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Abstract

The ability to control the morphology and dimensions of nanostructures is critical to enhance
their bioavailability and biological interactions. However, the preparation of non-spherical
nanoparticles that can covalently incorporate small molecules in the inner core remains
challenging and has not been extensively explored. In this regard, crystallisation-driven self-
assembly is a powerful strategy that uses amphiphilic block copolymers containing at least
one semi-crystalline block to access a great variety of well-defined 1D and 2D nanostructures.
Among these semi-crystalline polymers, poly(e-caprolactone) (PCL) is of high interest owing
to its biocompatibility and biodegradability. However, the lack of side group functionality
prevents the modification or addition of small molecules, restricting the application of the
resultant nanostructures as delivery systems. To overcome this limitation, this thesis focused
on the synthesis and self-assembly of substituted PCL-containing amphiphilic block
copolymers. The synthesis of semicrystalline substituted PCL was investigated via ring-opening
polymerisation following three approaches: i) polymerisation of enantioenriched e-allyl-¢-
caprolactone, ii) stereoselective polymerisation wusing a chiral catalyst and iii)
copolymerisation of e-caprolactone and €-allyl-e-caprolactone, in which the allyl functional
handle enables the attachment of small molecules post-polymerisation. Following this,
crystallisation-driven self-assembly of substituted block copolymers with various degrees of
functionalisation was explored on different solvent conditions and at different temperatures
to give a range of anisotropic structures. Moreover, biological studies demonstrated well-
defined 1D and 2D nanoparticles bearing functionalities in the core-forming block exhibited
high biocompatibility and considerable internalisation within the cellular cytoplasm,

highlighting the great potential of the system for drug delivery applications.
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Chapter 1. Introduction

1 Introduction

The study of micro- and nano-engineered materials in the biomedical field to overcome the
limitations of free therapeutics and navigate biological barriers has increased exponentially
over the past decades. Nanoparticles (NPs) have proven to enhance the stability and solubility
of therapeutic cargos, prolong the circulation lifetimes, and promote their accumulation in
damaged tissues, which translates in higher efficiency and bioavailability, reducing undesirable
side effects. In particular, polymeric nanoparticles have attracted special attention because
of their diverse chemical composition, which enables surface modification for additional
targeting, and their versatile drug delivery capabilities.* These NPs have shown great potential
for a broad range of applications such as biosensors,> ¢ immunomodulators,” & imaging

agents,” 1% phototherapeutic agents,'* 1?2 and drug delivery systems (Figure 1.1).13-16

Sensors

Phototherapy
%%‘ ‘glgg‘ Red light
/\én%g i%‘ — Cell death

Imaging

Drug delivery @

Immunomodulatory
response

Figure 1.1. Overview highlighting some of the applications of polymeric nanoparticles.
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1.1 Nanoparticles for drug delivery

Nanoparticle-based drug delivery platforms have shown a powerful ability for overcoming
pharmacokinetic limitations associated with conventional drug formulations, exhibiting
improved outcomes and morbidity levels. However, the major limitation of conventional
nanoparticle delivery systems is their inability to reach therapeutic levels of drug at disease
sites because of premature degradation, inefficient transport through biological barriers or
non-specific biodistribution in healthy organs.!” To enhance in vivo biodistribution and cell
targeting, there are several nanoparticle design parameters that can be optimised such as size,
shape, and surface chemistry (Figure 1.2).'® For example, Cabral et al. demonstrated the
critical role of nanoparticle size to penetrate poorly permeable tumours.*® Whilst all polymeric
micelles with diameters varying from 30 to 100 nm showed comparable accumulation and
antitumour activity in hyperpermeable carcinomas, only smaller micelles (30 and 50 nm) were
able to penetrate low vascularised tumours, allowing homogenous drug distribution. In
another study,?® Kataoka and coworkers reported the advantage of negatively charged
polymeric micelles for long circulation times and lower unspecific uptake rates in liver and
spleen, suggesting anionic particles are repelled in higher extent than their cationic or neutral
counterparts by cellular membranes which are naturally negatively charged. Wang and
coworkers?! further explored the effect of nanoparticle surface charge on the biodistribution
by designing zwitterionic nanoparticles with tuneable charge based on environmental acidity.
Prolonged circulation times were observed at physiological pH, whereas increased cellular
uptake and therapeutic effect resulted from the change on the surface charge, from anionic to
cationic, at the tumour site (pH = 6.8). In recent years the design of non-spherical particles
with low surface curvature, such as filaments, rods, or nanodiscs, have received increased

attention because of their higher surface area and unique hemodynamic flow.?2
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Figure 1.2. Nanoparticle rational design implementation for overcoming delivery barriers.
Nanoparticle size, shape, and surface charge (a, b, and c, respectively) dictate biodistribution
among the different organs including the lungs, liver, spleen, and kidneys. Figure reproduced
from Ferrari and coworkers.*®

1.1.1 Impact of shape for overcoming biological barriers

Nanoparticle fluid dynamics within blood vessels is a key parameter to consider during the
design of drug delivery platforms and it is highly influenced by the size and geometry of the
carrier.?> 2* Non-spherical nanoparticles with high aspect ratios have proven to be more
advantageous at prolonging the circulation lifetime and extravasating into surrounding tissue
than their spherical counterparts. In 2007, Discher and coworkers?° reported the preparation
of degradable filomicelles of poly(ethylene glycol)-block-poly(caprolactone) (PEG-b-PCL) with
lengths ranging from 2 to 18 um and demonstrated that longer filomicelles (> 8 um) were able
to persist significantly longer in the circulation, and consequently, exhibited higher apoptosis
rate and tumour suppression activity than spherical micelles and shorter fibre-like micelles
(< 4 um). Similarly, Qi et al. studied the role of particle geometry for oral drug delivery and
revealed that polystyrene nanorods persisted for longer times in the gastrointestinal system

and were more efficiently taken up by intestinal cells than nanospheres and nanodiscs.?® %’
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Additional studies on particle margination have shown that NPs with spherical shape are less
prone to interact with the endothelial cells of blood vessels as they move linearly in the centre
of the vessel, exhibiting minimal lateral drift compared to cylindrical or platelet-like structures

that exhibit shearing flow.?? 2% 29

1.1.1.1 Cell internalisation and endosomal compartmentalisation

After making contact with the targeted cells, NPs still need to be taken up by cells and
overcome internal cellular trafficking in order to determine their functional delivery. This
process is called endocytosis, and it can occur by numerous mechanisms depending on
numerous parameters such as nanoparticle size, shape, surface moieties and cell type
(Figure 1.3). While larger micron-sized particles are usually engulfed and internalised into a
membrane-bounded vesicular compartment by phagocytosis and micropinocytosis, smaller
particles can be internalised by other mechanisms usually involving receptor-mediated
responses.3® 31 |t is well established in literature that particle geometry plays a dominant role
in endocytosis.3% 33 Extensive research on the impact of particle shape in phagocytosis has
been carried out by the Mitragotri group. These studies demonstrated that the phagocytosis
process is governed by the particle’s orientation at the point of initial contact, therefore
anisotropic polymeric particles with high curvature such as ellipsoids were internalised faster
than nanospheres when the initial approach was from the major axis, whereas no
internalisation was observed in cells that attached to the flat surface.3*3® Moreover, negligible
phagocytosis was observed for worm-like particles with very high aspect ratios and low surface
curvature.?” Subsequent studies by Agarwal et al.*® revealed that cell mechanisms for NP
uptake are geometry-dependent and cell type-specific. Larger nanodiscs were more efficiently
internalised through different pathways by endothelial and epithelial cells than nanorods and

smaller particles or nanospheres because of their higher surface contact with the cell
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membrane. In another study, Hinde et al.>®* examined how the intracellular transport is
affected by the shape of polymeric nanoparticles. Here, high aspect-ratio nanorods and worm-
shape particles loaded with doxorubicin were able to travel and accumulate in the nuclear
envelope more efficiently than spheres or vesicles, whose presence in the nucleus was barely
detectable, promoting higher cytotoxicity and drug delivery efficiency.

a Phagocytosis b Macropinocytasis (>1 pm)

° Solid particle Extracellular fluid
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Figure 1.3. Types of cellular internalisation and nanoparticle size limitations. Large solid
particles (> 1 um) are internalised by (a) phagocytosis, while extracellular solutes and fluids
(up to 10 um) can undergo non-specific internalisation through (b) macropinocytosis.
Submicron particles can be uptaken through several pathways: c) caveolar-mediated
endocytosis, d) clathrin-mediated endocytosis and d) chlatrin-independent and caveolin-
independent endocytosis. Figure reproduced from DeSimone and coworkers.3!
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Taking everything into consideration, control over the size, surface charge and the shape of
the nanocarrier has been found to be crucial for successful drug-delivery. One strategy that
enables concomitant tuneability of these three parameters is crystallisation-driven self-
assembly (CDSA), which is a versatile methodology that uses amphiphilic block copolymers
with a semicrystalline block to create anisotropic nanostructures with controlled shape and
dimensions.*® Among semicrystalline polymers used in CDSA, poly(s-caprolactone) (PCL) has
proven to be an ideal candidate for the design of novel biomaterials because of its remarkable
biocompatibility, gradual degradability, and robust mechanical properties.*" 4> PCL is a
semicrystalline hydrophobic polymer, first synthesised by Carothers and coworkers in 1934.43
Owing to its inherent low glass transition temperature (T = =60 °C) and high melting
temperature (Tm = 60 °C), PCL-based materials remain semicrystalline at room and body
temperatures. These characteristics have facilitated the production of a range of advanced
polymer architectures with great potential for applications in tissue engineering,* wound
healing,* and drug delivery.*® However, the lack of side-chain functionality in PCL prevents the
introduction of small molecules or therapeutic agents, which highly limits its use as drug

delivery systems.

1.2 Polymer crystallisation, stereochemistry, and phase structure.

Since the concept of “polymer” was introduced by Hermann Staudinger in 1920 as long chains
formed by the repetition of covalently linked monomeric units, it has been recognised that
polymer molecules have the ability to crystallise.*” In early studies, Staudinger demonstrated
that only some segments of polyoxymethylene occupied the crystallographic unit cell,
revealing the semicrystalline nature of polymers that contain both crystalline and amorphous
components. In addition, the fringed-micelle model (Figure 1.4a), in which crystalline parallel

stacked regions are embedded within amorphous entangled regions, was proposed to support
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the material elastic properties observed.*® Later, Keller studied the morphology and
orientation of polyethylene single crystals grown from dilute solutions by electron microscopy
and electron diffraction and observed the formation of uniform thin lamellae lattices.*® This
led to the concept of chain-folding in semicrystalline polymers, where the chains folded back
and forth on itself in an orderly manner (Figure 1.4b). Flory and Zachman further confirmed
this theory through theorical calculations and thermodynamic studies suggesting the chain-

folding arrangement was more favourable than the fringe-micelle model first proposed.>? !

a) Fringe-Micelle model (Hermann) b) Chain-Folding model (Keller)

==mm Semicrystalline region

s’ Amorphous region

Figure 1.4. Schematic representation of semicrystalline chain arrangement models. a) Fringed-
Micelle model proposed by Staudinger. b) Chain-Folding model proposed by Keller.

