stirred on ice. a-BiBB (188.2 uL, 1.52 mmol, 4 mol equiv. per -OH unit) was
added dropwise by syringe to the flask over 5 minutes. The reaction continued to stir over ice
for 10 minutes, before reacting overnight at room temperature. The solution was passed through
gravitational filtration to remove formed pyridinium salts and washed with THF before being
concentrated by rotary evaporation. The resulting polymer was recovered by precipitation in
hexane three times, redissolving in THF. Finally, the polymer was subject to dialysis in
deionised water to remove residual pyridine for a few hours, and subsequently lypholised to
give a pale pink powder. . The product was characterised by 'H NMR (300 MHz, CDCl3, §,

ppm) and SEC (DMACc/LiBr, 50 °C, PMMA).

Scheme S3.3. Synthesis of PBIEM 5 -block-PEG114
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Synthesis of PEG-block-(PBIEMis-graft-(PBzMA7s))
PBIEM-block-PEG (10 mg, 15.6 umol, 15 mol equiv. of -Br units), BZMA (769 pL, 4.56 mmol,
120 mol equiv. per -Br unit), PMDETA (5.14 pL, 0.18 mmol, 5 mol equiv. per -Br unit), and

mesitylene (100 pL) as an internal standard were dissolved in anisole (3.18 mL) in a Schlenk
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flask. After removal of an aliquot to monitor conversion, the vessel was subject to three freeze-
pump-thaw cycles, with addition of CuBr (6.19 mg, 62.6 umol, 2 mol equiv. per -Br unit) prior
to the last cycle. The flask was backfilled by bubbling nitrogen gas, and then reacted at 70 C
for 2.5 hrs. An aliquot was taken to determine monomer conversion. The solution was run
through a short neutral alumina column to remove copper catalyst, and anisole removed under
nitrogen flow. The polymer was redissolved in DMF and purified by precipitation in diethyl
ether three times. The resulting pellet was redissolved in minimal DMF and solid content
determined. The product was characterised by '"H NMR (300 MHz, CDCls, 8, ppm) and SEC

(DMACc/LiBr, 50 °C, PMMA).

Scheme S3.4. Synthesis of (PBIEM s-graft-PBzMA15)-block-PEGi14 using grafting-from approach

with ATRP
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Self-Assembly of tadpoles

A 2mg/mL polymer solution in DMF (unless stated otherwise) was prepared and transferred
into a vial capped with a dialysis membrane (MWCO 3500 Da). The solution was dialysed
against DI water for 2 days, replacing the DI water twice a day. The resulting solution was

collected and analysed by DLS and various microscopy techniques.

Disassembly of self-assembled particles
500 pL of self-assembled particle solution was transferred into a vial capped with a dialysis

membrane (MWCO 3500 Da). The solution was dialysed against 0.1 M sodium acetate buffer
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(pH ~3.6) for 1 day, replacing the buffer twice a day. The resulting solution was then charged
with a stirrer bar and stirred at 300 rpm and analysed by DLS and various microscopy

techniques on days recorded.

Nuclear magnetic resonance (NMR) spectroscopy

NMR spectra were recorded at the University of Sydney using Bruker NEO 300 MHz NMR
spectrometers. 'H NMR measurements were carried out using a zg pulse program (90° pulse)
with a recycle delay (D1) of 2-5 s. 'H NMR spectra are referenced to the residual solvent peak
for CDCl3 (6 7.26 ppm), or MeOD (o 3.31 ppm) as appropriate. Deuterated solvents were

obtained from Sigma Aldrich and used without any further purification.

Size exclusion chromatography (SEC)

SEC was performed using a Shimadzu Prominence UFLC (ultra-fast liquid chromatography)
system fitted with a Shim-pack GPC-800DP guard column followed by two in-series Phenogel
columns (5 um, 104 A and 105 A). The system eluent was HPLC grade dimethyl acetamide
(DMACc) containing LiBr (0.03 wt%) and BHT (each at 0.05 wt%), eluting at a flow rate of 1
mL/min. The column assembly was incubated at 50 °C, and retention times were calibrated

using narrow PMMA standards from PSS.

Atomic Force Microscopy (AFM)

AFM was performed in air using a Multimode 8 with NanoScope V controller (Bruker) in
standard tapping-mode (Tap300Al-G cantilevers, 300 kHz, 30 Nm-1, Budget Sensors).
Samples were prepared by drop-casting method, depositing 10 puL of aqueous self-assembly
dispersion onto a tiled silicon wafer previously cleaned by CO; blast. The droplet was let to
run for the length of the wafer before being dried under light nitrogen flow. Image analysis was

performed on Bruker’s Nanoscope Analysis software.
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Dynamic light scattering (DLS)
DLS measurements were performed on a Malvern Zetasizer Ultra equipped with a He-Ne (633
nm) laser. The hydrodynamic diameters of polymer self-assembly samples were directly

measured on DLS without any further treatment.

Transmission Electron Microscopy (TEM)

TEM observations were performed using the JEM-1400 (JEOL, Japan) with a beam
acceleration of 120 kV. Sample solutions were adjusted to 0.5 g/L, and a 10 pL droplet placed
on parafilm. A carbon-coated Cu grid (ProSciTech, Australia) was hydrophilised by GloQube
Plus (Quorum), using a 25mA plasma current for 30 seconds. The hydrophilised grid was
placed onto the sample droplet for 10 minutes prior to removal of excess solution with a filter
paper. The samples were then stained using 10 pL of 2% uranyl acetate (UA) solution. First,
UA solution was dropped on a parafilm to form a droplet. The grid was then stained for 30
seconds by inverting the grids on the droplet. After removing the UA solution with a filter

paper, the grid was left to dry in the air.
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4. Results and Discussion

4.1 Bottlebrush-Linear Block Copolymer Characterisation

Two bottlebrush-linear block copolymers were synthesised by varying approaches.
Poly(ethylene glycol)i1s-block-[poly(2-(2-bromo isobutyryloxy)ethyl methacrylate)is-grafi-
poly(benzyl methacrylate);s (PEGi14-b-[PBIEM5-g-PBzMA75]) was synthesised using a
grafting-from approach, whereby the high glass transition temperature (Tg) side chains were
grown from a polyinitiator backbone bearing bromide units to undergo atom transfer radical
polymerisation (ATRP). Side chain lengths were determined by '"H NMR end group analysis,
with comparison of the integration of the CH> of the benzyl group at & ~ 4.75 ppm to the
repeating (CH2)2 PEG signal at 6 ~ 3.55 ppm (Figure 3.1B) under the assumption of 50%

grafting efficiency.!> 4

Alternatively, poly(ethylene glycol)i14-block-[poly(3-azido-2-hydroxypropyl methacrylate)zo-
graft-poly(ethyl ethoxylate)zs] (PEG114-b-[PGMA-N320-g-PEE2g]) was received having been
synthesised using a grafting-to approach of the low Tg PEEzg side chains onto an amphiphilic
backbone through CuAAC click chemistry. The grafting density was confirmed to be 75% by
'H NMR analysis comparing pre- and post- side chain grafting. The 'H NMR of the block
copolymer is included in Figure 4.1B. Herein, these bottlebrush-linear block copolymers will
be referred to as ‘tadpoles’ with the codes TPs.ma and TPeg respectively. These tadpole systems

are summarised in Table 4.1.

Table 4.1. Characterisation data of PEG14-block-bottlebrush block copolymer library

BBCPs DPrec DPBackbone DPside chains  Grafting “finydrophobic  "Mn,NMR “‘Pskc
Density

TPema 114 15 75 0.5 0.91 99 100 1.11

TPeE 114 20 28 0.75 0.86 55400 1.22

2 Ratio of PEG:Side Chain repeat units, "Determined by 'H NMR analysis, ‘Determined by SEC (My/M,).
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Figure 3.1. Characterisation data of block copolymers (A) 'H NMR of PEGi4-b-[PBIEMs-g-
PBzMA7s5] (300 MHz, CDCls)), (B) 'H NMR of PEG14-5-[PGMA-N320-g-PEEs] (300 MHz,
CDCl3)), (C) SEC chromatogram of PEG114-b-[PBIEM5-g-PBzMA75] (red) and PEGi14-b-

[PGMA-N320-g-PEE2s] (green) in DMAc (50 °C and 1 mL min")
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4.2 Bottlebrush-Linear Block Copolymer Co-Assembly & Disassembly

This study explores the co-assembly of different polymeric tadpole architectures. TPgg
analogues have previously been investigated as a pH-responsive material for drug delivery
applications.'®> To investigate the generalisability of functional self-assembled systems and
explore potential synergistic effects in mixed systems, this study examined the co-assembly of
TPge with a chemically distinct core-forming block. TPr.ma was selected as the co-assembly
partner to provide maximum contrast in core properties with a significantly different glass
transition temperature and absence of stimuli-responsiveness, whilst maintaining identical
corona-forming blocks to isolate the effects of core chemistry on particle formation. Both TPgg
and TPg,va self-assemble into discoidal particles when individually processed using the
solvent switch method, starting with polymer solutions in DMF being dialysed against
deionised water at a total polymer concentration of 2 mg/mL. The individual systems form
well-defined discoidal nanoparticles with deflated heights of ~7nm and ~5nm respectively by
AFM (Figure 3.2). By diameter, these discoidal assemblies measure between ~200 — 300 nm

and ~50 — 200 nm respectively by TEM (Figure 3.3A & 3.3E).
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Figure 3.2. (left) Schematic representation of tadpole packing into self-assembled particles. (right)

AFM micrographs of discoidal particles of (A) TPgg and (C) TPgma with (B) & (D) corresponding

height maps respectively.
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Figure 3.3. (top) Schematic representation of self-assembled particles from co-assembly of TPgg

(green) and TPgma (red). (bottom)TEM micrographs of self-assembled and disassembled particles from
the co-assembly of TPge : TPg.ma in the ratios of (A) 100:0, (B) 25:75, (C) 50:50, (D) 25:75, (E) 0:100
and their treatment under acidic conditions for (A2,B2,C2,D2,E2) 5 days and (A3,B3,C3,D3,E3) 10

days. All scale bars for 200 nm.
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The successful formation of discoidal particles by both tadpole structures has been previously
attributed to the geometric constraints introduced by inter side chain repulsion that rigidifies
the core-forming segments.!> '® Furthermore, both tadpoles maintain adequate lengths of
hydrophilic linear PEG blocks to stabilise planar structures.!” Despite their similar geometry,
the appearance of these particles varies greatly. The distinct surface morphologies observed in
AFM reflect the fundamental differences in glass transition temperatures between the core-
forming polymers. The grainier phase appearance of TPgg particles (Figure S3.1A) may
correlate to the low T, based off a similar system (Tg ~ -59 C)'8, where the assembly
temperature at room temperature is well above the T, creating a more liquid-like core with
higher chain mobility. In contrast, TPg,ma particles exhibit smoother phase (Figure S3.1B).
Because the assembly temperature is well below the Ty of BZMA side chains (T, ~ 54 C),"”

creating a more rigid, glassy core with restricted chain dynamics,?

similar to other high T,
systems.?! By TEM this difference is observed as a ‘dotty indented” surface that could stem

from staining artefacts and a smooth surface respectively (Figure 3.3A & Figure 3.3B).