1.2.1 Nucleation and growth of crystals

The crystallisation process is composed by a primary nucleation, where new crystals (nuclei)
are formed from a clear oversaturated solution, followed by a secondary slower nucleation
and crystal growth, in which more polymeric units from the oversaturated solution will attach
to their parent crystal to form larger crystalline structures.”? Both of these processes are
controlled by the crystallisation kinetics, therefore, the rate of cooling down, which allows the
melt crystals to nucleate and grow, becomes important. Slow crystallisation kinetics (high AT)

allows the chains to fold adjacently in an ordered manner, promoting instantaneous nucleation
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as consequence of lower surface free energy barrier. This process leads to the formation of
smaller spherulites with fewer defects, resulting in semicrystalline materials with enhanced
optical and thermo-mechanical properties. On the other hand, fast crystallisation processes
(low AT) render materials with inferior mechanical properties in which the crystallinity can be
completely absent as there is not sufficient thermal energy available to allow the necessary
molecular motion to take place, leading to sporadic nucleation and therefore, smaller
imperfect crystals.”® The overall crystallisation kinetics is usually described using the Avrami

equation:
1- Xc(t) = e(_ktn)

where y.represents the weight fraction of crystallised polymer after a length of time (t), k
corresponds to the overall crystallisation rate constant, and n is the Avrami index, respectively,

related to the nucleation rate and dimensionality of the crystal growth.>% >

1.2.1.1 Differential Scanning Calorimetry techniques

The different phase structures of semicrystalline polymers (melt, crystalline and amorphous)
and degree of crystallinity () can be determined through differential scanning calorimetry
(DSC). This method allows the analysis of solid samples as well as samples in solution, and
measures changes in heat capacity (Cp) and enthalpy (H) of a compound in comparison to a
reference material. During DSC analysis, a sample is heated or cooled at a constant rate while
the energy uptake and heat flow of both sample and reference are evaluated. As the sample
goes through a phase transition, structural and thermodynamic changes occur, and the
difference in heat flow required to equalise the temperature in the sample and reference cells
is measured.® There are two classes of DSC instruments: power compensation and heat-flux.>’

In the first one, the sample and reference are independently heated, therefore when the
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sample undergoes an endothermic event, such as melting, a higher input of energy (AE) will
be required to maintain the sample cell at the same temperature causing an upward
displacement from the baseline, and the opposite occurs during exothermic events
(crystallisation). The amorphous component in semicrystalline polymers is characterised by
the glass transition, as the chains are not able to pack and crystallise when decreasing the
temperature, the polymer chains become hard and glassy and as the temperature increases
the amorphous component undergoes a transformation from a glassy to a rubbery state. This
glass transition temperature (Tg) is represented as an abrupt positive change in the AE baseline
because the heat capacity in the rubbery state is higher than in the glassy state (Figure 1.5a).
On the other hand, in heat-flux DSC both sample and reference are heated in the same cell
and the temperature difference (AT) between the sample and reference is recorded. During
endothermic events a reduction in temperature occurs as the sample absorbs part of the heat
produced, whereas in exothermic events, which are thermodynamically favourable, the
opposite effect will be observed. This causes the thermogram traces to appear inverted

compared to the power compensation DSC (Figure 1.5b).

a) Temperature Endothermic

sensors
T+\'e
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\ / Exotl\lcrmic
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Figure 1.5. Schematic diagrams showing (a) power compensation and (b) heat-flux DSC and
expected thermograms of a semicrystalline polymer. Figure adapted from references >3 %,
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1.2.2 Factors determining crystal structure

Crystal growth is a complex process that requires the organisation of polymer chains and can
be influenced by numerous parameters. Semicrystalline polymers are characterized by their
ability to melt at a certain temperature (Tm) and to crystallise at a temperature between the
Tm and Tg. In the melt stage, the polymer chains are highly entangled and upon the cooling
process molecular rearrangements take place to yield thermodynamically stable ordered
structures. Moreover, the crystallisation process proceeds differently if the polymer is in
solution, in dilute solutions polymer chains are separated from each other, which favours the
folding process and consequently the crystals formed are usually more regular than those
obtained from solid-state melt polymer.>® 8 Additionally, factors such as composition and
molecular weight of the polymer, amount of branching or substituents, and presence of
additives play a crucial role during the crystallisation process. Koch et al. studied the
microstructure development of poly(3-hexylthiophene) (P3HT) with molecular weights (M)
ranging from 4.0 to 130 kg mol™ and observed a linear increase in Tm for samples up to 35 kg
molL. For P3HT of higher molecular weights, as the polymer chain are more entangled, thinner
crystals were produced resulting in lower crystallisation and melting points.®! This behaviour
has also been observed in other semicrystalline polymers such as poly(L-lactide) (PLA)®? and
poly(e-caprolactone) (PCL),%? in which the level of crystallinity generally increased with the
molecular weight of the polymer until it reached a critical M. Above this threshold, lower Tn,
values are observed as consequence of high chain entanglement and a decrease in chain
mobility. In another study, Meyer and coworkers® reported the impact of branching in
monodisperse polyethylene systems showing how the lamellae thickness as well as crystalline
properties of the material decrease with increasing the branching length and content.

Similarly, it is well established in the literature that the presence of short or medium-length

11
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side chains and bulky substituents disrupt the crystallinity of polymers.5>%8 Overall, these
reports suggest that certain structural requirements are necessary for a polymer to crystallise.
The linearity of the chains has proven to be a critical factor to achieve highly crystalline
materials, although the presence of a limited number of branches or small substituents have

proven to affect the crystallisation but not disrupt it.

1.2.2.1 Tacticity and stereochemistry of polymers

In addition to the composition and structural effects of the repeating units defining the
polymer backbone, the thermal and mechanical properties of a polymer are strongly
influenced by its molecular microstructure and tacticity. These concepts depict the different
spatial and configurational arrangements for the monomeric units and their substituents along
the polymer chain, including geometric (cis/trans—E/Z) and optical (R/S) stereoisomerisms.
There are several ways that stereochemistry can be incorporated into polymers (Figure 1.6),
when all repeating units have the same configuration, the polymer is isotactic, whereas in
syndiotactic polymers the stereocentres are regularly alternated. Polymers with defined
stereochemistry usually result in semicrystalline materials with enhanced mechanical
properties, as the polymeric chains can pack in an ordered manner, compared to their atactic

counterparts where the substituents are randomly distributed, preventing chain folding.®®

Isotactic Syndiotactic Atactic
Ordered, highly crystalline, Partially crystalline, Irregular, amorphous,
hard complex polymorphism soft

Figure 1.6. Stereochemistry of polypropylene (PP) and thermo-mechanical properties.

12
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Extensive research has been conducted to disclose the impact of cis/trans stereochemistry on
the thermo-mechanical properties of polymers via step-growth polymerisation using several
organocatalytic nucleophilic click chemistry techniques’®’> and ring-opening metathesis
polymerisation (ROMP).”¢7® However, the study of large macromolecules with controlled
optical steroisomerism has been limited to vinyl polymers such as polypropylene (PP),
polystyrene (PS) and poly(methyl methacrylate) (PMMA) obtained from metal-coordination
polymerisations,’®#2 and tactic polymers prepared from monomers with an already stablished
stereochemistry such as PLA or sugar-based polymers, where precise control over the
polymerisation is required to achieve highly ordered structures.®>% To overcome this
limitation, many recent studies have focused on the development of novel catalytic systems
for stereoselective polymerisations.®? Nevertheless, many stereo-controlled polymers remain

unexplored as consequence of the lack of stereoselective synthetic methods.

1.3 Chain-growth polymerisation and “living” polymerisations

In contrast to other conventional synthetic methods such as step-growth polymerisation,
where the growing chains can react with other growing chains rendering polymers with low
control over the molecular weight (Mn), chain-growth polymerisation has proven
advantageous at preparing polymers with narrow dispersities (Pwm) and predictable degree of
polymerisation (DP) and M., since the growth of the polymer proceed exclusively from the
addition of monomer to polymeric active sites.?® Living polymerisation is a type of chain-
growth polymerisation in which the rate of initiation (ki) is greater than the rate of propagation
(ko) causing a constant and irreversible addition of monomers to the polymer chain. As a result,
all polymer chains grow at the same rate without irreversible transfer or termination side
reactions that would generate a high amount of “dead” chains with various lengths

(Figure 1.7).°!

13
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Figure 1.7. Growth of polymers with time. a) Linear relationship between In([M]o/[M]:) and
time indicates first order kinetics, characteristic of living polymerisations. b) increase in active
species because of slow initiation c) decrease in propagating species as a result of termination
reactions (“dead” chains formation). Figure adapted from Matyjaszewski and coworkers.%?

Since the introduction of living anionic polymerisation by Szwarc in 1956,°3 the general concept
of “living” has expanded to other polymerisation methods including, among others, cationic
polymerisation,®® ®> coordination/organometallic polymerisation,®® °7 and to some extent
reversible deactivation radical polymerisations.®® ° This development has led to the design of
defined macromolecules with tuneable functional groups and complex architectures such as

multiblock copolymers, graft and brush copolymers, or star polymers (Figure 1.8).1%°

Some examples of living chain-growth polymerisation that allow the preparation of functional
polymers with diverse architectures are ring-opening polymerisation (ROP) and reversible

addition-fragmentation chain-transfer (RAFT) polymerisation.

14
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Figure 1.8. Example of macromolecular architectures achieved through living polymerisation.

1.3.1 Ring-opening polymerisation

Ring-opening polymerisation (ROP) uses cyclic monomers such as lactones,1-193 [actides, 1%
105 carbonates!® or epoxidest?’ to yield linear polymers with narrow dispersities and high
molecular weights. Depending on the nature of the monomer, catalyst, or initiator used, the
ROP can undergo several mechanisms including ionic, radical, coordination-insertion, and
enzymatic. However, the ability of these functional monomers to polymerise will be dictated
by thermodynamic and kinetic factors of the ring-opening. The polymerisability of a cyclic
monomer is depicted by the monomer-polymer equilibrium (Scheme 1.1). At high
concentrations of monomer, the propagation rate (k;) increases, which shifts the equilibrium
to the macromolecule formation. As the monomer concentration decreases during the
polymerisation, the k, decreases and the depropagation rate (kq) increases until an equilibrium
between the monomer and polymer (k, = kq) is reached, at which point further polymerisation

ceases.108

b ()
|+© — P e =P, m*

Ky

Scheme 1.1. Kinetic factors during living ring-opening polymerisation, where I, M and P
correspond to initiator, cyclic monomer, and polymer respectively; m*denotes the active
species leading the polymerisation; and ki, k, and kq represent the rate constants of initiation,
propagation and depropagation, respectively.
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The driving force behind most ROP is the monomer’s conformational ring strain, which is
closely related to the sign of the free enthalpy of polymerisation, also called Gibbs free energy

of polymerisation (AGp), which is defined as:
AG, = AH, —T(AS, + RIn[M])

where AH;, and AS;correspond to the standard enthalpy and entropy of polymerisation
respectively, T is the absolute temperature, R is the gas constant and [M] is the concentration
of the cyclic monomer. Following the general thermodynamic rules, the ring-opening
polymerisation of a given cyclic monomer will occur only when the Gibbs free energy is
negative (AG, < 0). Cyclic monomers with a small number of carbons (3- and 4-membered
rings) will easily polymerise, as the higher angular strain increases the AH,, promoting the
ring-opening. Medium-sized rings (n =5-6) are enthalpically and entropically disfavoured
because of their size and lower strain.'® Consequently, they are more resistant to undergo
ring-opening polymerisation. In contrast, macrolactones (n > 16) exhibit very low ring strains
(AH; << 0) owing to the relatively high cycle flexibility. However, their large ring size results in
extremely high entropic effects (AS;J >> 0), which enables their polymerisation at low

temperatures.1t?

Moreover, it has been previously demonstrated that the presence of substituents and their
position within the ring strongly affect the polymerisation rate and physical properties of the
resultant polymer.6® 19 Hillmyer and coworkers reported the impact of alkyl substituent length
and location on the ROP of 6-valerolactone (8VL, 6-membered ring) over the thermodynamic
parameters and physical characteristics.'*! While the entropy and enthalpy of polymerisation

were highly influenced by the substituent position, monomers with alkyl chains close to the
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secondary alcohol (6-position) exhibited significantly lower reactivity than a- and B-
substituted 8VL, insignificant thermodynamic changes were observed when varying the chain
length. In a recent study,*? Clamor et al. observed similar thermodynamic and kinetic effects
during the ROP of Cis-substituted e-caprolactones (eCL, 7-membered ring) with different
regiochemistries. These studies are fundamental to understand the polymer structure-

property relationships and synthetic limitations for the design of new functional monomers.

1.3.1.1 Catalysts for ring-opening polymerisation

While the monomer structure and chemical composition have proven crucial to
thermodynamically drive the ROP, the kinetic factors are intrinsically linked to the catalysts
used. Therefore, a careful choice of catalysts is essential for achieving optimal polymerisation
effectiveness while retaining control over the polymer composition, tacticity, and physical-
chemical properties. Extensive research on polymerisation catalysis has led to the design of
abundant catalytic systems that can be divided into three categories: metallo-based,*3-11>

116 and enzymatic.'” 11 Moreover, some catalysts inside these groups have proven

organic,
not only high activity but also certain stereoselectivity allowing the synthesis of stereoregular

polymers (isotactic or syndiotactic) with enhanced thermo-mechanical properties.1® 120

Metal-based complexes including aluminium,*2¥ 122 magnesium,*?3 124 zinc,*?° and tin,'?® have
been widely studied for ROP of lactones owing to their high activity and selectivity, which can
be easily tuned through the variation of the steric bulkiness and donating capabilities of the
metal-ligands. Metal-catalysed ROP typically proceeds through a coordination-insertion
mechanism to yield well-defined polymers. However, the resultant polymers are often
contaminated with trace amounts of metal impurities, which are challenging to remove,

limiting their use in the biomedical field.*?’

17



Chapter 1. Introduction

Alternatively, acidic or basic organic catalysts have demonstrated notable efficiency and
control of the polymerisation, while reducing toxic effects as they can be simply removed via
precipitation or washing, making them more attractive for biomedical applications.?® Since
Hedrick and coworkers first reported the use of 4-dimethylaminopyridine (DMAP) as catalyst
for the ROP of lactide,'?° the field of organocatalysis has rapidly expanded to provide a wide
range of organocatalysts including guanidines,’3 thiourea/amines,*3' N-heterocyclic
carbenes,’®? and phosphazene bases.'3® In addition, Brgnsted acid organocatalysts such as
phosphoric acid derivates have garnered considerable attention owing to their commercial
availability, higher stability, and bifunctional initiation.3* 13> Phosphoric acid catalysed
polymerisations proceed according to the activated monomer mechanism, in which the
phosphoric Brgnsted-acidic group (P-OH) activates the monomer through carbonyl
protonation, making it more electrophilic and susceptible of external nucleophilic attacks, and
the phosphoric Lewis basic group (P=0) coordinates with the initiating alcohol increasing its
nucleophilicity. The initiating alcohol can then attack the activated monomer leading to ring-
opening and subsequent chain extension (Scheme 1.2). For example, Kakuchi and coworkers
reported the use of diphenyl phosphate (DPP) for the controlled ROP of §VL and €CL to provide
polymers with narrow dispersities (Pm < 1.1) even at high monomer conversions (> 95%

conversion).13¢
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Scheme 1.2. Activated monomer mechanism for the ROP of e-caprolactone (¢CL) using an
alcohol and DPP as initiator and catalyst respectively.

1.3.1.2 Asymmetric kinetic resolution polymerisation

As previously discussed, controlling the tacticity of the polymer is fundamental to achieve
polymers with robust thermo-mechanical properties. Stereoregular polymers can be obtained
through two main routes: 1) the polymerisation of a stereopure monomer, where the
polymerisation proceeds with retention of the pre-stablished stereochemistry (Figure 1.9a),
or 2) via asymmetric kinetic resolution polymerisation (AKRP) of a racemic monomer, in which
the catalyst, often containing a chiral scaffold, polymerises preferentially one enantiomer of

the monomer, yielding polymers with a patterned structure (Figure 1.9b).

122 140

The stereoselective ROP of cyclic esters such as lactides,*3713? |actones,'?? epoxides,'*® and
carbonates'#! has been widely explored. In this field, chiral organometallic catalysts have
demonstrated to be the most active and stereoselective group, enabling the preparation of
polymers with defined stereochemistry. However, the use of metal-based catalysts can be
unfavourable depending on the final application of the material. Despite the abundance of
known chiral organic catalysts for asymmetric synthesis,#> 143 the majority of stereoselective

organocatalysts for ROP generally exhibits significant lower selectivity values than their metal-

based counterparts.
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Figure 1.9. Routes to control polymer tacticity. a) Polymerisation of a stereopure monomer.
b) asymmetric kinetic resolution polymerisation of a racemic monomer using a stereoselective
catalyst.

Extensive research has been conducted on the organocatalysed stereocontrolled ROP of
lactide (LA) in different diastereomeric forms using either chiral or achiral catalysts,104 144-147
For example, Mecerreyes and Cossio reported the synthesis of isotactic poly(L-lactide) (PLLA)
with excellent isotactic selectivity, with Pm = 0.96 (where Pn, is the probability of meso linkage
between monomer units), from racemic LA using a diastereomeric densely exo-N-substituted
proline and 1,8-diazabicyclo[5.4.0]lundec-7-ene (DBU) as a co-catalyst.’*® Unfortunately, the
extension of these catalytic systems to other cyclic esters besides LA remains

underexplored.1?°

1.3.2 Reversible addition-fragmentation chain-transfer polymerisation

RAFT polymerisation is a type of reversible deactivation radical polymerisation, in which
termination and chain-transfer reactions are suppressed by use of an equilibrium between

dormant and propagating chains. Consequently, the controlled radical polymerisation will
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continue upon subsequent addition of monomer leading to well-defined polymers and block
copolymers with various architectures.!* This polymerisation requires a chain-transfer agent
(CTA) to regulate the radical exchange between active and dormant polymer chains. These
CTAs are thiocarbonylthio compounds bearing a free radical leaving group (R group) and an
electron-withdrawing or donating group (Z group), which governs the reactivity of the
propagating radicals and stability of the intermediate (Figure 1.10a). Therefore, a careful
selection of the Z and R groups is crucial to achieve control over the polymerisation. During
RAFT, the generated free radicals will react with the monomer to produce a propagating
polymer chain (P:") that is rapidly capped by the CTA, generating a dormant radical
intermediate. The radical then transfers to the R group (R"), which fragments from the CTA and
reacts with a monomer to start a new propagating chain (P2”). This new polymer chain will be
quickly capped by the CTA, and the active radical will be transferred to the dormant chain (P17),
creating an equilibrium between dormant and propagating chains (Figure 1.10b).*>° The
propagation step is highly influenced by the concentration of radicals, higher concentrations
lead to uncontrolled polymerisation and increasing amount of dead polymer chains. However,
in normal conditions, termination reactions are highly minimised as consequence of the low

concentrations of active radical species.'>!
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Figure 1.10. a) Types of chain-transfer agents (CTA). b) Mechanism of reversible addition-
fragmentation chain-transfer (RAFT) polymerisation. * Correspond to active radical species, M
and P correspond to monomer and polymer respectively.

1.4 Solution self-assembly of block copolymers

Living/controlled polymerisation techniques have allowed the preparation of well-defined
block copolymers (BCPs). Amphiphilic BCPs, where one segment is soluble (solvophilic block)
and the other one is insoluble (solvophobic block), can spontaneously self-assemble in solution
to reduce the free energy and minimise unfavourable interactions between the solvophobic
block and the solvent.’®> While the dimensions of the self-assembled particles are largely
defined by the molecular weight of the BCP, the morphology is controlled by the packing
parameter (p) that determines the interfacial curvature of the resultant micelles, and it is

defined as:
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v

p= aolc

where v is the relative volume of the hydrophobic segment, ao corresponds to the area of the
head-group (hydrophilic block) and /. is the volume of the hydrophobic segment. Manipulation
of these parameters leads to changes in the interfacial curvature resulting in particles with
different morphologies (Figure 1.11).1>3 Generally, higher order morphologies with lower
interfacial curvature such as cylinders or lamellar structures are obtained with increasing p,
whereas spherical micelles are obtained with low p values.’ Nevertheless the packing
parameter is closely related to the mole fraction of the hydrophilic and hydrophobic building
blocks (f), there are other factors that influence the self-assembly structure such as the
arrangement of particles, the number of constituent particles and the presence of branching

or ring structures.'>

a,
v .
p= .
(lolc v ! ’c
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Figure 1.11. Changes on self-assembly interfacial curvatures with increasing packing
parameter (p). Figure reproduced from ref.1>3
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Spherical micelles are the most accessible and studied nanostructures since they exhibit the
smallest packing parameter. Typically, block copolymers bearing larger solvophilic than
solvophobic segments will self-assemble at a concentration above the critical micelle
concentration, leading to spherical micelles or vesicles polydisperse in size.**® In contrast, well-
defined 1D and 2D anisotropic nanoparticles such as cylinders, worms and platelets, are

inaccessible via conventional self-assembly methods.

More recent work has focused on the preparation of non-spherical hierarchical structures with
remarkable complexity. In this thesis, 1D and 2D morphologies with controlled dimensions
have been achieved by using BCPs with a semicrystalline core-forming block via crystallisation-

driven self-assembly (CDSA).*>?

1.4.1 Crystallisation-driven self-assembly

The first example of self-assembly of BCPs bearing a semicrystalline core-forming block traces
back to 1965. Keller and coworkers documented the synthesis of single 2D lamellar micelles
through the self-assembly of poly(ethylene oxide)-b-polystyrene block copolymers (PEO-b-PS)
in ethyl benzene.'*® However, the concept of crystallisation-driven self-assembly (CDSA) was
not introduced until the late 1990s — early 2000s when Winnik and Manners reported the
formation of poly(ferrocenyldimethylsilane)-b-poly(dimethylsiloxane) (PFDMS)-b-(PDMS) rod-
like micelles in hexane and underscored the crucial role of the semicrystalline polyferrocene
block during self-assembly process.'> 10 Since then, the use of CDSA has expanded to a wide
range of semicrystalline core-forming blocks including poly(ferrocenylsilane) (PFS),1%% PLLA,?
PCL,'%3®  poly(2-isopropyl-2-oxazoline) (PiPrOx),'®* oligo(p-phenylenevinylene) (OPV),®>

poly(3-hexylthiophene) (P3HT),%%® and poly(peptoids).1®’
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Similar to the growth of a polymer single crystal, a typical CDSA process comprises two key
mechanistic steps: nucleation and crystallisation. The self-nucleation of the crystalline block is
usually induced by heating the BCP to promote its dissolution in a selective solvent.'®®
Nevertheless, some reports have proven that it can also be induced through solvent switch,
where the injection of a concentrate solution of BCP in a common good solvent into a solvent
selective for the corona block promotes nucleation.'®% 1%° During CDSA, a BCP containing at
least one crystalline block is suspended in a solvent that is selective for the non-crystalline
block (corona block) and poor for the crystalline core-forming block, and heated above its
melting temperature (Tm). Upon heating, the BCP is fully dissolved to afford polymer unimers
in solution. The solution is then slowly cooled below the crystallisation temperature (T¢) of the
crystalline polymer block. This change in temperature coupled with the nature of the solvent
triggers the aggregation of the semicrystalline blocks to form small irregular nuclei. This makes
crystallisation thermodynamically favourable, promoting slow and random crystal growth and

the obtention of cylindrical micelles with broad length and distributions (Figure 1.12).

P
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Figure 1.12. Thermally induced crystallisation-driven self-assembly (CDSA) of amphiphilic
semicrystalline block copolymers.
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In conventional self-assembly methods, the formation of nanostructures is mainly driven by
solvophobic interactions. Conversely, CDSA is a more complex process, in which the resultant
morphologies are defined by the crystallisation of core block, area of crystal in contact with
the solvent and solvent-corona block interactions.’® Consequently, the self-assembly process
can be influenced by multiple parameters such as block copolymer composition,
hydrophilic/hydrophobic molar fractions, solvent properties, temperature, time of aging, or
presence of additives.'’! For example, Cao et al. found that large corona blocks in PFDMS-
based BCPs favoured the formation of thin fibre-like micelles, whereas the self-assembly of
copolymers with low corona-to-core ratios led to long 2D nano-sheets.'’? It was theorised that
when the corona and core block exhibit similar lengths, few chain folds are made in order to
minimised the area of crystalline core in contact with the solvent, leading to lamellar
structures. However, in copolymers with larger solvophilic blocks, more chain folds are made
to reduce the stretching of the corona block, leading to cylindrical morphologies. By contrast,
Inam et al.'’3 observed the opposite transition in the morphology of PDMAm-b-PLLAsg
assemblies with different corona-to-core ratios (PDMA = poly(dimethyl acrylamide)). Well-
defined 2D platelets resulted from the self-assembly of copolymers with long corona blocks as
a result of an increase in polymer solubility, which favours slow crystallisation process and
formation of thermodynamically preferred lamellar morphology. However, copolymers with
shorter corona blocks are less soluble in solution triggering the formation of kinetically
preferred 1D cylindrical micelles. In this study, changes in morphology were also observed with
different solvent conditions and heating periods, showing the complexity of CDSA, where rules
cannot be generalised and translated to different polymer systems. Recently, Song et al.
reported the obtention of monodisperse 1D patchy and block comicelles formed by the

addition of a trace of crystalline PFS homopolymer to a solution of PFS-b-PI
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(PI = poly(isoprene)) in decane.’* However, controlling the dimensions of nanostructures via
one-step CDSA is very challenging and the particle morphology is usually limited to 1D

cylindrical micelles.