In an effort to extend the understanding of their self-assembly behaviour, we pursued the co-
assembly of these chemically distinct tadpoles to determine their synergistic morphological
effects. Upon co-assembly of TPge and TPszma at different weight ratios while maintaining 2
mg/mL final polymer concentration, the apparent size by TEM and hydrodynamic diameter by
DLS (Figure S3.2A) increase significantly compared to the individual components. The most
pronounced size increase is observed in intermediate blend ratios, particularly evident in the
75:25 and 25:75 EE:BzMA compositions, consistent with mixed micelle systems where
cooperative effects lead to larger aggregation numbers.?> 2> Despite these size changes,
discoidal morphology is maintained across all composition ratios as confirmed by TEM and
AFM analysis. This is evidenced by seemingly flat, consistent phased particles by TEM (Figure
3.3). Additionally, all systems resulted in particles with deflated heights between 5-7 nm by
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AFM (Figure 3.4A-B, 3.5A-B, 3.6A-B), consistent with the heights of discoidal particles from
individual tadpole self-assembly (Figure 3.2). In some cases, a stacking effect can be observed
(Figure 3.6), consistent with previous observations, where features of 10-12nm in height
corresponding to two particles stacked in the drying process.!” Where co-assembly strategies
have previously shown that resulting particle geometries are a mix of the molecular geometry
of the individual building blocks,?*?¢ it is expected that the blends of these bottlebrush block
copolymers (BBCPs) with sufficient packing parameter to achieve discs, will also result in

discs.
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Figure 3.4. AFM micrographs of self-assembled particles from TPgg 25:75 TPg.ma with (B)

corresponding height map and (C) after treatment at pH 3.6 with (D) corresponding height

maps.
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Interestingly, there is no evidence of phase separation into Janus-type particles or coexistence
of two distinct morphologies in contrast to expectations for polymer blends with significant
chemical incompatibility.?’ Instead, the co-assembled morphologies show evidence of
continuous phase formation, indicating molecular-level integration rather than typical
macroscopic phase separation.?® Particles with greater composition of low T, TPgg appear
grainier in AFM, and in TEM show dotted surfaces that reduce with TPgg composition. In
contrast, samples with higher TPg,ma content appear less dotted by TEM and smoother (Figure
3.3). Another interesting observation is the increase in particle size in the co-assembled
systems, similar to hierarchical structures from other mixed polymer systems.?’ This may speak
to an interesting packing behaviour of the two incompatible core-forming blocks that can be
investigated further through the inclusion of chromophores or fluorescent labelling in selective
building blocks. Via this approach, compositional analysis of particles could also be

investigated.

The mixed particle formation likely occurs through cooperative assembly mechanisms where
both polymers contribute to the formation of hybrid structures. This is also supported by the
absence of discrete particle populations. Wang et al. propose that the interactions of two block
copolymers is dependent on both the intramolecular segregation of the hydrophilic and
hydrophobic blocks, and the intermolecular repulsion between the different copolymers.*
Given that this was described in a linear system, we postulate that the segregation degree of
linear-brush tadpole architecture may play a large role in the mixing mechanism in the self-
assembly process, altering the interplay of these contributing factors. To this effect, the
identical PEGso00 corona blocks likely helps minimises interfacial energy penalties that
typically drive phase separation in mixed micelle systems.>' This design consideration creates
a buffer that allows the chemically distinct core-forming segments to coexist within unified

micellar structures. In addition, the mobility of bottlebrush segments in their collapsed state
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would be significantly reduced, limiting opportunities to phase separate. Instead, the volume
fraction of the BBCPs dictates the morphologies with both polymers co-existing in a connected
network, as the entropic mixing gains provide a driving force for co-assembly that overcomes
the enthalpic penalty from core block incompatibility.*? Linear terpolymer systems maintaining
the same corona-forming blocks with varying hydrophobic segments were also co-assembled
by Cui et al. to assess their intermolecular mixing.*>* Whilst it must be noted that small molecule
additives were involved to induce aggregation of one block and limit their mobility, the
phenomena of two unlikely blocks co- existing in micelle cores is analogous to the system
presented here. They postulate that this mixed micelle is in a non-equilibrium state, instead

governed by kinetic factors.
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Figure 3.5. AFM micrographs of self-assembled particles from TPgg 50:50 TPg,ma with (B)

corresponding height map and (C) after treatment at pH 3.6 with (D) corresponding height

maps.
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Figure 3.6. AFM micrographs of self-assembled particles from TPgg 75:25 TPgvma with (B)
corresponding height map and (C) after treatment at pH 3.6 with (D) corresponding height

maps.

Upon exposure to acidic environments (pH~3.6) for 5-10 days, the co-assembled systems
exhibit composition-dependent disassembly behaviour that differs markedly from conventional
pH-responsive materials which typically show binary on/off responses rather than staged

disassembly.** 3°

While conventional pH-responsive polymers typically demonstrate
predictable swelling or dissolution transitions, the present co-assembled systems display
graded disassembly profiles that suggest multiple competing processes occurring
simultaneously. The pure EE system establishes a baseline for pH-responsive behaviour,

exhibiting complete disassembly within 10 days, with the disintegration of defined discoidal

structures into small particulate debris, and a shift to smaller hydrodynamic size by DLS
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(Figure S3.2C). This behaviour is consistent with the conversion of ethyl ethoxylate groups to
glycidyl groups in the PEE side chains at pH ~ 5,'® which causes them to lose the required
amphiphilicity and rigidity to pack into defined particles.*® However, by reducing the content
of TPgg in co-assembled systems, the apparent disassembly becomes less evident. Instead of
complete disassembly, both networks of collapsed structures and discrete particles can be
observed. As the PBZMA content is increased to be the majority component, defined circular
particles are observed by TEM (Figure 3.3D). By AFM, these particles are observed to
consistently maintain a deflated height of ~ 5Snm, suggesting that they may be small discoidal
particles (Figure 3.6C & D). Even relatively low concentrations of BZMA (25% in TPgg 75:25
TPg.ma) have demonstrated altered disassembly behaviour. Despite being composed primarily
of pH-responsive components, the incomplete disassembly of these particles indicates that even
small concentrations of stable components can alter disassembly profiles and prevent complete
breakdown. Upon treatment with acidic pH for both 5- and 10-days results in an increase in
hydrodynamic diameter for all co-assembled systems (Figure S3.2B). This is likely due to the
network of particles observed by TEM from the incomplete disassembly of pH responsive
tadpoles. However, at TPgg 25:75 TPg2ma this increase in size is less pronounced, in line with
observations of particles retaining their structure at this ratio by TEM. In particles from the
self-assembly of TPg.ma alone, there is no change in size by TEM (Figure 3.3E) or
hydrodynamic diameter by DLS (Figure S3.2C), further confirming that BZMA tadpoles are

not affected by acidic environments.

This suggests cooperative effects where BZMA chains provide stabilisation beyond their
stoichiometric contribution, possibly through formation of rigid domains that can either act
through a ‘shielding’ effect towards neighbouring pH-responsive chains, or by their own
molecular rearrangement in response to pH treatment. Given that the non-responsive TPgzma

are expected to form kinetically frozen aggregates in the solvent switch as seen in other high
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T, systems due to limited side chain mobility,”> 3® the former is more plausible. Shielding
effects that prevent the complete disassembly of TP segments may occur through various

pathways.

One possibility involves kinetic trapping mechanisms where the high glass transition
temperature of PBzZMA components restricts molecular mobility necessary for typical pH
responses.>® Kinetic trapping in polymer assemblies occurs when the chain mobility does not
match the thermodynamic stability of the system in response to a change in hydrophilicity.*
In this scenario, pH-responsive PEE tadpoles may become physically constrained within the
rigid high Tg TPs.ma framework, unable to be accessed for protonation and subsequent
hydrophilisation. This would suggest that only surface-accessible EE tadpoles, particularly
those at assembly edges, can respond to pH changes while interior chains remain kinetically
frozen. The effect of polymer nanoparticle Ty on the movement of small molecules has been
modelled through drug release studies by Lappe et al. They found that at temperatures below
the T, of the nanoparticle system, drug release was largely impeded,*' likely due to tight
packing of the polymer chains and restricted motility. In a similar manner, there is also the
possibility that acid penetration into the structures is limited, in turn reducing the

hydrophilisation of PEE tadpoles.