1.4.1.1 Living CDSA: controlling the morphology and size.

As previously mentioned, the nucleation events during CDSA are not synchronized or
controlled, leading to the formation of non-uniform core-shell particles. To overcome this
limitation, Manners and Winnik groups developed a strategy that enables the separation of
the nucleation and growth stages by using small uniform crystallites as seed initiators, termed
living CDSA.7> Initial work showed that small rod-like micelles with uniform lengths could be
accessed by sonicating a solution of polydisperse cylinders. These crystalline seeds can act as
efficient initiation sites for micelle growth upon addition of dissolved BCP, resulting in uniform
addition of unimers to seeds, i.e. epitaxial growth, which led to monodisperse PFS-containing
cylindrical micelles of variable length (Lw/L, < 1.03). As a result of the uniform epitaxial growth,
the length of the resultant cylinders is linearly dependent on the amount of unimer added to
the pre-formed seeds (Figure 1.13). Later studies have proven that the epitaxial growth can be
also promoted through a self-seeding approach, in which the seed solution is heated to a
temperature dissolving most of the BCP, and then cooled down to promote uniform structure

growth from the surviving crystalline seeds.’®
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Figure 1.13. Schematic illustration of living CDSA of PFS-containing block copolymers by
epitaxial growth. a-d) TEM images of monodisperse cylindrical micelles of PFS-b-PI with various
lengths obtained by addition of PFS-b-Pl solutions at increasing concentrations. e) Length
distribution and linear dependence of cylindrical micelles. Figure reproduced from Manners
and coworkers.'”’

» 2D epitaxial growth

Two-dimensional nanostructures are of great interest owing to many of their unique
characteristics such as large surface area, defined shape, and adjustable aspect ratio. However,
the preparation of customizable 2D structures from BCPs in solution remains challenging.?’® In
2014, Hudson et al. demonstrated that uniform lenticular structures could also be obtained
via living CDSA through addition of semicrystalline BCPs with similar corona-core block lengths
to seeds.’”® The formation of lenticular platelets over cylindrical micelles was based on the

packing parameter attributed to BCPs with quasi-equal mole fraction. Later studies proved that
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structures with 2D morphologies could be accessed from the living CDSA of block copolymers
with variable corona-to-core ratios that in normal conditions would lead to uniform 1D
structures.'8 Manners and coworkers employed a co-crystallisation approach by combining
the dissolved unimer with semicrystalline PFS homopolymer to achieve 2D nano-sheets with
various geometries (Figure 1.14).18! It is believed that the PFS homopolymer, as it presents
faster crystallisation rates than the amphiphilic BCP, crystallises first onto the seed. As a result,
the seed micelles covered by the semicrystalline polymers provide a two-dimensional

initiation site, leading to bidirectional unimer addition and crystal growth.

a
) PFS,-b-P2VP e, PFS,5-b-P2VP,e, PFS,-b-P2VP,,
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Figure 1.14. Platelets micelles with rectangular and hexagonal geometry obtained from the 2D
epitaxial growth via living CDSA using different PFS-based crystalline seeds. Figure reproduced
from Manners and corworkers.!8!

Following these pioneering reports with PFS-containing copolymers, living CDSA
methodologies have been extended to a range of semicrystalline systems including
polythiophenes, PLLA, PCL, and PiPrOX to access a wide range of 1D and 2D structures with
controlled dimensions.'8 183 Moreover, the size and special defined assemblies achieved
through living CDSA have proven great potential for an extensive variety of applications from

sensing systems, electronic devices, emulsion stabilisers and drug delivery systems.'®*
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1.5 Summary

The morphology of nanoparticles has emerged as a critical factor in overcoming biological
barriers. Particles with low surface curvature have proven more advantageous at reaching and
delivering small molecules into damaged tissues than their spherical counterparts. This has
been attributed to their unique thermodynamic flow characteristics and higher surface area,
which provides enhanced cell-nanoparticle interactions and longer life-times circulation.
Therefore, the design of functional non-spherical nanoparticles is crucial to develop novel and
efficient drug delivery systems. However, the preparation of non-spherical structures
containing functionality in their core requires precise synthetic control and alternative self-
assembly methodologies. In this regard, crystallisation-driven self-assembly (CDSA) emerged
as an ideal candidate to access complex high order morphologies from block copolymers that
contain a semicrystalline core-forming block. This introductory chapter outlines key concepts
for the synthesis of well-defined semicrystalline block copolymers and the design of core-
functionalised anisotropic nanoparticles with potential applications as drug delivery systems.
Initially, the use and current limitations of polymeric nanoparticles for drug delivery were
underscored with a focus on the impact of nanoparticle shape on the biodistribution. CDSA is
then presented as a potential strategy to achieve well-defined 1D and 2D non-spherical
structures from semicrystalline polymers. Following this, the conception of semicrystalline
polymers was presented, highlighting the effects of polymer constitution and the presence of
substituents and their spatial distribution over the tacticity and crystallisation process.
Subsequent to this, ring-opening polymerisation (ROP) and RAFT polymerisation techniques
were introduced as types of living polymerisations to access well-defined functional block
copolymers with potential regiocontrol of substituents and retained crystallinity. This leads us

to the last section of the chapter focused on self-assembly of amphiphilic block copolymers in
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solution and the challenges encountered when targeting non-spherical nanoparticles. Finally,
the concepts of CDSA and “living” CDSA were further developed as a potential alternative to
access nanoparticles with defined dimensions and morphology. A wide range of biocompatible
and biodegradable semicrystalline polymers have demonstrated to undergo CDSA resulting in
anisotropic nanoparticles with potential applications in the biomedical field. Overall, the
concepts and strategies outlined in this chapter provide a solid foundation for designing

biocompatible non-spherical nanostructures using semicrystalline substituted polymers.
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1.6 Project aims

The main aim of this thesis was to develop non-spherical biocompatible nanoparticles
containing functionalities attached to the core-forming block, which can be potentially used as
drug delivery systems. For this, amphiphilic block copolymers containing a semicrystalline

block of e-substituted poly(e-caprolactones) were prepared and self-assembled via CDSA.

Therefore, the first objective of the thesis was to synthesise functional poly(e-caprolactones)
while retaining the semicrystalline nature of PCL. It was hypothesised that semicrystalline
materials could be assessed either by controlling the stereochemistry and tacticity of the
polymer, or through the copolymerisation of aliphatic and substituted monomers. To
accomplish this, e-allyl-e-caprolactone (eACL) was selected as the substituted monomer owing
to its straightforward synthesis and the ability to attach functionalities post-polymerisation. In
this thesis, four different strategies towards the preparation of semicrystalline allyl-containing
PCLs were explored: i) asymmetric kinetic resolution polymerisation of rac-eACL with chiral
TRIP BINOL catalyst, ii) ring-opening polymerisation of highly enantioenriched (R)- and (S)-
monomers, iii) stereoselective polymerisation of steroenriched monomers with chiral TRIP
BINOL catalysts, and iv) ring-opening copolymerisation of e-caprolactone and €ACL. Next, the
aim was to achieve amphiphilic block copolymers with small molecules attached in the
semicrystalline core-block. For this, RAFT polymerisation and thiol-ene click addition were
investigated to chain-extend and functionalise the PCL-based polymers respectively, since they

have demonstrated high control and chemical yields.

In the third stage, the crystallisation-driven self-assembly of these copolymers was explored.
It was envisioned that this strategy would enable access to well-defined 1D and 2D structures

bearing small molecules in the core-forming block in polar solvents. Herein, the intention was
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to understand how the polymer composition, temperature, and solvent of choice affected the

resultant morphology. It was anticipated that this tool could be used to design novel delivery

systems with anisotropic morphologies that can result in enhanced drug biodistribution. For

this reason, the last objective of the thesis was to explore the effect of the morphology and

size of these particles on biological activity.
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2 Towards enantiopurity: Synthesis of enantioenriched poly(allyl-¢-

caprolactones)

2.1 Manuscript and overview

Title: Towards enantiopurity: Synthesis of enantioenriched poly(allyl-e-caprolactones).

Authors: Ana Cubillo Alvarez!, Maria C. Arno**, Andrew P. Dovel*

Affiliations: School of Chemistry, University of Birmingham, Edgbaston, Birmingham, B15 2TT,
UK.

Manuscript Prepared

Overview:

The objective of this chapter was to investigate how stereochemistry influences the thermal
properties of e-substituted poly(e-caprolactones), to produce semicrystalline polymers bearing
functional pendant groups by controlling their stereochemistry. Previous reports have
demonstrated that stereoregular polymers possess enhanced thermo-mechanical properties
compared to their atactic counterparts. However, their synthesis has been restricted to the
use of monomers with fixed or highly controlled stereochemistry, which are limited and
challenging to prepare. Whilst asymmetric kinetic resolution polymerisations (AKRP) of
racemic monomers have shown promising results, the lack of catalytic enantioselective

protocols hinders the preparation of highly stereoregular polymers.

In this work, the concept of AKRP was exploited through the polymerisation of racemic €-allyl-
e-caprolactone using stereopure 3,3’-Bis(2,4,6-triisopropylphenyl)-1,1’-binapthyl-2,2’-diyl
hydrogen phosphate (TRIP BINOL). Gas chromatography-mass spectrometry analyses of the

recovered monomers revealed moderate enantioselectivity. Subsequently, to obtain highly
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enantioenriched poly(e-allyl-e-caprolactones), the stereoselective polymerisation of
enantioenriched allyl-functional e-caprolactones (up to 87.3% ee), using a stereoselective TRIP
BINOL catalyst was explored. Enantio-defined monomers were obtained on a large scale via
ring-expansion of their enantioenriched cyclic ketone precursors, which were prepared
employing host-guest chemistry techniques, where an optically active host molecule

selectively binds one of the enantiomers of a racemic mixture.

The thermal properties of the resultant polymers obtained from both racemic and
enantioenriched monomers were assessed through a differential scanning calorimeter.
Unfortunately, despite the use of enantioenriched monomers and stereoselective catalysts,

crystallinity was not retained for any of the polymers obtained.
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Towards enantiopurity: Synthesis of enantioenriched
poly(allyl-e-caprolactones)

Ana Cubillo Alvarez!, Maria C. Arno'*, Andrew P. Dovel*

1School of Chemistry, University of Birmingham, Edgbaston, Birmingham, B15 2TT, UK

Abstract

The synthesis of stereoregular polymers has garnered significant attention over the past
decades, thanks to their ability to enhance the thermo-mechanical properties of materials in
contrast to their atactic counterparts. Asymmetric kinetic resolution polymerisation of
substituted e-caprolactones, as example of biodegradable and biocompatible monomers, has
been explored to generate stereo-controlled polymers. However, this process is hindered by
low catalyst enantioselectivity and limited scope of monomer substituents. Thus, the influence
of the stereochemistry on the polymer’s thermal properties remains poorly understood. In this
work, we present a novel strategy to obtain enantioenriched poly(allyl-e-caprolactones)
through ring-opening polymerisation of enantioenriched allyl-e-caprolactones (€ACL) using a
chiral phosphoric acid (TRIP BINOL) as a stereoselective catalyst. Kinetic and enantioselectivity
studies of TRIP BINOL were conducted with the racemic allyl monomer achieving selectivity
factors up to 15 at 40 °C. Enantioenriched &€ACLs were further prepared through
deracemization of 2-allylcyclohexanone using an environmentally friendly host-guest protocol,
followed by their ring expansion to yield monomers with enantiomeric excess values up to
87.3%. Subsequent polymerisation of enantioenriched (R)- and (S)-monomer with the chiral

catalyst was explored and the thermal properties of the resultant polymers were investigated.
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Introduction

Chirality is an innate characteristic found in nature where molecules with different spatial
arrangements can have different physicochemical, mechanical, and biological properties. In
the same way, stereoregular polymers have shown improved thermal," 2 mechanical,>* and
conductive® properties compared to their atactic counterparts. Stereoregular polymers can be
obtained either through the polymerization of enantiopure monomers,® 7 or via asymmetric
kinetic resolution polymerisation (AKRP) where the catalyst preferentially interacts with one
of the monomer enantiomers.? In recent years, the stereoselective polymerization of different
types of monomers, such as lactones,®!® epoxides,'* 1> thiiranes,'® a-olefins,'” 8 and
methacrylates,'® 2% has been widely investigated. For example, Coates and Ovitt?*?3 reported
the use of aluminum alkoxides as stereoselective catalysts to form isotactic stereoblock
poly(lactic acid) (PLA) and syndiotactic PLA, from rac-lactide (LA) and meso-LA respectively,
with enhanced melting temperatures (Tm) compared to the atactic and enantiomerically pure
polymers. Moreover, chiral metal complexes, organic catalysts such as thioureas,?* % chiral
BINOL-derived phosphoric acids,?® phosphazenes,?” and N-heterocyclic carbenes?® have also

been explored for enantioselective ring-opening polymerisation (ROP) of rac-LA.

Sustainable polyesters are particularly attractive in both plastic and biomedical applications
because of their good biocompatible and biodegradable properties.?> 30 Among them, poly-¢-
caprolactones (PCLs) have demonstrated to be excellent candidates for the design of novel

biomaterials and potential drug delivery systems,31-3*

owing to their robust mechanical
properties and semicrystalline nature. However, the lack of pendant groups in the polymer
backbone limits their mechanical performance and prevents further functionalization. Clamor

et al. reported the synthesis of €-alkyl-substituted PCLs with alkyl chain lengths varying from

Cs to Ci6 and the ability to tune the crystallinity and lipophilicity of the polymer by increasing
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alkyl chain length.3® Despite the extensive studies on the asymmetric polymerization of lactide,
the synthesis and polymerisation of stereoregular substituted PCLs remain underdeveloped
with very few examples in the literature, and the majority of research has been limited to
methyl-substituted caprolactones (4-MeCL). Approaches to synthesise stereopure monomers
usually involve complex synthetic procedures, as well as the use of harsh and toxic conditions,
and a very small scale is required to obtain optically pure molecules, which precludes further
polymerisation (Figure 2.1A). Buchwald and coworkers3® described the synthesis of several
enantioenriched B-substituted lactones with enantiomeric excess (ee) up to 93%, in a two-step
synthetic route involving the ring-closing metathesis of dienes using a ruthenium catalyst
followed by the enantioselective 1,4-reduction of the cycloenones using a chiral Cu(l)/p-
tolBINAP catalyst. In another study, Li et al.3” reported the synthesis of (S)-6-methyl-¢-
caprolactone (6-MeCL) from commercially available Z-2-heptene through a novel palladium-
catalysed asymmetric deoxygenation, followed by hydrolysis and a Cu-catalysed oxidative
cyclization to yield the desired molecule in moderate yields and 92% ee. Alternatively,
enantioenriched substituted e-caprolactones (e-SCLs) can be obtained by the ring-expansion
of their cyclohexanone precursor. In 2009, the Strukul group3® pioneered the enantioselective
Baeyer-Villiger oxidation of meso-cyclohexanones in aqueous media using a Pt(ll) catalyst to
yield enantioenriched (S) caprolactones with ee values varying from 34% to 92% depending on
the pendant functional group. Following these studies, Feng and coworkers®® developed a
novel chiral N,N’-dioxide-Sc(lll) for the kinetic resolution of 2-aryl-substituted cyclohexanones

to achieve enantiopure a-aryl-substituted caprolactones with 94% ee and 51% yield.

Recent reports have been focused on the AKRP of racemic &-SCLs using either enzymatic
catalysts,*> 41 organometallic catalysts,*? or chiral phosphoric acids.*® While biocatalysts have

proven to be highly enantioselective during polymerization, the substituent scope is limited to

46



Chapter 2. Towards enantiopurity: Synthesis of enantioenriched poly(allyl-e-caprolactones).

methyl-substituted monomers. To date, there are only two studies from Wang and coworkers
exploring the AKRP of substituted caprolactones different to methyl-e-CL.** % In these reports,
chiral BINOL-derived phosphoric acids were used as catalysts for the stereoselective ROP of 6-
aryl-e-caprolactones giving selective factors (s-factor) as high as 7.3 at low monomer
conversion (Figure 2.1B). Despite these significant advances, the lack of catalytic selectivity
and monomer limitations highlight the need to develop novel strategies for the stereoselective

polymerization of substituted e-CLs.

Herein, we focus on the preparation of functional e-allyl-e-caprolactone (¢ACL), bearing allyl
pendant groups that serve as a functional handle for post-polymerisation modifications. We
studied the asymmetric polymerisation of rac-e-allyl-e-caprolactone (¢ACL) using chiral 2,4,6-
triisopropylphenyl (TRIP) BINOL catalyst to yield stereoregular poly(allyl-e-caprolactone)s
(PACL) and explored the synergistic effect during polymerisation of stereoselective TRIP BINOL
catalysts in combination with enantioenriched (R)- or (S)-allyl-e-caprolactone (Figure 2.1C).
The enantioenriched monomers were isolated in gram-scale and with high enantiomeric
excess (ee) through the deracemization of their racemic precursor, 2-allylcyclohexanone, in the
presence of an optically active host molecule, followed by ring expansion. Stereo-defined allyl-
functional PCLs with several levels of stereo-regularity were obtained by ROP and the effect of

stereochemistry on their thermal properties were investigated.
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Figure 2.1. (A) Asymmetric syntheses of enantiopure substituted e-caprolactones (e-SCL). (B)
Classical stereoselective ring-opening polymerizations (ROP) of &-SCL. (C) This work:
preparation of stereoregular allyl-substituted poly(caprolactones) combining a highly
enantioenriched monomer with a stereoselective catalysts.

Results and discussion

To optimise the reaction conditions and investigate the enantiomeric selectivity of the
catalysts, racemic e-allyl-e-caprolactone (rac-eACL) was prepared from 2-allylcyclohexanone
through Bayer-Villiger oxidation and the subsequent ROP was carried out using 2-cyano-5-
hydroxypentan-2-yl ethyl carbonotrithioate (CHPET) as initiator and catalysed by TRIP BINOL,
a commercially available chiral phosphoric acid previously reported as the organocatalyst with

the highest selectivity in the AKRP of substituted caprolactones (Scheme 2.1 and Table 2.1).4*
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o Stereoselective catalysts S _ CN 2 . O)
—
1

S
~A }&/OH Enantioenriched polymer
rac-cACL S° S
Initiator

Scheme 2.1. Stereo-selectivity studies of (R)- and (S)-TRIP BINOL catalysts.

The polymerisation of rac-eACL with (R)-TRIP BINOL was performed at both 25 °C and 40 °C.
Order kinetic studies were assessed leaving the polymerisation to reach high monomer
conversions (Figure $2.9) whereas asymmetric kinetic resolution studies were stopped prior
reaching 50% monomer conversion in order to analyse the resultant enantiomeric ratio (er)
and stereoselectivity of the catalyst. Size-exclusion chromatography (SEC) of allyl polymers
showed monomodal distributions with low molar-mass dispersity (Pwm), which suggested a
controlled polymerisation (Figures $S2.10 and S2.11). A linear relationship between the molar
mass of the polymers and the time, which reflects first-order kinetics, proved the livingness of
the ROP and further supported a controlled polymerisation (Figure 2.2A and Figure $2.12). As
expected, slower kinetic rates were observed at lower temperatures (Table 2.1,
entries 1 vs. 3). However, in sharp contrast to previous studies,?> %6-*8 the enantiomeric excess
(ee) of unreacted monomer was significantly higher at 40 °C than at room temperature (62.1%
vs. 44.5% respectively), indicating that the chiral (R)-catalyst interacts with the monomer more
efficiently at higher temperatures presenting a s-factor of 15.22 compared to 5.15 obtained at

25 °C (Table 2.1, entries 4 and 2). Following these studies, the catalytic activity and stereo-
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selectivity between the (R)- and (S)-TRIP BINOL catalysts at 40 °C was investigated (entries 5
and 6 in Table 2.1). As shown in Figure 2.2A, (S)-TRIP BINOL displayed considerably slower
polymerisation rates compared to its (R)-enantiomer counterpart, requiring 854 h to achieve
79% of eACL conversion, as well as lower kinetic resolution with a moderate s-factor of 3.36
(Figure 2.2B). The thermal properties of the polymers were analysed by differential scanning
calorimeter (DSC). Despite the promising results, all polymers obtained from the ROP of the
racemic allyl monomer using either (R)- or (S)-TRIP BINOL were found amorphous, bearing
very low glass transition temperatures (Tg < -53.8 °C, Figure $2.15). As an attempt to achieve
stereo-defined polymers with a semicrystalline microstructure, rac-eACL was polymerised
using a 1:1 mixture of (R)/(S)-TRIP BINOL (Table 2.1, entry 7). It was hypothesised that owing
to the different polymerisation rates between the catalysts, the (R)-catalyst would have
interacted first with the (S)-enantiomer of €ACL, leaving the other enantiomer unreacted. The
latter enantiomer could subsequently undergo polymerisation in the presence of the S-catalyst
to yield a stereo-block poly(allyl-e-caprolactone). However, the DSC traces of the resultant
polymer did not present the characteristic melting (Tm) and crystallisation (T¢) peaks inherent
to semicrystalline polymers, which suggested low stereocontrol during polymerisation (see

infra).
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Table 2.1. Screening of e-ACL polymerisations conditions catalysed by TRIP-BINOL.?

C

S-

[ACL]:[CTA], T Monomer Time P €€rcL
Entry Catalyst . b M 4 factor
: [Catalyst], (°C) conv. (%) (h) (%) e
1 (R) 50:1:1 25 88.2 1246 1.17 - _
2 (R) 100:1:1 25 45.0 380 1.08 44.5 5.15
3 (R) 50:1:1 40 92.7 404 1.07 - -
4 (R) 100:1:1 40 44.3 136 1.08 62.1 15.22
5 (S) 100:1:1 40 45.0 193 1.09 344 336
6 (S) 50:1:1 40 79.1 854  1.08 - -
7 (R)/(S)  70:1:(0.5/0.5) 40 83.7 208  1.08 ; ;

2 All polymerisations were performed in a nitrogen-filled glovebox using benzene-ds as a
solvent with [ACL]o= 1 M. ° Calculated by 'H NMR spectrometry. ¢ Measured by SEC (CHCl3 with
0.5% EtsN, PMMA standards). ¢ Determined by chiral GC-MS. € Selectivity factor
(s) =In[(1 - c)(1 - eeACL)]/In[(1 - c)(1 + eeACL)], where ACL is the monomer recovered after

polymerisation.
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Figure 2.2. (A) Kinetic plots for the polymerisation of rac-¢ACL catalysed by (R)- and (S)-TRIP
BINOL at 40 °C. (B) GC-MS chromatograms of rac-eACL (left), residual ACL after polymerisation
with (R)-TRIP BINOL (middle) and residual €ACL after polymerisation with (S)-TRIP BINOL
(right).

To exploit the activity of the TRIP-BINOL catalyst and promote the preparation of stereoregular
substituted polymers, the synergistic effect of using stereoselective catalysts with enantiopure
monomers was then explored. Highly enantioenriched (S)- and (R)-e-allyl-e-caprolactones
(87.3% and 80.3% ee respectively) were synthesised through the ring expansion of their chiral
cyclohexanone precursor. (S)- and (R)-2-allylcyclohexanones (ACH) were prepared in large
scale by deracemization of a racemic mixture in the presence of a,o,a’,a’-tetraaryl-1,3-

dioxolane-4,5-dimethanols (TADDOLs) as optically active molecules, following a procedure

reported by Kaku et al.*® >° This methodology relies on the formation of molecular complexes
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through non-covalent interactions between the chiral host molecule and one enantiomer of
the substituted cyclohexanone to give enantioenriched (S)- and (R)-ACH (> 80% ee) that can
be converted to enantioenriched €ACL as previously reported (Figure 2.3A). The structure of
the allyl-functional monomer was confirmed by *H NMR analysis, with the appearance of a
new characteristic peak corresponding to O-COCH (6 = 4.28 ppm, Figure 2.3B). Chiral gas
chromatography coupled with mass spectrometry (GC-MS) analysis showed no significant
change in the enantiomeric excess between the chiral cyclohexanone and the enantioenriched
allyl monomer, indicating that the chiral carbon is not affected by the Baeyer-Villiger oxidation

(Figures 2.3C, S2.21 and S2.22).
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Figure 2.3. (A) Synthesis of enantioenriched (S)-allylcaprolactone ((S)-eACL) through
deracemization of racemic 2-allylcyclohexanone (rac-ACH) via host-guest chemistry using a
TADDOL as the chiral host molecule, followed by Bayer-Villiger oxidation. (B) Stacked *H NMR
spectra (CDCls, 300 MHz) of (S)-eACH (top) and (S)-eACL (bottom). (C) GC-MS chromatogram
of enantioenriched (S)-eACL.