Alternatively, the observed behaviour could result from trapped hydrolysis where PEE
tadpoles can undergo protonation but remain physically entrapped within the assembly
structure. In this scenario, chemical changes occur but are not accompanied by the expected
dissolution due to physical constraints imposed by the rigid BZMA network. This has been
observed in mixed micelle systems by Lo et al.,** where PEG-block-poly(lactic acid) (PEG-b-
PLA) block copolymers were co-assembled with a dual-responsive amphiphilic polymer

(mPEG-b-P[NnPAAm-co-VIm]). Upon protonation of pH-responsive N-vinylimidazole (VIm)
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units in slightly acidic pH environments, the structures were retained, like our reported co-
assemblies with higher TPg.ma content. This was attributed to the PEG-b-PLA overbearing the
repulsion forces from the protonation, thus restricting the copolymer movement within the
structure. When the VIm units were able to be sufficiently protonated to be the stronger
repulsive factor, the structures dissociated. In our system, this is analogous to copolymer blends

where TPgg is more prominent.

Another interesting observation is the temporal evolution of these co-assembled systems upon
exposure to low pH environments. The evidence of smaller ‘debris’ near larger particles at Day
5 compared to Day 10 of acidic treatment (Figure 3.3) suggests a multi-step disassembly
process involving slow hydrophilisation and partial disassembly, with subsequent
reorganisation into new structural arrangements throughout this process, likely via one of the
aforementioned mechanisms. The retention of flat 2D structures, particularly in high BzZMA
content systems, represents an intriguing display of this behaviour. AFM observations reveal
persistent small circular features (Figure 3.6C) that likely represent majority PBZMA domains
seemingly resistant to extensive morphological reorganisation. This structural persistence

under acidic conditions further supports the theory of molecular mixing,*

enabling the
development of materials that maintain structural platforms while undergoing controlled

functional changes. These observed behaviours extend existing knowledge in the field of

stimuli-responsive polymers and co-assembled polymeric systems.

Several critical questions remain regarding the precise mechanisms governing these responses.
The relative contributions of kinetic trapping versus chemical accessibility require further
investigation through techniques that can probe molecular-level dynamics in real-time.
Understanding how chain mobility varies spatially within the assemblies and how this

correlates with observed disassembly patterns would provide crucial mechanistic insights.
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Additionally, the role of interfacial effects between EE and BzZMA domains in governing

overall assembly stability warrants detailed examination.

The demonstration that 2D assemblies can be retained while exhibiting controlled disassembly
responses establishes proof-of-concept for a new class of stimuli-responsive materials. Unlike
conventional systems that rely on bulk property changes, these materials could support multiple
functionalities through spatial organisation of responsive and stable components. To extend
this further, the co-assembly of multiple systems that are responsive to distinct stimuli could
be employed. This could enable sequential functionality where different payloads are released
at predetermined timepoints, spatial functionality where surface properties remain constant
while bulk properties evolve, or responsive stability where controlled changes occur whilst 2D

structures can be maintained.**

The implications for developing multifunctional stimuli-responsive materials are significant.
Current interest in controlled release systems emphasises the need for materials that can
provide tuneable,* predictable responses to environmental stimuli. The ability to maintain 2D
structural integrity while exhibiting graded functional responses represents a departure from
traditional approaches where responsiveness and stability are considered mutually exclusive

properties.*®

5. Conclusion

This study has successfully demonstrated the co-assembly of chemically distinct tadpole-
shaped bottlebrush copolymers into mixed discoidal nanoparticles with unique composition-
dependent properties. All co-assembly ratios of two disc-forming building blocks preserved
discoidal morphology with pronounced size increases compared to pure systems, likely due to

cooperative assembly mechanisms, despite significant chemical differences between core-
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forming blocks. This demonstrated the effectiveness of identical corona blocks in mediating
incompatible core segments with the absence of phase separation and formation of continuous
phases. This indicates that careful architectural design can overcome thermodynamic
incompatibilities between chemically distinct polymer segments. Upon exposure to acidic pH
expected to selectively protonate pH responsive TPge segments, composition-dependent pH-
responsive disassembly that ranged from complete disassembly (pure TPgg) to structural
persistence with controlled modifications (high BZMA content) was observed. Notably, even
minor amounts of pH-stable components (25% TPgama) altered disassembly behaviour,
suggesting cooperative stabilisation mechanisms that operate beyond simple stoichiometric
contributions. The present system represents a significant step toward this goal by
demonstrating that composition can be used as a design parameter to tune both the kinetics and
extent of disassembly responses. The retention of structural platforms during disassembly
opens new possibilities for applications requiring sustained functionality under changing
environmental conditions. More work to establish the mechanism behind the molecular
organisation in the self-assembly process, compositional analysis and the subsequent effect on
stimuli-responsive morphological transition is needed through the inclusions of chromophores
or fluorescent labelling with an expansion of microscopy techniques such as cryo-TEM. These
findings establish a foundation for designing next-generation stimuli-responsive materials
where structural integrity and functional responsiveness can be independently controlled
through composition design, opening new avenues for applications in controlled drug

delivery,*’ adaptive materials, and smart therapeutic systems.*% 4’
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Chapter IV : Self-Assembly of
Bottlebrush-Linear-Bottlebrush Block
Copolymer Architectures



1. Abstract

Bottlebrush-linear block copolymer architectures represent an interesting class of materials
with unique self-assembly behaviour owing to their rigid flexible junctions between blocks.
This chapter examines the self-assembly behaviour of rod-coil-rod or bottlebrush-linear-
bottlebrush triblock copolymer architectures, specifically bottlebrush-linear-bottlebrush
terpolymers as an extension of diblock copolymer systems for accessing advanced
morphological regimes. By introducing rigid segments at both termini of a flexible central
block, these architectures create bidirectional steric constraints that fundamentally alter the
morphological landscape compared to simple bottlebrush-linear systems. The investigation
reveals the morphological transition of self-assembled symmetrical bottlebrush-linear-
bottlebrush architectures from multicomponent particles to dense precipitates and planar
structures with respect to bottlebrush size. Furthermore, the use of these dumbbells in co-
assembly approaches with bottlebrush-linear diblock copolymers shows potential for accessing
networks of nanostructures. This work establishes design principles for predicting
morphological outcomes in architecturally complex rigid-flexible block copolymer systems
and demonstrates the potential of topological control as a pathway to control nanoparticle

morphology.
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2. Introduction

The architectural complexity of synthetic block copolymers has emerged as a defining factor
in directing nanoscale self-assembly, offering unprecedented control over morphological
outcomes through precise molecular design.!:? While the self-assembly of the simplest linear
block copolymer types primarily relies on incompatibility-driven phase separation defined by
the Flory-Huggins () parameter, the inclusion of rigid segments in alternating bottlebrush-
linear block copolymer architectures introduces unique rigid-flexible junctions that
fundamentally alter the driving forces for self-assembly.* * Additional to the increase in y due
to the stiffness asymmetry compared to linear systems, bottlebrush-linear block copolymer
packing is also defined by factors such as Maier—Saupe parameter (x«) which describes rod-rod
orientation interactions.” The competition between these forces influences the conformations
of macromolecules in the self-assembly process,® leading to distinctive morphological phase
diagrams characterised by highly anisotropic structures.” 7 The simplest iteration being a
bottlebrush-linear diblock copolymer has been investigated with attention to the influence of
the lengths and ratios of rigid and flexible segments on critical packing parameter and resulting
assembly geometry.® Majority of these rigid segments include m-conjugated polymers,

polypeptides, or liquid crystalline blocks.’

As a further development to linear rod-alt-coil block copolymers, bottlebrush block
copolymers (BBCPs) introduce radial steric induced rigidity that are expected to alter self-
assembly behaviour compared to conjugated systems.’ The initial exploration of brush-block-
linear architectures in this thesis established the establishing critical dimensions and volume
fraction of hydrophilic and hydrophobic segments in a tadpole system to achieve discoidal
nanoparticles.!® The balance between brush rigidity introduced by inter-side chain repulsion

and the entropic flexibility of the adjacent linear domain, highlighted the role of intramolecular
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mechanical constraint in self-assembly toward flat anisotropic morphologies. Analogous coil-
bottlebrush-coil block terpolymers have also been explored,!! where the flexible coil blocks
formed the corona of self-assembled materials, adhering to similar self-assembly principles as

bottlebrush-linear block copolymers.

In contrast, block copolymers where the linear segments are positioned between rigid rod or
bottlebrush blocks are expected to behave vastly different when self-assembled with steric
constraints introduced along a polymer backbone. The rod-coil-rod, bottlebrush-linear-
bottlebrush or ‘dumbbell’ BBCP architecture represents this next level of topological
sophistication, comprising of two densely grafted brush blocks or rigid segments flanking a
central linear or flexible segment. The transition from unilateral steric constraints in tadpole
architectures to bilateral constraints in dumbbell systems fundamentally shifts the expected
self-assembly outcomes. While tadpole systems experience asymmetric steric frustration from
a single rigid block, dumbbell architectures must balance competing orientational preferences
from two terminal rigid segments.'? The hierarchical nanostructures that can emerge from these
complex architectures have been shown to be dependent on interaction parameters between the

rigid block components,'® offering additional tunability in morphological outcomes.'*

Despite the theoretical promise of dumbbell architectures, there remains a significant lack of
experimental exploration into their self-assembly behaviour. Whilst some work has explored

their self-assembly behaviour in brush selective solvents, !> ¢

self-assembly in coil-selective
solvents is better positioned to access anisotropic particles and planar packing. This is because

the rigidifying effect of brushes in poor solvents compared to linear blocks in poor solvents can

vastly change their self-assembly behaviour.!”