A series of poly(allyl-e-caprolactone)s (PACL) bearing different levels of stereoregularity were

synthesised via ROP using (R)- or (S)-eACL with different enantiopurities (Table 2.2). Initially, to
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assess whether the enantiopurity retained in the monomer could produce stereo-defined
polymers with retained crystallinity, enantioenriched (R)-€ACL (with an initial ee value of
79.0%) was polymerized using diphenyl phosphate (DPP) as a catalyst (Table 2.2, entry 8) with
a targeted degree of polymerization (DP) of 50 (Figure S2.23). The kinetic trends of the DPP-
catalysed polymerisation agreed with those obtained using TRIP BINOL as a catalyst
(Figure 2.4A). Moreover, SEC analyses confirmed the synthesis of enantioenriched PACL with
low molar-mass dispersity and a predictable molecular weight (Pm = 1.08 and M, = 10.5 kDa,
Figure S2.24). However, thermal analyses of the resultant polymer showed a glass transition
at -54.5 °C and no melting or crystallization transition, which indicated that the polymer
remained amorphous despite the initial stereopurity of the monomer (see infra).
Consequently, the stereoselective ROP of enantiopure €ACLs was investigated to pursue
enhanced stereoregularity. Chiral phosphoric acids (i.e. TRIP BINOL) are bifunctional catalysts
bearing a Brgnsted acidic site (-OH), which interacts with the carbonyl oxygen of the
monomer, and a Lewis basic site (P=0), which interacts with the initiating alcohol. The chiral
scaffold is created by the bifunctional bulky groups, which are responsible for the steric and
electronic properties of the catalyst (Figure 2.4B).>! To confirm the enantiomer selectivity of
chiral TRIP BINOL catalysts, enantioenriched (R)-eACL (75.6 % ee) was polymerised with (R)-
TRIP BINOL using the same conditions previously described but with a targeted DP of 100
(Table 2.2, entry 9). As observed in Figure 2.4C, the final ee value of the unreacted monomer
was higher than the initial value, (87.4% vs. 75.6%), which indicated that the (R)-catalyst binds
preferably the (S)-enantiomer of the monomer. Similarly, the AKRP of enantioenriched (R)- and
(S)-allyl monomer (ee values of 80.3% and 87.3% respectively) using (S)- and (R)-TRIP BINOL
were studied (Table 2.2, entries 10 and 11). Polymerisations were quenched at 45.0% and

42.0% of (R)- and (S)-monomer conversion respectively, to achieve high enantiomeric ratios
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and a DP close to 50. The successful polymerisation was confirmed via *H NMR spectroscopy,
which showed a shift in the resonance of O=COCH from 6 = 4.28 ppm to 6 = 4.9 ppm
(Figures $2.25 and S2.26). Moreover, a decrease in the final ee values of unreacted monomers
for both polymerisations was observed by GC-MS, suggesting that the chiral catalyst interacted
preferentially with the major enantiomer (Figure 2.4D). Unlike poly(lactic acid), whose
stereosequence can be calculated upon analysis of the (S,S)-lactide and (R,R)-lactide tetrad
intensities, the level of stereoregularity in poly(allyl-e-caprolactone) cannot be determined
using 'H NMR spectroscopy techniques. Therefore, the preparation of stereoregular polymers

was hypothesised as a consequence of the enantiomeric excess retained in the monomer.
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Figure 2.4. (A) Kinetic plots for the polymerisation of rac-ACL catalysed by DPP and
enantioenriched €ACL catalysed by (R)- and (S)-TRIP BINOL. Polymerisations were quenched
before 50% conversion. (B) Model of AKRP of enantioenriched eACL with TRIP BINOL catalyst.
(C) GC-MS chromatogram of unreacted monomer from (R)-TRIP BINOL-catalysed
polymerization with enantioenriched (R)-ACL. (D) GC-MS chromatograms of unreacted
monomer from (R)-TRIP BINOL-catalysed ROP with enantioenriched (S)-ACL (left) and (S)-TRIP
BINOL-catalysed ROP with enantioenriched (R)-ACL (right).
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These results prompt us to investigate how the monomer conversion affects the selectivity of
the catalyst. It was expected that at lower monomer conversions, higher interaction between
the chiral catalyst and the more reactive enantiomer of the monomer would occur since the
monomer enantiomeric excess starts at a maximum value and decreases over the
polymerisation time.>? To examine if stereoregular polymers with retained crystallinity could
be obtained by enhancing the catalytic selectivity, a series of polymerisations of (S)-€ACL in
combination with (R)-TRIP BINOL as a catalyst, with [monomer]:[catalyst]:[initiator]= 200:1:1,
were performed and stopped at low monomer conversions, 35.5% and 23.2%, to yield highly

enantioenriched PACLs (Table 2.2, entries 12 and 13 respectively).

Table 2.2. Studies of the polymerization of enantioenriched (S)- or (R)-eACL with
stereoselective catalysts. (@

o Initiator o
- Catalyst S
CgDg, 1 M, 40 °C \H
Enantioenriched Stereoregular polymer
monomer
€€ijnitial [ACL]o:[CTAlo Monomer Time Te
E ACL | D€
ntry EACL - gya  Catalyst o talystle  conv.(%)® () M (°g)e
8 (R) 79.0 DPP 50:1:1 81.7 334 1.08 -54.5
(R)-TRIP .
9 (R) 75.6 BINOL 100:1:1 46.1 222 1.08 57.0
(S)-TRIP .
10 (R) 80.3 BINOL 100:1:1 45.0 144 1.12 55.3
(R)-TRIP .
11 (S) 87.3 BINOL 100:1:1 42.0 138 1.15 58.0
(R)-TRIP .
12 (S) 87.3 BINOL 200:1:1 35.5 432 1.08 56.6
(R)-TRIP N
13 (S) 87.3 BINOL 200:1:1 23.2 290 1.12 68.0

a All polymerisations were performed in a nitrogen-filled glovebox using benzene-ds as a
solvent with [ACL]o= 1M. " Calculated by 'H NMR spectrometry. ¢ Measured by SEC (CHCl3 with
0.5% EtsN, PMMA standards). ¢ Enantiomeric excess (ee) of unreacted monomer was
measured by chiral GC-MS. ¢ Measured by DSC in the second cycle -100 °C to 100 °C,
10 °C min™.
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The asymmetric ROP of enantioenriched monomers produced polymers with predictable
molecular weights (M») and narrow distributions (Pm< 1.2, Figures 2.5A, $2.27 and S2.28). The
thermal properties of the resultant stereoregular polymers were studied by differential
scanning calorimetry (DSC). However, despite the combination of enantioenriched monomers
with stereopure selective catalysts, no significant change in the thermal behaviour of polymers
10 and 11 compared to the amorphous polymers prepared from the racemic monomer was
observed, exhibiting only low glass transition temperature (Tg) values for both polymers
(Figure 2.5B). In addition, no enhanced thermal properties or semicrystalline profile was
neither observed for polymers 12 and 13, which were precipitated at low monomer
conversions to increase the stereopurity of the system (Figure $2.29). These results suggested
that small stereo-defects present in the polymer, resulting from monomer stereo-impurities,
disrupted the packing of the polymer chains during the crystallisation process, leading to
materials with poor thermal properties. While it remains uncertain whether stereopure PACL
is semicrystalline, it was believed that the monomer level of enantiopurity played an essential

role in providing stereoregular polymers with semicrystalline properties.
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Figure 2.5. (A) SEC chromatograms of enantioenriched (R)- and (S)- polymers (10 and 11) and
“stereoblock” PACL (7) (CHCls, with 0.5% EtsN, PMMA standard). (B) DSC thermograms of rac-
PACL, enantioenriched (R)-PACL catalysed by DPP (8), enantioenriched (R)-PACL catalysed by
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(S)-TRIP BINOL (10), enantioenriched (R)-PACL catalysed by (S)-TRIP BINOL (11) and of rac-PACL
catalysed by (R)- and (S)-TRIP BINOL (7) (-100 to 100 °C, 10 °C min!) showing the second
heating cycle.

Conclusions

In summary, we have investigated the use of chiral TRIP BINOL as the catalyst for the AKRP of
allyl-e-caprolactone (¢ACL), demonstrating that the catalytic selectivity is enhanced at 40 °C,
providing s values of up to 15.22 (R-catalyst) and 3.36 (S-catalyst). To exploit the catalyst
selectivity, enantioenriched eACLs (87.3% ee) were achieved in gram scale via deracemization
of the racemic cyclohexanone precursor, followed by Bayer-Villiger oxidation. Asymmetric ROP
of enantioenriched monomers with chiral TRIP BINOL catalyst yielded a series of poly(allyl-e-
caprolactones) with a range levels of stereoregularity. These polymers exhibited low
dispersities (Pm = 1.0-1.2) and predictable molecular weights, indicating a controlled
polymerization. To investigate the effect of controlling the substituent stereochemistry, the
thermal properties of the resultant polymers were investigated by DSC. However, no
semicrystalline microstructure or significant changes in the glass transition temperature were
found in highly stereoregular poly(e-allyl-e-caprolactone)s compared to their racemic
counterpart. In conclusion, stereo-defined allyl-functional PCL was achieved through ROP but
the remaining stereo-defects within the polymer chain disrupt the crystallisation yielding
amorphous polymers with a glass transition below room temperature. Despite the major
advantages made in the area, relating stereochemistry to polymer properties has yet to be

fully explored.
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2.2 Supporting information

2.2.1  Experimental details

Materials

All solvents and chemicals were purchased from Sigma-Aldrich, Fisher Scientific, Alfa Aesar, or
VWR International and used without further purification unless otherwise stated. 2-
allylcyclohexanone was distilled before use. Deuterated benzene was ordered from Apollo
Scientific, degassed by repeated freeze-pump-thawing and then dried under reflux over
sodium and benzophenone before storing under an inert atmosphere of N,. Amberlyst A21
free base was washed repeatedly with methanol and dried under reduced pressure prior to
use. The monomer e-allyl-e-caprolactone was dried over calcium hydride for three days and
distilled under reduced pressure before their storage under inert atmosphere of N; in a glove
box. The initiator, 2-cyano-5-hydroxypentan-2-yl ethyl carbonotrithioate, was dried for five

days over phosphorus pentoxide under vacuum before its introduction in a glove box.

Instrumentation

2.2.1.1 Nuclear magnetic resonance (NMR) spectroscopy

Proton (*H) and carbon (*3C) resonance spectra were recorded on a Bruker 300 MHz or 400
MHz spectrometers at 298 K. Chemical shifts were reported as & in parts per million (ppm) and
referenced to the residual solvent signals (CDCls, *H: § = 7.26 ppm, 3C: 6 = 77.16 ppm). The
multiplicities were reported as s = singlet, d = doublet, dd = doublet of doublet, dddd = doublet
of doublet of doublet of doublets, ddt = double of doublet of triplet, dddt = doublet of doublet
of doublet of tripets t = triplet, g = quadruplet, p = pentaplet and m = multiplet. The coupling
constant J was recorded in Hertz [Hz]. The obtained data were processed and analysed using

MestReNova 12.0.3 software.
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2.2.1.2 High-Resolution Mass Spectrometry (HRMS)

HRMS spectra were recorded by the MS Analytical Facility Service at the University of

Birmingham on a Waters Xevo G2-XS Quadrupole Time-of-Flight mass spectrometer.

2.2.1.3 Flash Chromatography

Flash chromatography was performed on a Teledyne ISCO CombiFlash Rf+ Lumen equipped
with two UV detectors (254 nm and 280 nm) and an internal evaporative light scattering
detector (ELSD). Samples were purified with RediSep RF normal phase columns (from 4 g to

120 g flash columns).

2.2.1.4 Gas Chromatography-Mass Spectroscopy (GC-MS)

GCMS was performed on a Shimadzu GCMS QP2010 SE system with a CP-Chirasil-Dex CB 25 x
0.25 column. The temperature programming for the separation of 2-allylcyclohexanone was
set to 90 °C for 13 min, ramped to 190 °C at 2 °C:min~%; and for the separation of allyl-¢-
caprolactone was set to 100 °C for 2 min, ramped to 150 °C at 2 °C:min~tand held for 5 min
and ramped to 180 °C at 10 °C:min~*and held for other 5 min. The injection temperature was
170 °C and 225 °C respectively, with 1.0 plL injection volume. The helium carrier gas flow rate

was set at 1 mL-min~. MS detection was used selective ion scanning m/z 30-500 amu.

2.2.1.5 Size exclusion chromatography (SEC)

GPC analyses were performed on an Agilent 1260 Infinity || Multi-Detector GPC/SEC System
fitted with Rl and ultraviolet (UV, A = 309 nm), and viscosimeter detectors. The instrument is
equipped with an Agilent guard column PLGel 3 um (50 x 7.5 mm) and two Agilent mixed-C
columns PLGel 5 um (300 x 7.5 mm) using CHCIls (buffered 0.5% EtN3) as the mobile phase
(eluent). Number average molecular weights (M»), weight average molecular weights (Mw) and

dispersities (Pm = Mw/M.,) were determined using Agilent GPC/SEC software (vA.02.01) against
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a 15-point calibration curve (M, = 162 — 3,187,000 g mol) based on poly(styrene) standards
or a 12-point calibration curve (M, = 550 — 2,210,000 g mol?!) based on poly(methyl
methacrylate) standards. Molecular weights (Mn), weight average molecular weights (My) are

given in (g mol?).