The investigation of dumbbell architectures in coil-selective solvents thus represents a natural

extension of the foundational insights in understanding the self-assembly of tadpole structures,
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and as a gateway to extend the understanding of architecturally complex block copolymer self-
assembly. By systematically characterising how the transition from unilateral to bilateral steric
frustration alters the self-assembly landscape, this work aims to establish design rules that
predict morphological outcomes based on architectural parameters alone. This understanding
will inform the development of next-generation architectures, with the potential to access

previously inaccessible morphological regimes through further architectural elaboration.
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3. Experimental Section

3.1 Materials

Poly(ethylene glycol) 4600 (PEG 4.6K), hydroxyethyl methacrylate (HEMA, 97%), a-
bromoisobutyryl bromide (98%) (a-BiBB), 2,2°-Bipyridine (bpy, 99%), triethylamine (NEt;,
99%) N,N,N',N”,N"- pentamethyldiethylenetriamine (PMDETA, 99%), anisole (99%),
mesitylene (98%), copper(I) bromide (CuBr, 98%) and deuterated solvents were purchased
from Sigma-Aldrich. Tetrahydrofuran (THF), petroleum benzine (b.p. 40-60 C), and diethyl
ether were sourced from Merck. Pyridine (99%) and magnesium sulphate (MgSOs) were
purchased from Ajax. Dimethyl formamide (DMF, 99.8% by gas chromatography (GC)) was
sourced from RCI LabScan. Benzyl methacrylate (BzMA, 98%) was sourced from Tokyo
Chemical Industry Chemicals. CuBr was washed with glacial acetic acid prior to use. HEMA
and BzMA were filtered through a short basic aluminium oxide column to remove inhibitors.

All other chemicals were used as received.

3.2 Methods

Synthesis of Br-PEG-Br (Bifunctional Initiator)

A round bottom flask was charged with PEG 4.6K (2.0 g, 0.4 mmol, 1.0 equiv.), and Net3 (0.35
g, 35 mmol, 8.0 equiv.) with DCM (20 mL). The vessel was sealed and stirred over ice for 10
minutes before a-BiBB (0.80 g, 35 mmol, 8.0 equiv.) was added dropwise. The solution was
stirred on ice for a further 20 minutes before stirring at room temperature overnight. The
solution was passed through gravitational filtration to remove formed pyridinium salts and
washed with DCM. The synthesised bifunctional initiator was recovered by precipitation in
cold ether once, redissolving in THF. Subsequently, the pellet was precipitated in n-hexane
twice more, redissolving in THF to remove unreacted small molecules. The crude product was

then washed three times with DI water to remove unreacted PEG. The organic solution was
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dried over anhydrous MgSQO4 before being concentrated under vacuum into a white solid, and
lyophilised into a pale white powder. The bifunctional initiator was stored at room temperature
in an airtight vial shielded from light. The product was characterised by 'H NMR (300 MHz,

CDCls, & 7.26 ppm, Figure 4.1A) and SEC (DMAG/LiBr, 50 °C, PMMA, Figure 4.1B).

Scheme S4.1. Synthesis of Br-PEGi14-Br bifunctional ATRP initiator
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OH Q
Br Br
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Synthesis of PHEMA19-block-PEG-block-PHEMA 19

Bifunctional initiator (100 mg, 24 umol, 1 mol equiv.), HEMA (408.8 uL, 3.36 mmol, 80 mol
equiv.), and 2,2’-Bipyridine (13.1 mg, 8.4 umol, 2 mol equiv.), and a 70:30 methanol/methyl
ethyl ketone mixture (2 mL) were added to a schlenk flask equipped with a stirrer bar using
mesitylene (100 pL) as an internal standard. A time sample (t0) was taken and analysed by 'H
NMR. The solution was subject to three freeze pump thaw cycles, with addition of CuCl (4.58
mg, 4.62 pmol, 1.1 mol equiv.) on the last freeze cycle. The flask was backfilled with N2
before reacting at 65 C for 2.5 hours. A further time sample (t2.5) was taken and analysed using
'H NMR to find the degree of polymerisation of the PHEMA block. The resulting polymer was
recovered by precipitation in diethyl ether, redissolving in methanol three times over. The
product was then lyophilised to give a white powder. The product was characterised by 'H
NMR (300 MHz, MeOD, 6 3.31 ppm, Figure 4.2A) and SEC (DMAc/LiBr, 50 °C, PMMA,
Figure 4.2C).

Scheme S4.2. Synthesis of PHEMA 9-block-PEG-block-PHEMA 19
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Synthesis of PBIEMui9y-block-PEG-block-PBIEM19

PHEMA 9-block-PEG-block-PHEMA 19 (80 mg, 8.2 umol, 36 equiv. of -OH units) and Pyridine
(119.5 uL, 1.19 mmol, 5 equiv. per -OH unit) were dissolved in THF (12 mL) in a round-bottom
flask and stirred on ice. a-BiBB (146.7 uL, 1.19 mmol, 4 equiv. per -OH unit) was added
dropwise by syringe to the flask over 5 minutes. The reaction continued to stir over ice for 10
minutes, before reacting overnight at room temperature. The solution was passed through
gravitational filtration to remove formed pyridinium salts and washed with THF. The resulting
polymer was recovered by precipitation in hexane three times, redissolving in THF. The
product was dried of residual solvents under N> flow and subsequently lyophilised to give a
pale white powder. The product was characterised by 'H NMR (300 MHz, CDCl3, § 7.26 ppm,

Figure 4.2B) and SEC (DMACc/LiBr, 50 °C, PMMA, Figure 4.2C).

Scheme S4.3. Synthesis of PBIEM 9-block-PEG-block-BIEM 9
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Synthesis of (PBIEMu9 -graft-PBzMA«x)-block-PEG-block-(PBIEMi9-graft-PBzMAx)

PBIEM 9-block-PEG-block-PBIEM 9 (10 mg, 1.1 umol, 32 mol equiv. of -Br units), BZMA,
PMDETA (9.55 pL, 45.7 umol, 1.1 mol equiv. per -Br unit), and mesitylene (100 pL) as an
internal standard were dissolved in anisole (80% v/v) in a Schlenk flask. After removal of an
aliquot to monitor conversion, the vessel was subject to three freeze-pump-thaw cycles, with
addition of CuBr (6.19 mg, 62.6 umol, 2 mol equiv. per -Br unit) prior to the last cycle. The
flask was backfilled by bubbling nitrogen gas, and then reacted at 70 'C for 2.5 hrs. An aliquot
was taken to determine monomer conversion. The solution was run through a short neutral
alumina column to remove copper catalyst, and anisole removed under nitrogen flow. The

polymer was redissolved in DMF and purified by precipitation in diethyl ether three times. The
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resulting pellet was redissolved in minimal DMF and solid content determined. The product
was characterised by 'H NMR (300 MHz, CDCl;, & 7.26 ppm, Figure 4.4) and SEC

(DMAG/LiBr, 50 °C, PMMA, Figure 4.3).

Scheme S4.4. Synthesis of (PBIEM9-g-PBzMA)-block-PEG-block-(PBIEM9-g-PBzMAJ)
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Nuclear magnetic resonance (NMR) spectroscopy

NMR spectra were recorded at the University of Sydney using Bruker NEO 300 MHz NMR
spectrometers. 'H NMR measurements were carried out using a zg pulse program (90° pulse)
with a recycle delay (D1) of 2-5 s. 'TH NMR spectra are referenced to the residual solvent peak
for CDCl; (8 7.26 ppm), or MeOD (o 3.31 ppm) as appropriate. Deuterated solvents were

obtained from Sigma Aldrich and used without any further purification.

Size exclusion chromatography (SEC)

SEC was performed using a Shimadzu Prominence UFLC (ultra-fast liquid chromatography)
system fitted with a Shim-pack GPC-800DP guard column followed by two in-series Phenogel
columns (5 pm, 104 A and 105 A). The system eluent was HPLC grade dimethyl acetamide
(DMACc) containing LiBr (0.03 wt%) and BHT (each at 0.05 wt%), eluting at a flow rate of 1
mL/min. The column assembly was incubated at 50 °C, and retention times were calibrated

using narrow PMMA standards from PSS.

Self-Assembly of dumbbells
A 2mg/mL polymer solution in DMF was prepared and transferred into a vial capped with a
dialysis membrane (MWCO 3500 Da). Where different polymers were co-assembled,

polymers were transferred to a vial at prescribed wt% ratios to a achieve a final polymer
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concentration of 2mg/mL. The solution was dialysed against DI water for 2 days, replacing the
DI water twice a day. The resulting solution was collected and analysed by DLS and various

microscopy techniques.

Dynamic light scattering (DLS)
DLS measurements were performed on a Malvern Zetasizer Ultra equipped with a He-Ne (633
nm) laser. The hydrodynamic diameters of polymer self-assembly samples were directly

measured on DLS without any further treatment

Transmission Electron Microscopy (TEM)

TEM was performed on a JEM-2100CR instrument equipped with a Sk x 4k CMOS camera
(EMSIS). Images were collected in bright-field mode with a spot size of 3 with diffraction
contrast enhanced by using an objective lens with an aperture size of 20 pum, at an accelerating
voltage of 200 kV. TEM samples were prepared by adding 4 uL of the polymer self-assembly
solution onto a carbon-coated copper grid. After drying in air for 10 mins, the remained solution
was removed by touching the edge of the grid with a filter paper. The samples were then stained
using 10 pL of 2% uranyl acetate (UA) solution. First, UA solution was dropped on a parafilm
to form a droplet. The grid was then stained for 30 seconds by inverting the grids on the droplet.

After removing the UA solution with a filter paper, the grid was left to dry in the air.

Atomic Force Microscopy (AFM)

AFM was performed in air using a Multimode 8 with NanoScope V controller (Bruker) in
standard tapping-mode (Tap300Al-G cantilevers, 300 kHz, 30 Nm-1, Budget Sensors).
Samples were prepared by depositing 10 pL of aqueous self-assembly dispersion onto a silicon
wafer previously cleaned by CO2 blast. The droplet was spin-coated by two 60 second cycles

at 4000 rpm. Image analysis was performed on Bruker’s Nanoscope Analysis software.
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4. Results and Discussion

4.1 Synthesis of bottlebrush-linear-bottlebrush polymer library

To design a library of amphiphilic bottlebrush block copolymers (BBCPs) directly comparable
to bottlebrush-linear BBCPs from Chapter II, we opted for a ‘grafting-from” strategy. This
library was designed to echo the dimensions of TP15.75 from Chapter II, utilising a PEG coil for
similar MW at 4600 mg/mol. From a synthesised poly(ethylene glycol) dibromide (Br-PEG-
Br) (Figure 4.1), 2-hydroxyethyl methacrylate (HEMA) blocks were polymerised using atom
transfer radical polymerisation (ATRP) (Scheme 4.1) to 19 repeat units long to maintain similar
number of side chain grafts. The PHEMA was subsequently esterified with a-bromoisobutyrate
bromide to give a poly[2-(2-bromo isobutyryloxy)ethyl methacrylate]io-block-poly(ethylene
glycol)ios-block-poly[2-(2-bromo isobutyryloxy)ethyl methacrylate]io (PBIEM9-b-PEGi0s-b-

PBIEM9) polyinitiator backbone (Figure 4.2) (Scheme 4.1).

Scheme 4.1. Synthesis of PBIEM9-g-PBzMA)-b-PEG1¢5-b-(PBIEM19-g-PBzMA) library, (where x

=5, 13, 29, 40 and 58) dumbbell-like bottlebrush-linear-bottlebrush block copolymers.
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"H NMR analysis of PHEMA 9 PEGios-b-PHEMA 9 is shown in Figure 4.2.A displaying
integrated PHEMA peaks 6 4.06 (CHz), 3.79 (CH>), 2.01 (CHz), 1.04 (CH3) compared to the
PEG peak at 6 3.66 (CH,CH>). Complete esterification to PBIEM19-b-PEG10s-b-PBIEM 9 is

evidenced by the shift of the CH> peaks to 6 4.40 and 4.23, along with the methyl group signal
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at 1.99 ppm (Figure 4.2.B). Additionally, a comparison of the size exclusion chromatography
(SEC) chromatograms shows a slight shift toward a higher retention time because of the
reduced apparent hydrodynamic size of PBIEMi9-b-PEGios-b-PBIEMi9 compared to

PHEMA 19-b-PEG10s5-b-PHEMA 19 (Figure 4.2.C).
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Figure 4.1. Characterisation data of PEG Dibromide Bifunctional ATRP initiator (Br-PEG-Br) (A) 'H
NMR (300 MHz, CDCls) & 4.35 (a, CH»), 3.76 (b, CH»), 3.66 (c, CH.CH,), 1.95 (d, CH3), (B) SEC

chromatogram in DMAc (50 °C and 1 mL min™)

The PBzMA brush segment was then synthesised using the grafting-from approach from the
PBIEM moieties using ATRP to yield well-defined dumbbell-like BBCPs macromolecules
(Scheme 4.1). By independently varying the PBzMA side chain length, adjustment to the
bottlebrush segment directly influenced the overall BBCP dimensions and hydrophilic-to-
hydrophobic ratio (Table 4.1). The generated BBCP library with varying side chain lengths
includes PBIEM 9-g-PBzZMA)-b- PEG1¢5-b-(PBIEM 19-g-PBzMA), where x =5, 13, 29, 40
and 58. These side chain lengths were chosen to maintain comparable hydrophobic fraction
(fnydrophobic) and side chain lengths to tadpole BBCPs from Chapter II. In particular, DB29 and
DBss echo these parameters for TPis7s. Greater side chain length increased the overall
hydrodynamic volume of the BBCPs, evident through a progressive shift towards shorter

retention times in SEC (Figure 4.3).
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Figure 4.2. Characterisation data of polymer backbones (A) '"H NMR of PHEMA 19-b-PEG-b-PHEMA ;9
(300 MHz, MeOD) 6 4.06 (a, CH>), 3.79 (b, CH>), 3.66 (c, CH.CH>), 2.01 (d, CH>), 1.04 (e, CH>). (B)
"H NMR of PBIEM ¢ -b-PEG-b-PBIEM 9 (300 MHz, CDCl3) & 4.40 (a, CH,), 4.23 (b, CH>), 3.66 (c,
CH,CH>), 1.99 (f, CH3), 1.88 (d, CH>), 1.02 (e, CH>). (C) SEC chromatograms comparison of PHEMA-

b-PEG14-b-PHEMA and PBIEM-b-PEG;4-b-PBIEM in DMAc (50 °C and 1 mL min™")

. DBs
+ DBy3
- DBy
+ DBy

DBsg

10 15 20
Retention Time (min)

Figure 4.3. SEC traces in DMAc (50 °C and 1 mL min™") of (PBIEM 9-g-PBzMA)-b-PEG-b-(PBIEM 9

-g-PBzMA) library with increasing side chain length (y = 5, 13, 29, 40 and 58).
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Side chain lengths were determined by 'H NMR end group analysis, with comparison of the
integration of the CH> of the benzyl group at & ~ 4.75 ppm to the repeating (CHz)> PEG signal
at & ~ 3.55 ppm (Figures 4.4) under the assumption of 50% grafting efficiency.!® !° These
BBCPs are summarised in Table 4.1. From herein, we refer to the BBCP dumbbells (DB)
encoded with their side chain length e.g. (PBIEMi9-g-PBzMA5)-b-PEG10s5-b-(PBIEM9-g-

PBzMA) becomes DBs.

Table 4.1. Characterisation data of (PBIEM 9 -g-PBzMAX)-b-PEG-b-(PBIEM ¢ -g-PBzMAX)

polymer library
BBCPs DPrec DPreiem DPrezva fBzma \Y PRSI ‘Dsec
DBs 105 19,19 5 0.52 31900 1.22
DB13 105 19,19 13 0.74 58 700 1.23
DB 105 19,19 29 0.86 112 300 1.17
DBa4o 105 19,19 40 0.90 149 100 1.21
DBss 105 19,19 58 0.93 209 400 1.15

a Ratio of PEG:PBzMA repeat units, "Determined by 'H NMR analysis, “Determined by SEC (My/M,).
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4.2 Effect of molecular polymer brush segment side chain length on self-assembly

To self-assemble the BBCPs, a solvent switch method was used, starting with a 2 mg/mL
solution in DMF and their subsequent dialysis into deionised water as a coil-selective solvent.
We used transmission electron microscopy (TEM) to survey the resulting assemblies (Figure

4.5) and dynamic light scattering (DLS) to estimate their hydrodynamic sizes (Figure S4.1A).

. : o
4 3 500 nm 200 nm
- £L — —

Figure 4.5. (left) Schematic representation of Vérying éide chain lengths of BBCPs with TEM images
of self-assemblies from (A,B) DBs, (C,D) DBi3, (E,F) DB, (G,H) DBao, (I,J) DBsg micrographs of

negatively stained self-assembled BBCPs
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The self-assembly of DBsresulted in spherical polymer particles with seemingly rough surface
topology and diameters of beyond 1 um in TEM (Figure 4.5.A & Figure 4.5.B). Encouraged
by broad intensity peaks in dynamic light scattering (DLS) (Figure S4.1A), atomic force
microscopy (AFM) was used as a complementary technique to look beyond large particles,
confirming the presence of spherical particles with smaller diameters of ~50 nm (Figure 4.6).
Extension of the side chains to give DB13 resulted in a maintenance of spherical particles with
similar diameters as DBs, with seemingly less indentation in the particle surface in TEM
(Figure 4.5B and Figure 4.5.C). AFM analysis showed spherical particles ranging from ~100 —
200 nm in diameter (Figure 4.7). It is expected that at larger fcoi, the system maintains greater
flexibility, allowing the rods to pack into a solvophobic core, with looped coronas. In a linear
block terpolymer, this would present as flower-like micelles.?’ The shortest side chain lengths
of 5 and 13 are not long enough to sufficiently long enough to achieve critical side chain
repulsion for bottlebrush stiffening.?! This is supported by theoretical simulations where short
side chains do not significantly increase the comb diameter compared to linear polymers, thus
maintaining an element of flexibility along the backbone.?> However, reduced hydrophobic
content in an amphiphile of this structure reduces enthalpic and entropic contributions in self-
assembly processes.”> This means that intermolecular forces driving micellisation is reduced,
and some terpolymers may have only one rod block confined into the hydrophobic core, leading
to unstable structures, and the potential toward bridging of micelles by dangling chains,** or
aggregation.”® Therefore, we postulate that the rough surface spherical particles from the self-
assembly of DBs and DBi3; form from the merging of multiple particles into large rough

spherical multicomponent particles.
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At approximately double the side chain length, DB29, this dumbbell also self-assembles into
spherical particles, but with notably smoother surfaces by TEM (Figure 4.5E & 4.5.F). The
microparticles show evidence of smaller spherical particles dried on top of them, seemingly as
an artifact of the sample preparation process. The size of these particles (~50 nm diameter)
corresponds to those observed in AFM with deflated heights of between ~ 8-70 nm (Figure
4.8). Large smooth particles are also observed in the self-assembly from DB4o (Figure 4.5G &
4.5.H) with smaller spherical particles with diameters ranging from ~150 — 300 nm observed
by AFM (Figure 4.9). In both cases, the deflated height profiles by AFM exist across a range
from ~10nm to beyond 25nm in height. The large variance in height profiles, combined with
the absence of observed internal structures by TEM are likely to correspond to dense spherical

particles.
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Figure 4.8. AFM of particles self-assembled from DB (A, C) 2D Height map (B, D) Corresponding
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The increased asymmetry of the block copolymers by side chain extension is represented by
the sharp increase in the fhydrophobic from 0.52 — 0.74 in the shortest DBs to 0.86 and 0.9 in DB29
and DB4o respectively (Table 4.1). With side chain lengths now able to facilitate a bottlebrush
regime,?¢ the flanking rods are expected to be rigid in nature. The interaction between these
rigid segments is expected to increase, lending toward dense polymer particles similar to those
observed in the self-assembly of bottlebrush-linear block copolymers,?’ in Chapter II.
Experimental data on the self-assembly of bottlebrush-linear-bottlebrush block copolymers
remains limited, but simulation data confirms that at relatively larger coil lengths, spherical
particles remain predominant.?® Increasing rod lengths can make the phase transition from
spherical to lamellar morphologies more accessible,?’ but this is limited at low polymer
concentrations. These studies are limited by the rod segments modelling rigid crystalline