2.2.1.6 Glove box

Air-free work was conducted in the nitrogen atmosphere of an Mbraun MB Unilab Pro SP

or Mbraun MB-01 equipped with solvent filter.

2.2.1.7 Differential scanning calorimetry (DSC)

Determination of the DSC curves were carried out using a STARe system DSC3 with auto-
sampler (Mettler Toledo). The samples (1 — 10 mg of polymer) were placed into aluminium
pans measuring 5 mm in diameter and 0.4 — 0.6 mm in thickness. Thermograms obtained
with a heating rate of 10 °C min~ were recorded from -100 to 100 °C with a 10 °C min

heating and cooling rate over two cycles.

2.2.1.8 Polarimeter

Optical rotations [a] were measured on a polarimeter PolAAr 3001 operating at the sodium

D line using a 2.5 cm micro-cell at 20 °C.

Experimental procedures

2.2.1.9 Synthesis of initiator

The synthesis of the initiator was adapted from literature.® It was performed by a three-step

synthesis as indicated in the following scheme:
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1. CS; (1.1 equiv.) s S

SN Et0, 0°C to RT, 2 h /\s)Ls’S . ACVA(15equiv) /\sks@\ﬂ/o”

- d -

~ 2 |5 (0.5 equiv.) \g/ EtOAe, reflux, o
RT,2h Nz atm_, o/n CEPA

S BO ~BH; S
CN : CN
OH (1.1 equiv.) J</\/
/\S)LS N /\S)LS OH

THF dry, N, atm.
CEPA -78°Cfor 1 hto RT o/n CHPET

2.2.1.9.1 Synthesis of 4-cyano-4-(((ethylthio)carbonothioyl)thio)pentanoic acid (CEPA)

To an oven-dried round bottom flask, sodium ethanethiolate (10 g, 0.119 mol) was added
followed by the addition of dry diethyl ether (500 mL) and the resulting solution was cooled
to 0 °C. Carbon disulfide (7.74 mL, 0.131 mol) was subsequently added dropwise over 10 min,
producing a thick yellow precipitate of sodium S-ethyl trithiocarbonate. After 2 h of stirring at
room temperature, solid iodine (15.1 g, 0.0594 mol) was added, and the resultant reaction
mixture was stirred for a further 2 h at room temperature. The reaction mixture was then
washed with sodium thiosulfate solution (1 M, 3 x 100 mL), deionized water (3 x 100 mL) and
finally with brine (3 x 100 mL). The organic layer was dried over MgSQs, filtered, and
evaporated to dryness leaving a residue of bis-(ethylsulfanylthiocarbonyl) disulfide (16.2 g,
guantitative). A solution of 4,4’-azobis(4-cyanovaleric acid) (ACVA) (24.8 g, 0.885 mol) and bis-
(ethylsulfanylthiocarbonyl) disulfide (16.2 g, 0.59 mol) in ethyl acetate (500 mL) was heated
overnight at reflux under N, atmosphere. After removal of the volatile solvents in vacuo,
purification was carried out using silica gel column chromatography (gradient elution —
hexane:dichloromethane 1:1 to 1:5) affording 4-cyano-4-(((ethylthio)
carbonothioyl)thio)pentanoic acid (CEPA) as an orange solid (27.4 g, 0.108 mol, 88%) with
spectroscopic data in accordance with the literature!. *H NMR (300 MHz, CDCls): 6/ppm=3.35
(9, ) = 7.4 Hz, 2H, -SCH2CH3), 2.69 (dd, J = 8.6, 6.6 Hz, 2H, -C(CN)(CH3)CH2CH.), 2.64 — 2.29 (m,

2H, -C(CN)(CH3)CH2CH,), 1.88 (s, 3H, -C(CN)(CHs), 1.36 (t, J = 7.4 Hz, 3H, -SCH2CH3).
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2.2.1.9.2 Synthesis of 2-cyano-5-hydroxypentan-2-yl ethyl carbonotrithioate (CHPET)

To a 500 mL flame-dried round bottom flask, 4-cyano-
(((ethylthio)carbonothioyl)thio)pentanoic acid (CEPA) (2 g, 0.0076 mol) was added followed by
the addition of dry tetrahydrofuran (50 mL) with the resulting solution cooled to -78 °C.
Borane tetrahydrofuran complex solution (1 M, 7.97 mL, 0.0079 mol) was subsequently added
dropwise over 30 min. The reaction mixture was left to stir for 1 h, after which the cooling bath
was removed, and the reaction was stirred overnight at ambient temperature under N»
atmosphere. After 18 h of stirring, methanol (100 mL) was added in five portions and stirred
for 10 min after each addition or until no further bubbling was observed. After removal of the
volatile solvents in vacuo, the organic residue was dissolved in diethyl ether (30 mL) and
washed with saturated NaHCO3 solution (3 x 30 mL) and then with brine (30 mL). Further
extraction using diethyl ether from the collected aqueous layers was carried out. The
combined organic layers were then dried over MgSQ, filtered, and evaporated to dryness.
Purification was carried out via silica gel column chromatography using petroleum ether:Ethyl
acetate (1:1) as solvent eluent to afford 2-cyano-5-hydroxypentan-2-yl ethyl carbonotrithioate
(CHPET) as an orange red oil (0.796 g, 42%) with spectroscopic data in accordance with the
literature®. *H NMR (400 MHz, CDCl3): §/ppm=3.72 (t, J = 6.1, Hz, 2H, -CH,0H), 3.35 (q, J = 7.4
Hz, 2H, -SCH:CHs), 2.34 — 2.02 (m, 2H, -C(CN)(CHs)CH2CH2), 1.90 (s, 3H, -C(CN)(CH3)CH2CH>),
1.88 —1.81 (m, 2H, -C(CN)(CH3)CH2CH>), 1.36 (t, J = 7.4 Hz, 3H, -SCH2CH3). 33C NMR (101 MHz,
CDCl3) 6/ppm= 217.40 (C=S), 119.57 (C(CN)(CHs3)CH.CH,), 61.79 (CH,OH), 46.99
(C(CN)(CH3)CH2CH3), 35.76 (C(CN)(CHs)CH2CH2), 31.31 (SCH2CH3), 27.91 (C(CN)(CH3)CH2CH>),

24.93 (C(CN)(CH3)CH2CH,), 12.80 (SCH2CH).
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2.2.1.10 Synthesis of TADDOL host molecule

The synthesis of the host molecule for further deracemization of substituted cyclohexanones

was performed by a two-step synthesis as indicated in the following scheme:

i )
@)‘LH O/ Br— Mg© Q
OH O 1.2 equiv.) (5 equiv.) 0~ " OH
o oL, =
p-TsOH (0.027 equiv) Dry THF o] OH

O OH Toluene, 22 h Ny atm, RT, 22 h

Reflux, Dean-Stark O O

. 2,3-0-benzylidene
dimethyl tartrate tartrate TADDOL

To a solution of dimethyl tartrate in toluene, benzaldehyde and p-TsOH were added. The
solution was allowed to reflux with a dean-stark apparatus overnight. The reaction was
guenched by the addition of triethylamine (EtsN) and purified via silica gel chromatography.
To a solution of 2,3-O-benzylidene tartrate in dry THF under N, atmosphere, a solution of
phenylmagnesium bromide was added dropwise at 0 °C. After addition, the ice bath was
removed, and the reaction was allowed to warm to room temperature and left stirring
overnight. The reaction was quenched by the addition of a saturated aqueous solution of
NH4Cl. The product was extracted with ethyl acetate; the combined organic layers were dried
over Mg,SOs and concentrated in vacuo. Purification was carried out using gel silica

chromatography.

2.2.1.10.1  Synthesis of 2,3-O-Benzylidene-D-tartrate

O/ The procedure was adapted from literature.?

O
O_
1 equiv.), and p-toluenesulfonic acid monohydrate (0.15 g, 0.027 mmol)

O
O[ {/{O A mixture of dimethyl D-tartrate (5 g, 1 equiv.), benzaldehyde (2.84 mL,
in toluene (60 mL) was heated under reflux, using a dean-stark device for the removal of water,
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overnight reaction. After the addition of triethylamine (0.1 mL) to the cooled reaction mixture,
the resultant crude was purified via silica column chromatography using hexane/ethyl acetate
(8:2) as the eluent to afford the product (5.05 g, 68%) as white crystals. The same procedure
was followed for the synthesis of 2,3-O-benzylidene-L-tartrate using dimethyl L-tartrate as the
starting material. *H NMR (300 MHz, CDCl3): §/ppm=7.60 - 7.52 (m, 2H aromatic), 7.47 - 7.38
(m, 3H aromatic), 6.14 (s, 1H acetal, -CCHOO-), 4.99 (d, J= 4.0Hz, 1H), 4.87 (d, J= 4.0Hz, 1H),
3.88 (s, 3H, -COOCH3), 3.83 (s, 3H, -COOCH3). 13C NMR (101 MHz, CDCl3): §/ppm=170.45 (C=0),
169.82 (C=0), 135.66 (1C aromatic), 130.41 (1C aromatic), 128.79 (2C aromatic), 127.59 (2C
aromatic), 107.12 (COO acetal), 77.83 (C(C=0), 77.57 (C(C=0), 53.25 (OCHs), 53,24 (OCH3).

HRMS (ESI-TOF) m/z: [M+H]* Calc. for C13H1406 267.0790; Found 267.0869.

2.2.1.10.2 Synthesis of (4R ,5R)-Pentaphenyl-1,3-dioxolane-4,5-dimethanol

(TADDOL)
O Q The procedure was adapted from literature.?

@_<0 OH 2,3-0-benzylidene-L-tartrate (1.565 g, 5.8 mmol, 1.0 equiv.) was
(0] ‘ OH

d@ diluted in dry THF (50 mL) and phenylmagnesium bromide (1.0 M in

Et,0, 29.4 mL, 29.4 mmol, 5.0 equiv.) was added at 0 °C. The reaction
mixture was then stirred at 20 °C for 20 h and quenched with 60 mL of a saturated aqueous
solution of NH4Cl. The aqueous layer was extracted with ethyl acetate (50 mL x 3) and the
combined organic layers were washed with water and brine, dried over MgSOs and
concentrated under reduced pressure. The obtained crude mixture was purified via silica
column chromatography using hexane/ethyl acetate (85:15) as eluent followed by
recrystallization in a mixture of toluene and hexane to afford (R,R)-TADDOL as a white powder

(3.03 g, 98%). Same procedure was followed for the synthesis of (4S5,5S5)-Pentaphenyl-1,3-

dioxolane-4,5-dimethanol starting from 2,3-O-benzylidene-L-tartrate. *H NMR (400 MHz,
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CDCl3): 8/ppm= 7.55 — 7.17 (m, 25H aromatic), 5.33 (d, / = 5.0 Hz, 1H), 5.17 (s, 1H acetal, -
CCHOO-), 5.14 (d, J = 4.9 Hz, 1H), 3.27 (s, 1H, -OH), 2.05 (s, 1H, - OH). 3C NMR (101 MHz,
CDCl3): 6/ppm= 146.26, 144.43, 144.35, 143.11, 137.10, 129.50, 128,37, 128.30, 128.01,
127.85, 127.50, 127.36, 127.19, 127.02, 126.91 (15C aromatic), 105.07 (acetal, -CCHOO-),
81.67 (-CHC(Ph)(Ph)OH), 80.9 (-CHC(Ph)(Ph)OH), 78.72 (-CHC(Ph)(Ph)OH), 78.62 (-
CHC(Ph)(Ph)OH). HRIMS (ESI-TOF) m/z: [M + Na]* Calc. for CssHz0sNa 537.2039; Found

537.2042. [a]3° °¢ = (R,R-TADDOL) -24.1 (c 0.01 in CHCl3); (5,S-TADDOL) +22.8 (¢ 0.01 in CHCl3).