behaviour instead of bottlebrush blocks, highlighting the novelty of this work.
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Figure 4.9. AFM of particles self-assembled from DB4o (A, C) 2D Height map (B, D) Corresponding

particle height.
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Extending to DBsg leads to a mixed morphology of large dense spherical nanoprecipitates with
incidence of smaller flat assemblies verified by TEM (Figure 4.5.1 & 4.5.J) and AFM (Figure
4.10). Having side chains of 58 repeat units is within the appropriate range to induce sufficient
steric repulsion for brush rigidification and subsequent packing into planar structures.'®
Structurally, dumbbell architectures can be considered as two tadpoles attached by their coil.
Therefore, we would expect that dumbbell polymers with analogous hydrophobic components
to disc-forming tadpoles may also preferentially pack into discs. To this effect, DB29 maintains
an appropriate hydrophilic hydrophobic ratio. However, in this case, with the hydrophilic coil
being flanked by two rod segments results in a ‘hairpin’*® conformation as the coil is stretched
upon space occupancy by water molecules.?! Whilst we expected that shorter side chain lengths
would allow sideways packing of the brush blocks to be more favourable and lend towards flat
structures, it is likely that these side chain lengths are not long enough to achieve sufficient
inter side chain repulsion induced rigidity.> ** Instead, these dumbbells adopt conformations

with higher surface curvature. Therefore, the intra- and inter-molecular rod-rod interactions

play a significant role in morphology.

With DBsg exhibiting the largest fuydrophobic at approximately double that of disc forming
tadpoles in Chapter II, the rod segments are expected to overwhelm the hydrophilic PEG coil
leading to nanoprecipitates. Additionally, the locality of such large brush segments with respect
to the connecting coil are not expected to pack into planar assemblies. As the approximate
carbon—carbon length in polymethacrylates correlates to ~0.25 nm,** two adjacent rods with
side chains of 58 repeat units would position the tethering points of the PEG coil at ~29 nm
apart. The PEG coil in water is expected to extend (at maximum) to ~37 nm in length, with
each monomer -(CH>CH>0)- unit approximately 0.35 nm long.*® Simulation studies of end-
tethered nanorods by Glotzer and coworkers suggest that at shorter tether or coil lengths, flat

interfaces may be favoured as rod-rod interactions are thermodynamically favourable.>®
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Figure 4.10. AFM of particles self-assembled from DBsg (A, C) 2D Height map (B, D) Corresponding
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Therefore, we expect that the incidence of planar assemblies is attributed to the interplay of
both rigidification of the bottlebrush segments and the stretching of the tethering coil. However,
the higher incidence of dense spherical aggregates suggests that DBsg may exist at a boundary
of a window of disc formation. Whilst the coil can theoretically accommodate sideways rod
packing, it is expected that the stretching effect on the coil in this conformation may be too
large to be thermodynamically favourable. By increasing the PEG coil length between
sufficiently rigidified bottlebrush segments, it is possible that discoidal assemblies may be
better stabilised, however the hydrophobic and hydrophilic balance of the amphiphile will need

to be considered to access discoidal particles exclusively.
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4.3 Dumbbell and tadpole block copolymer co-assembly

Determining that DBsg maintains some propensity towards planar packing, we looked to
investigate their co-assembly with disc forming building blocks. The co-assembly approach
was utilised as a means of reducing the strain on the PEG coil to stabilise flat structures to
access greater incidence of flat structures. DBsg was self-assembled with disc-forming TPis.75
at 50 wt% of each polymer in a 2mg/mL DMF polymer solution against deionised water. TP;s.
75, previously presented in Chapter II maintains a similar PEG coil with a molecular weight of
5000 g/mol. The connecting PBIEM of 15 repeat units has tethered PBZMA side chains of 75
repeat units long. Interestingly, when observed by AFM, the structures show structures with
deflated heights of ~10 and 15 nm, with some incidence of stacked structures (Figure 4.11A-
C). These heights correspond to multiples of 5Snm, which corresponds to the deflated heights
of the flat structures by the self-assembly of DBsg alone (Figure 4.10). The presence of a rim
feature within the particles is inconsistent with discoidal particles, suggesting some internal
structures. This is corroborated by TEM where membranous features around spherical particles
is observed that seemingly differ to typical vesicular structures (Figure S4.2). Whilst the exact
morphology remains inconclusive and requiring further investigation, co-assembly with a
bottlebrush-linear diblock copolymer of similar chemistry dramatically alters packing
behaviour. Acknowledging that the wt% of the dumbbell is relatively high, co-assembly was
also investigated at 5 and 15wt% in a 2mg/mL solution. As the wt% of dumbbells is increased,
the height maps by AFM suggest that particles tend to have taller feature heights (Figure 4.11).
By height analysis, these heights increase by 5 nm increments, which corresponds to the height

of a single brush section of the BBCPs, as previously described in Chapter 11.>7

This suggests
that there may be some stacking of particles. The reduction in the concentration of dumbbell

polymers may reduce the likelihood of intermolecular rod-rod interactions in dumbbell

polymers, positioning the self-assembly phase closer to discs as the dominant morphology from
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the self-assembly of the tadpole polymer. Interestingly, the hydrodynamic size by DLS also
increases with reduced wt% of dumbbells in the co-assembly, further supporting that stacked
features may be concentration dependent (Figure S4.1B). Whilst it is possible that some of
these may be an artifact of the drying process in sample preparation,'’ given the incidence, it

is likely that this is a feature of the co-assembly process.
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Figure 4.11. Schematic representation of suspected packing of bottlebrush-linear block copolymers in
the co-assembly of TPis.75 and DBss (top) with AFM micrographs at (A-B) 5 wt%, (D-E) 15%, and (G-
H) 50wt% with corresponding height maps for numbered particles (C) 5 wt%, (F) 15%, and (I) 50wt%.
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As a secondary co-assembly study, DB29 with a similar hydrophobic to hydrophilic ratio to
TP1s.7s was also co-assembled with the tadpole at 50 wt%. Despite having insufficiently long
side chains to pack into planar structures alone, upon co-assembly, a network of flat structures
of multiple heights with steps in 5 nm increments were observed by AFM (Figure 4.12), which
corresponds to the height of a single brush section of the BBCPs. Therefore, height profiles of
~10 nm would correspond to the height of two particles linked, and ~15 nm would be
representative of three particle heights. The high incidence of this in these samples indicates
that dumbbell block copolymers could be acting as a cross-linker.>® Interestingly, this stacking
observed even at relatively high percentages of dumbbell polymer where one may expect
intramolecular interactions to dominate and favour polymer aggregation. TEM confirmed the

presence of flat particles in this sample.

1
1
1
1
1
1
1
1
!
[2]
(=]
=]
3
height (nm)
r o ¢ $
E % |

T
200 400 600
width (nm)

3
1

height (nm)

100 200 300
width (nm)

- LY b -10 nm

Figure 4.12. AFM micrographs of co-assembly of bottlebrush-linear block copolymers TPs.75 and

DB2s (A-B) at 50 wt% with (C) corresponding height maps

We postulate that the stacking effect observed in both samples is facilitated by the dumbbell
polymers acting as cross-linkers with the bottlebrush segments self-assembling into different
discs, being connected by the PEG coil. This has been observed between puck-like particles
resulting in the formation of networks within a compound micelle.*® Self-consistent field theory
studies of crystalline rod-coil-cod systems have been investigated to understand packing
behaviour in stacked lamella phases. It is shown that when the rod segments have a large

diameter, the excess stretching on the coil results can force rearrangement of some rods to pack
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head-to-head and reduce the spanning distance of the linear chains.’* Where the tadpole
structures would typically pack into discoidal features, the dumbbells intercalate and act as a
‘bridge’. Where the rods are not considered too large, as in the case of DB29 there is expected
to be a balance between hairpin folding with molecules maintaining themselves in single
particles, and some extending across different phases.’* Whilst we have observed that DB2g
core-forming rods are not rigid enough to pack into flat structures alone (Figure 4.5E & F,
Figure 4.8), we postulate that the tadpole structures can have a rigidifying effect on the core-
forming segments of DB»9, allowing them to span between structures and participate in lamella
packing. Whilst this is a rudimentary claim requiring further investigation, understanding of
bottlebrush-bottlebrush interactions may account for these observations, In the case of linear
block copolymers, co-assembly of block copolymers of varying molecular weights result in
morphologies where low MW polymers stretch, and high MW polymers compress to pack
together.*’ Similar investigations were conducted using entirely bottlebrush building blocks of
different MW into lamellar phases.*! Whilst these studies show that extensive mismatch in
molecular weight may interrupt co-assembly,*? the asymmetry in the two polymer architectures
as tadpoles and dumbbells can circumvent this by forming connected structures. Being
chemically analogous polymers with side chains of the same chemistry, we can attribute the

factors influencing the co-assembly process to be predominantly on packing behaviour.

Polymer networks are an important material for applications such as tissue engineering,
elastomers, or those requiring high cargo-loading. Polymeric gels tend to form during
incomplete phase separation where solvent is trapped between polymers. The incorporation of
bottlebrush segments enables greater control over observed stiffness and softness through
parameters such as grafting density, or alternating blocks of brush and linear segments.*
Linear-block-brush-block-linear (LBL) polymers are predominantly employed in the formation

of polymer networks and gels. Typically, either long hydrophilic linear segments are physically
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cross-linked through entanglement, or bottlebrush segments are chemically cross-linked to
form a network with high water holding capacity known as hydrogels.** However, this can
typically only occur at high polymer content to force intermolecular interaction, compared to
the 2 mg/ml polymer concentrations employed in this study. The presented system is not
considered a gel, instead spontaneously forming networks of particles driven by the phase
separation that occurs in typical amphiphilic polymer self-assembly. This is facilitated by the
use of two chemically analogous but architecturally complementary building blocks, and their
random spatial arrangement. However, considering that these networks do form at low polymer
concentrations, we postulate that this system could be used to access gels or materials with

viscoelastic properties for applications such as drug delivery, photonics and tissue engineering.

As the first report of co-assembly of two complex brush-linear block architectures with
different packing behaviour, this represents an exciting landscape for further investigation and
verification into the morphology and mechanism of stacked particles to inform design
considerations to extend these architectures further. For example, stacked height profiles could
be adjusted by changing bottlebrush backbone lengths. Alternatively, altering PEG coil lengths
could reduce the density of particle networks toward other materials such as nanoparticle-

hydrogel composites.*’

5. Conclusion

Bottlebrush-linear-bottlebrush rod-coil-rod block copolymers represent a unique and
underexplored architecture in self-assembly studies. By designing a polymer library via the
grafting-from approach, this chapter develops a structure-property relationship between
polymer architecture and self-assembled morphologies. Demonstrating morphological
evolution from multicomponent particles to dense aggregates and some incidence of planar

structures provides insight into how the side chain length of the bottlebrushes can influence the
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stiffness contrast, hydrophobic content and subsequent conformation of the linear and rod
segments in the self-assembly of these triblock terpolymers. Additionally, the observation of
stacked planar structures in binary blends of tadpole and dumbbell structure presents
opportunities to investigate how intermolecular brush-brush interactions can influence polymer
conformations and morphologies. There is also scope to tune dumbbell block copolymers to be
used as cross-linkers as they intercalate to form networks of particles or even gels at higher
percentage polymer content. To assess these materials, rheological studies could be performed
to further investigate the effects of intermolecular interactions on material properties for
hydrogel applications. This work serves as a foundation to understand the self-assembly
behaviour of previously underexplored bottlebrush-linear-bottlebrush architectures,
highlighting how the unique nature of bottlebrush polymers can vastly change the packing
parameter of building blocks when tethered by flexible linear coils. Future work into
understanding the self-assembly mechanism of both block copolymer and binary blends of
architecture both by experimental and theoretical modelling is required to verify and
understand the potential of these complex polymer architectures. In this effort, the window for
the fabrication towards anisotropic nanoparticles such as nanodiscs can be expanded by
influencing the design of both polymer building-block and environmental conditions in the

self-assembly process.
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Chapter V : Conclusion and Outlook



This thesis begins to establish a foundational understanding of the structural and chemical
requirements for molecular building blocks to access discoidal materials through self-
assembly. While the field of polymer self-assembly has matured significantly in accessing
spherical and cylindrical morphologies, the controlled formation of disc-like structures has
remained an elusive target that requires fundamentally different design principles and assembly
mechanisms. The formation of discoidal materials represents far more than simply another
morphology to add to the catalogue of self-assembled structures. Discs occupy a unique
position in the landscape of anisotropic particles, offering combinations of properties that
cannot be achieved through spherical or cylindrical alternatives. The high surface area-to-
volume ratio, the potential for preferential orientation and alignment in fluidic environments,
and the distinctive surface interactions make discs exceptionally attractive targets for advanced
applications. The current landscape of discoidal particles relies largely on top-down approaches
where larger particles are processed into smaller components, through directed methods such
as use of templates, or via kinetically driven processes such as crystallisation-driven self-
assembly. This is owed to disc shapes being considered thermodynamically unfavourable in
solution polymer self-assembly. However, the inclusion of bottlebrush segments in complex
architectures proves to be an interesting avenue to circumvent these barriers and improve

access to these lucrative morphologies.

The work presented here represents an important first step in deciphering the architectural
requirements for disc formation in polymer systems. Through systematic investigation of
molecular polymer brush — block — linear block copolymer ‘tadpoles’ in Chapter II of this
thesis, we have begun to map the structural parameter space necessary for anisotropic disc
formation. The central finding of this work is the identification of critical structural features
that enable disc formation. The molecular polymer brush segment contrasted with the flexible

linear polymer chain creates unique steric constraints that overcomes the energy bending
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penalty, with the interplay between brush density, side chain length, and block composition
creates a narrow but accessible window for disc morphology. Our investigations have revealed
that side chain length represents a critical control parameter, with only specific ranges

promoting disc formation. This sensitivity suggests a delicate balance of competing forces.

With these design principles in mind, Chapter III shows how chemically diverse tadpole
structures can be co-assembled to extend functional nanoparticles. Through the inclusion of
pH-sensitive poly(ethylene glycol)-block-[poly(3-azido-2-hydroxypropyl methacrylate)-graft-
poly(ethyl ethoxylate)] (TPge) and inert poly(ethylene glycol)-block-[poly(2-(2-bromo
isobutyryloxy)ethyl methacrylate)-graft-poly(benzyl methacrylate) (TPsama) at different
ratios, this chapter explores the effect of their co-assembly on particle formation and
degradation upon pH treatment. Finding that the ratio of stimuli-responsive tadpoles directly
correlates to their disassembly, with the potential of a ‘shielding effect” where high Tg TPg,ma
may prevent the complete hydrolysation of TPgg and subsequent disassembly of particles. This
work provides proof-of-concept of how co-assembly can be used to access functional materials
that can retain their structure, or be responsive to multiple stimuli, with their morphology tuned

by the nature of the included building blocks.

Chapter IV investigated how extending architectural complexity of linear-bottlebrush diblock
copolymers to bottlebrush-linear-bottlebrush ‘dumbbell’ systems can alter self-assembly
behaviour to achieve higher order morphologies. By altering the locality of rigid blocks with
respect to the linear segment, the bidirectional steric constraints saw morphological evolution
from multicomponent particles to dense aggregates and some incidence of planar structures
with increasing side chain lengths. To assess the effect on packing behaviour in a co-assembly
system, these dumbbells in co-assembly approaches with bottlebrush-linear diblock

copolymers shows potential for accessing networks of planar nanostructures.

157



Continuing from the findings reported, many aspects concerning polymeric building block
design and self-assembly parameter can be explored in greater detail to expand the window to

realise discoidal particles in a reliable manner.

1. Self-Assembly Investigations

The precise mechanistic details of how these structural parameters translate into anisotropic
particles remain poorly understood, representing a significant gap in our fundamental
knowledge of the direct self-assembly mechanism. The discovery of the structural window in
Chapter II provides initial design rules for disc-forming systems, but there is large scope for
many of these parameters to continue to be explored in systematic studies. Immediate
extensions of the work described in this thesis could look to explore grafting density and glass
transition temperature as structural and chemical design principles respectively. Delving more
into directed self-assembly principles, solvent effects and processing conditions could also be

investigated.
1.1 Grafting Density

It 1s well understood from Chapter II that inter side chain repulsion is necessary for core-
segment stiffening in a tadpole building block. However, depending on the chemical
composition of polymer backbones and side chains, the achievable grafting density can vary
significantly. We expect that increasing grafting density will increase the window of disc
realisation, quantitatively mapping this relationship out will improve accessibility of discoidal
morphologies. More importantly, understanding the lower limit of grafting density that can still
achieve discs is relevant to inform decisions on incorporating side chains with greater chemical
versatility and bulkiness. This structure-property mapping will enable predictive design of disc-

forming systems and could reveal optimal grafting densities for specific applications.
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To achieve controlled grafting density variation, ring-opening metathesis polymerisation
(ROMP) is a facile approach. Preliminary work involved designing macromonomers bearing
norbornene end-functionality and varying their spatial arrangement with norbornene spacers in
the polymer backbone, the grafting density of the bottlebrush segment can be systematically
controlled up to 100%. To match the side brush length of core-forming segments, hydrophobic
and stimuli-responsive macromonomers were polymerised to a target degree of polymerisation
of ~40-50 repeat units. These macromonomers were polymerised from a synthesised
norbornene-bromide bifunctional initiator, using ATRP to grow a methacrylate polymer chain.
Two initiator variations were explored (Scheme 5.1), based on commercially available

norbornene products. The macromonomers are summarised in Table 5.1 and Scheme 5.2.

Table 5.1. Characterisation data of norbornene functionalised macromonomers (MM)

Macromonomer DP  Man,NMR "Pskc
poly(zert-butyl methacrylate) 51 7580 1.04
poly(2-N-(morpholino)ethyl methacrylate) 37 7700 1.08
polystyrene 32 3700 1.12

2 Determined by 'H NMR analysis, "Determined by SEC (My/M,).

Scheme 5.1. Synthesis pathways of bifunctional initiators bearing norbornene and bromide groups for

ROMP and ATRP respectively with different spacer moieties
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However, these ROMP homopolymerisations with each macromonomer have revealed
significant kinetic limitations that must be addressed before systematic grafting density studies

can proceed. ROMP is inherently designed to achieve complete conversion within minutes
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under mild conditions, driven by highly active Grubbs catalysts and the substantial ring strain
in norbornene. Despite moderate macromonomer molecular weights (DP 30-50), which should
facilitate rapid polymerisation, kinetic profiles consistently show incomplete conversion even
after extended reaction times. SEC analysis confirms polymerisation is occurring through
leftward peak shifts and reduced macromonomer intensity, but the failure to achieve
quantitative conversion creates critical purification challenges (Figure 5.2). In an effort to push
reactions to higher conversion, monomer seeding has been attempted, whereby extra
macromonomer was added periodically. However, this approach had seemingly little effect on
reactivity, instead compromising polymerisation control evidenced by the broadening of the
brush peak (Figure 5.2C) likely from the risk of introducing air to the system. Incomplete
polymerisation means residual macromonomers cannot be easily separated from the brush
products, compromising the purity required for reliable structure-property studies.
Additionally, the extended reaction times necessary to approach completion led to progressive
catalyst decomposition,':? among other unwanted side reactions, which erodes polymerisation

control and broadens molecular weight distributions.
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Scheme 5.2. Synthesis pathways of macromonomers using ATRP from norbornene-bromide
bifunctional initiators (A) poly(tert-butyl methacrylate) (PtBMA) (B) poly(2-N-(morpholino)ethyl

methacrylate) (PMEMA) (C) polystyrene (PS)
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Optimisation efforts have systematically investigated variables known to affect ROMP

kinetics, including norbornene isomer selection,?

ruthenium catalyst variants, and solvent
systems.* Despite these ongoing efforts, only marginal kinetic improvements have been
observed to date. Other variations that can be explored include norbornene anchor
modifications,” pH,® and ion strength.® Immediate future strategies will explore alternative
macromonomer functionalisation approaches, such as omega-end rather than alpha-end

norbornene attachment, and different spacer chemistries between the polymer chain and

norbornene unit.
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Figure 5.1. SEC analysis of ring-opening metathesis polymerisation kinetics of macromonomers
normalised to ‘brush’ peak with insets zoomed in to ‘brush’ peak for (A) PtBMA (B) PMEMA and (C)

PS

These kinetic limitations represent a critical bottleneck for the entire grafting density
investigation. For meaningful structure-property relationships to be established, all brush
components must be synthesised using the same controlled grafting approach to ensure
comparability across the grafting density series. Furthermore, these ROMP-derived brushes
will serve as precursors for subsequent PEG post-modification to achieve the target tadpole
architecture. Until rapid, quantitative ROMP conversion is achieved, neither the systematic

grafting density studies nor the multi-step tadpole synthesis can reliably proceed.
1.2 Glass Transition Temperature Effects

Despite evidence that both high-T,; and low-Tg systems can achieve discs, and work presented
in this thesis on their co-assembly, there is no comparative study into their self-assembly.
Comparison of chemically identical high-Tg versus low-T; bottlebrush systems will illuminate
how polymer dynamics can influence self-assembly mechanisms. Poly(methyl methacrylate)
(PMMA) (T ~ 104 C)” and poly(methyl acrylate) (PMA) (Tg ~ 10 C)® are two polymers that
are useful for this purpose, maintaining structural similarity, with vastly different T,.
Development of these materials is ongoing, influenced by disc-forming polymer tadpole
dimensions elucidated in Chapter II. The successful synthesis and self-assembly of PEG114-b-

PBIEMs-grafi-PMMA attests to the universality of tadpole structures to achieve discs even
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with differing chemistries. Upon the synthesis of a similar PEG114-block-PBIEM 5-graft-PMA
tadpole, comparison kinetic self-assembly investigations could reveal whether the disc
formation mechanism changes fundamentally when chain mobility is restricted. This could
uncover new pathways to controlling particle morphology and properties through processes

such as thermal processing.

1.3 Solvent Effects and Processing Conditions

The influence of solvent quality and processing parameters on disc formation and final particle
dimensions requires thorough investigation. In Chapter II, we showed that whilst the self-
assembly of tadpoles from different solvents, namely DMF and THEF, still achieved discoidal
morphologies, a significant difference in diameter was observed. This suggests that solvent
may have a larger role to play in the self-assembly mechanism. Future studies could examine
how solvent switching rates, solvent selectivity gradients, and co-solvent systems affect both
the kinetic profile of disc formation, but also the final particle dimension and characteristics.
Understanding these processing-structure relationships will be crucial for scalable synthesis
and could reveal routes to controlling disc size distributions and aspect ratios, whilst helping
elucidate the underlying disc formation mechanism. These mechanistic and kinetic studies
could incorporate in situ characterisation techniques, including time-resolved small-angle X-
ray scattering (SAXS), small angle neutron scattering (SANS) and cryogenic transmission
electron microscopy, to capture intermediate structures during self-assembly. Molecular
dynamics simulations may also be a powerful tool to verify proposed mechanisms, whilst

continuing to predict polymer packing behaviour in unexplored parameter spaces.
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2. Functionalised Discoidal Particles

Adopting an application-based materials science approach, designing discoidal polymer
nanoparticle systems specific to targeted applications without disrupting the fundamental

assembly mechanism can be achieved. Immediate avenues that can be explored include:
2.1 Expanded Stimuli Response

While pH and UV responsiveness have been demonstrated in discs,” '© the platform's
versatility enables incorporation of diverse stimuli-responsive functionalities into core-forming
blocks. Temperature-responsive, redox-active, ion-responsive, and enzymatically cleavable

groups could create smart nanodiscs for targeted applications.
2.2 Functional Corona Engineering

Beyond core functionality, engineering responsive or functional corona-forming segments
presents opportunities for creating multifunctional particles. Functionalised coronas could
enable selective binding, catalysis, or environmental sensing while maintaining the
advantageous disc morphology. This approach could enable the creation of particles with dual

responsiveness.
2.3 Multi-Stimuli Responsive Systems

Advancing the co-assembly of polymerically diverse building blocks demonstrated in Chapter
IV, arange of polymers with differing functionalities can be co-assembled into a multi-stimuli

responsive system.
2.4 Biomimetic Systems

The structural similarity between synthetic nanodiscs and critical biological particles,

particularly a-HDL,!! presents unprecedented opportunities for biomimetic materials
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development.'> 13 Natural disc-shaped particles play crucial roles in biological systems, from
cholesterol transport to membrane organisation, suggesting that synthetic disc-forming systems
could access entirely new classes of bio-inspired functionality. The development of HDL
mimetics using synthetic disc-forming polymers could revolutionise cardiovascular medicine,
while other biomimetic applications could target platelet function, cell membrane interactions,

or even viral particle mimicry.

3. Exploring Architectures

The architectural space for disc-forming polymers remains largely unexplored, presenting
exciting opportunities for accessing new morphologies and hierarchical structures. Our current
understanding is based primarily on relatively simple block copolymer architectures, starting
from tadpoles, and beginning to explore dumbbell polymers, but more exotic designs could

unlock entirely new assembly behaviours. Other architectures that could be investigated are:
3.1 Bottlebrush-Bottlebrush Block Copolymer Systems

Moving beyond linear-brush tadpole architectures, entirely bottlebrush block copolymer
systems represent a compelling alternative route to disc formation that could offer
unprecedented synthetic modularity through ROMP-based assembly. The potential for
bottlebrush-bottlebrush architectures to achieve disc morphologies when sufficient asymmetry
is maintained,'* through fundamentally different mechanisms than those observed in

conventional linear-brush systems represents an untapped research landscape.

To explore this architectural approach, poly(poly(ethylene glycol) methacrylate)soo
(PPEGMAs00) macromonomers have been synthesised as hydrophilic alternatives to the
discrete PEG chains used in previous tadpole systems. The initial PPEGMA macromonomers
were targeted at degrees of polymerisation of 15 and 30, corresponding to molecular weights

of approximately 4,500 and 9,000 g/mol, respectively. These molecular weights were selected
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as starting points comparable to the 5,000 g/mol PEG previously employed in linear tadpole
systems, providing a baseline for direct architectural comparison. Notably, these PPEGMA
macromonomers are intentionally shorter than or similar to the hydrophobic core-forming
macromonomers (DP 30-50), establishing the asymmetric block architecture necessary for

potential disc formation.

However, PPEGMA macromonomers exhibit the same problematic polymerisation kinetics
observed with hydrophobic macromonomers (Figure 5.1), reinforcing the critical need for
ROMP optimisation discussed previously. The poor kinetics appear to be a general challenge

across all synthesised macromonomer types.

The bottlebrush-bottlebrush approach enables systematic exploration of multiple architectural
variables simultaneously. Beyond the backbone length asymmetry established with these initial
macromonomers, future work will investigate the effects of varying side chain lengths in both
hydrophilic and hydrophobic segments, as well as overall molecular weight effects. This multi-
parameter optimisation could reveal optimal windows for disc formation and potentially
uncover entirely new morphological landscapes not accessible through linear-brush

architectures.

Successfully implementing bottlebrush-bottlebrush systems could provide simplified synthetic
routes to disc formation while maintaining the modularity advantages of ROMP-based
assembly, making this architectural approach a promising complement to traditional linear

tadpole strategies.

To this effort, we have synthesised poly(poly(ethylene glycol) methacrylate)soo (PPEGMA300)
to be co-assembled with hydrophobic macromonomers presented previously. By design, these
macromonomers are shorter than the core-forming macromonomers to lengths of 15 and 30,

corresponding to 4500 and 9000 g/mol respectively. These macromonomers suffer from similar
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poor polymerisation kinetics discussed with respect to hydrophobic macromonomers and
require further optimisation. Beyond this, further work is required to explore block asymmetry
in terms of backbone and side chain lengths, and molecular weight to find an optimal window
where discs can be achieved. As an extension, new bottlebrush-bottlebrush block copolymer
architectures could reveal simplified synthetic routes to disc formation or uncover entirely new

morphological landscapes.
3.2 Multiblock and Hierarchical Architectures

The development of multiblock copolymers incorporating complex sequences of linear and
bottlebrush segments as an extension of the work presented in Chapter IV presents possibilities
for creating networks of anisotropic discoidal nanoparticles and accessing higher-order
morphologies,'” that have limited precedent in current materials science. With every addition
of flexible and rigid blocks, the packing behaviour of polymers is expected to be distinctively
different in selective solvents, potentially enabling hierarchical assembly towards materials

with unprecedented combinations of properties.

The findings presented here establish disc formation as an exciting and largely untapped avenue
for advancing the field of directed self-assembly. Pursuing entirely polymeric systems towards
universal discoidal nanoparticles relevant to wide applications, bottlebrush-a/¢-linear block
copolymers are well-positioned as building-blocks for bottom-up self-assembly. Whilst our
understanding of the requirements for disc-forming building blocks remains rudimentary, the
potential of simple bottlebrush-block-linear and bottlebrush-block-linear-block-bottlebrush
systems presented in this thesis, combined with the unique properties and potential applications
of discoidal materials suggests that this promising research landscape warrants significant

future investigation.
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