2.2.1.11 Deracemization of 2-allylcyclohexanone

The procedure was adapted from literature.*

Distilled water (47.6 mL) and 1 M sodium hydroxide aqueous solution (34.2 mL, 4 equiv.) were
added to a suspension of 2-allylcyclohexanone (1.2 mL, 1 equiv.) and chiral pentaphenyl-1,3-
dioxolane-4,5-dimethanol, TADDOL, (4.2 g, 1 equiv.) in methanol (34.2 mL) to have a final
water/methanol ratio of 7:3. The suspension was stirred vigorously at ambient temperature
for 2 days. The mixture was filtered using a sintered funnel and the residue was washed with
distilled H,0 (10 mL x 1) and with H,0/MeOH (7:3) (10 mL x 2). The resulting solid phase was
suspended again into a fresh mixture of H,0/MeOH (7:3) at ambient temperature for 1 day.
After filtration as previously stated, the solids were washed with H,0/MeOH (7:3) (10 mL x 3)
and dried under vacuum for one day. Isolation of the cyclohexanone was performed via silica
column flash chromatography (hexane/ethyl acetate) to yield enantioenriched (R)- or (S)-2-
allylcyclohexanone (ACH) (1.1 g, 95%) as a colourless oil. (S,S)-TADDOL interacts preferentially
with (R)-2-allylcyclohexanone and (R,R)-TADDOL interacts with the (S)-enantiomer of 2-
allylcyclohexanone. *H NMR (300 MHz, CDCls): §/ppm=5.76 (dddd, J = 16.8, 10.1, 7.8, 6.3 Hz,

1H, CH=CHz), 5.09 —4.92 (m, 2H, CH=CH,), 2.53 (dddt, /= 14.5, 6.6, 5.4, 1.5 Hz, 1H), 2.45-2.23
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(m, 3H), 2.19 - 1.92 (m, 3H), 1.92 — 1.78 (m, 1H), 1.75 — 1.56 (m, 2H), 1.44 — 1.26 (m, 1H). 13C
NMR (101 MHz, CDCls): §/ppm= 212.55 (C=0), 136.50 (CH=CH,), 116.23 (CH=CH>), 50.29 (-CH-
CH2-CH=CH,), 42.07 (-CH-CH,-CH=CH,), 33.78 (-CH.-C=0), 33.39, 27.96, 24.97. Chiral GC-MS
analysis (Et;0, 90 °C — 130 °C — 190 °C, see instrumentation section for column and method
details).

(R)-2-allylcyclohexanone: Retention time (tr)= 15.392 (R), 15.969 (S), er ratio= 89.4:10.6.

(5)-2-allylcyclohexanone: Retention time (tr)= 15.474 (R), 15.831 (S), er ratio= 9.5:90.4 [a]3° "¢

= -3.7 (c 0.01 in MeOH) {Lit. (ent) +8.7 (c 1.08 in MeOH)}.

2.2.1.12 Synthesis of e-allyl-e-caprolactone (¢ACL) — Bayer-Villeger oxidation

0 The procedure was adapted from literature.>

To a solution of 2-allylcyclohexanone (8 g, 57.88 mmol) in CH,Cl; (276 mL),
NaHCOs (7.30 g, 86.82 mmol) was added followed by the addition of m-CPBA (12 g, 69.46
mmol) portion-wise at 0 °C, over 50 min. The resulting mixture was allowed to warm to room
temperature and stirred for 48 h. After this time, NaS.03 pentahydrate (7.20 g, 28.94 mmol)
was added as a powder and was left stirring for 30 min. The reaction was filtered over celite
and the plug was washed with excess of DCM (3 x 150 mL) to extract all the product. The crude
mixture was concentrated in vacuo and purified by flash silica gel column chromatography
using hexane/ethyl acetate (gradient elution, 4:1 to 1:1) to yield the desired product (5.5 g,
61.7%) as a colourless/light yellow oil. *H-NMR (400 MHz, CDCl3): §/ppm=5.91 —5.68 (m, 1H,
CH=CH,), 5.21 — 4.95 (m, 2H, CH=CH>), 4.26 (qd, J = 6.3, 2.2 Hz, 1H, -OCH), 2.70 — 2.51 (m, 2H,
CH2CH=CH,), 2.49 — 2.21 (m, 2H, CH2C=0), 2.03 — 1.74 (m, 3H), 1.71 — 1.35 (m, 3H). 3C-NMR

(101 MHz, CDCls): 6/ppm= 175.51 (C=0), 133.51 (CH=CH.), 118.24 (CH=CH,), 79.90 (-OCH),
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40.64 (CH,CH=CHz), 34.95 (CH.C=0), 33.88 (CH.CHCO-), 28.26 (CH2CH.CH:), 23.01
(CH2CH,C=0).

Chiral GC-MS analysis (100 °C — 150 °C — 180 °C, see instrumentation section for column and
method details).

(R)-ACL: Retention time (tr)= 18.095 (R), 19.368 (S), er ratio= 90.2:9.8; [a]3? "¢ = -37.0 (c 0.01
in MeOH).

(5)- ACL: Retention time (tr)= 18.154 (R), 19.236 (S), er ratio= 6.7:93.6; [a]3? "¢ = +36.5 (c 0.01

in MeOH).

2.2.1.13 Synthesis of PACLx- General procedure for the ring opening
polymerisation (ROP) of €-allyl- e-caprolactones (¢ACLs)

o) The procedure was adapted from literature.®
H

S (_CN
a
/\SJ\SMO
b

|.x Using standard glovebox techniques, a solution of DPP, (R)-
| TRIP BINOL or (S)-TRIP BINOL (0.006 mmol, 1 equiv.) was
added to a solution of €-allyl-e-caprolactone (0.0925 g, 0.6 mmol, 100 equiv.) and 2-cyano-5-
hydroxypentan-2-yl ethyl carbonotrithioate (CHPET) (0.006 mmol, 1 equiv.) in dry deuterated
benzene (0.6 mL). The NMR young tube was then removed from the glove box and placed in
an oil bath at 40 °C or left inside the glovebox at 25 °C. After achieving the desired monomer
conversion, the reaction was quenched outside the glovebox, by the addition of Amberlyst
A21. After the removal of Amberlyst through filtration, the solution was precipitated two times
into cold n-hexanes and dried under vacuum to afford the polymers as a yellow oil. *H NMR
(300 MHz, CDCl3): 6/ppm=5.72 (ddt, J = 16.5, 10.5, 7.1 Hz, 1H, H/), 5.12 = 5.00 (m, 2H, Hj), 4.90
(p,J=6.2 Hz, 1H, He), 4.11 (t, J = 6.1 Hz, 2H, H®), 3.35 (d, J = 7.4 Hz, 2H, H?), 2.39 — 2.18 (m, 4H,

He and H"), 1.66 — 1.48 (m, 4H, H% and Hf), 1.45 — 1.20 (m, 2H, He). 13C NMR (126 MHz, CDCls)
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8/ppm= 173.25 (0(C=0)), 133.80 (C/), 117.87 (C)), 73.39 (C8), 38.74 (C"), 35.14 (C®), 32.81 (C9),

24.65 (C? and Cf). SEC: M, = 14.4 kDa, By = 1.1

The % polymer conversion (% conv.) was calculated using the following equation, where [M]
and [P] correspond to the proton integrations of the monomer peak (6 = 4.28 ppm) and
polymer peak, respectively. In this case, since the polymer peaks overlapped with the
monomer peaks, we selected the terminal alkene protons (6 = 5.15 — 4.80 ppm) to calculate
(IM] + [P]).

% conv.=1 — <i> x 100
[M] + [P]

Equation 2.1. % Polymer conversion.

The kinetic resolution or selectivity factor (s) was calculated using the following equation,
where: conv. correspond to the polymer conversion (Equation 1), and ee correspond to the
enantiomeric excess of the residual monomer left in solution after quenching the
polymerisation, which was determined by chiral GC-MS. Both, conv. and ee are given as

between 0 and 1.

In[(1 = conv.) X (1 —ee)

s = k(fast)/k(slow) = In[(1 — conv.) X (1 + ee)

Equation 2.2 Kinetic resolution or selectivity factor (s).
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2.3 Supplementary figures
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Figure S2.1. 'H NMR spectrum of CEPA 300 MHz, 298 K, CDCls.
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Figure S2.2. 'H NMR spectrum of CHPET 300 MHz, 298 K, CDCls.
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Figure $2.3. 13C NMR spectrum of CHPET, 101 MHz, 298 K, CDCls.
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Figure S2.4. *H NMR spectrum of 2,3-O-benzylidene L-tartrate, CDCls, 298 K, 300 Hz.
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Figure S2.5. 'H NMR spectrum of (4R ,5R)-Pentaphenyl-1,3-dioxolane-4,5-dimethanol
(TADDOL), 101 MHz, 298 K, CDCls.
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Figure S2.6. 13C NMR spectrum of (4R ,5R)-Pentaphenyl-1,3-dioxolane-4,5-dimethanol
(TADDOL), 101 MHz, 298 K, CDCls.
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Figure $2.7.'H NMR spectrum of e-allyl-e-caprolactone (¢ACL), 400 MHz, 298 K, CDCls.
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Figure S2.8. 13C NMR spectrum of €-allyl-e-caprolactone (eACL), 101 MHz, 298 K, CDCls.

75



Chapter 2. Towards enantiopurity: Synthesis of enantioenriched poly(allyl-e-caprolactones).

S CN o}
S _ CN MO)
o) /\S)LSX/\/OH /\S)LSX/\/O s 5%

o =
OJ/ (R)-TRIP BINOL m

Benzene dg, 40 °C

ty0s= 92.7% conv. M+P M

A R . i M

t33,= 88.3% conv.

J_ N

A M,

ty0s= 66.7% conv.

A Py,

t,36= 52.4% conv.

A
A

. . YR VO
!

ts;= 29% conv.

A uelbiy

t,= 0% conv.

7.0 6.5 6.0 5.5 5.0 45 40 35 3.0 25 20 L5 1.0 0.5
pPm

Figure $2.9. Example of kinetic studies for the ROP of eACL. Stacked *H NMR spectra at
different times of polymerisation, C¢Ds, 298 K, 300Hz.
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Figure S2.10. SEC chromatograms (CHCl;, with 0.5% EtsN, PMMA standard) for the
polymerisation of rac-€ACL catalysed by (R)-TRIP BINOL at 25 °C quenched at 50% monomer
conversion and 100% monomer conversion (entries 1 and 2, table 1).
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Figure S2.11. SEC chromatograms (CHCl3, with 0.5% EtsN, PMMA standard) for the
polymerisation of rac-eACL catalysed by (R)-TRIP BINOL at 40 °C, quenched at 50% monomer
conversion and 100% monomer conversion (entries 3 and 4, table 1).
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Figure S2.12. Kinetic plots for the polymerisation of rac-€ACL catalysed by (R)-TRIP BINOL at
25 °C (entry 2 table 1).
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Figure S2.13. GC-MS chromatograms and s-factor of residual €ACL resulting from the
polymerisation of rac-eACL catalysed by (R)-TRIP BINOL at 25 °C (entry 1, table 1).
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Figure S2.14. SEC chromatograms (CHCl3, with 0.5% EtsN, PMMA standard) for the
polymerisation of rac-eACL catalysed by (S)-TRIP BINOL at 40 °C, quenched at 50% monomer
conversion and 100% monomer conversion (entries 5 and 6, table 1).
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Figure $2.15. DSC thermograms for the polymerisations of rac-eACL (Table 1), showing the
second heating cycle (-100 to 100 °C, 10 °C min).
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Figure $2.16. 'H NMR spectrum of racemic poly(allyl-s-caprolactone) (rac-PACL), CDCls, 298 K,
300Hz.
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Figure S2.17. 'H NMR spectrum of (S)-enantioenriched poly(allyl-e-caprolactone) (PACL)
obtained from the polymerisation of rac-eACL with (R)-TRIP BINOL (entry 4 in Table 1), CDCls,
298 K, 300Hz.
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Figure S2.18. 'H NMR spectrum of (R)-enantioenriched poly(allyl-e-caprolactone) (PACL)
obtained from the polymerisation of rac-eACL with (S)-TRIP BINOL (entry 6 in Table 1), CDCls,
298 K, 300Hz.

j
0 hti
j\ >QCN/\/ i N SN O)fgn/c\Ae/?\ H
o o~ OH a
o &~ s s /\S)LSWO S U f9°)4s
rac-TRIP BINOL ¥
Benzene dg, 40°C N H
rac-eACL Theoretical R/S PACL (7) |
CHCI, d,
H,O
¢, h
j
e
el
i
M -
Lol .
g T T el
— Mo o n o
- o S = m o - o
~ © < < M & — ®
[=e] — O o~ — (a2} ~ —
; . . - . \ : \ \ : \ \ : . : : . : )
0 85 80 75 70 65 60 55 50 45 40 35 30 25 20 1.5 1.0 05 0
ppm

Figure S2.19. 'H NMR spectrum of theoretical (R/S) poly(allyl-e-caprolactone) stereoblock
obtained from the polymerisation of rac-eACL with (R)+(S)-TRIP BINOL (1:1) (entry 7 in
Table 1), CDCls, 298 K, 300 Hz.
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Figure $2.20. 13C NMR spectrum of poly(allyl-e-caprolactone) (PACL), 101 MHz, 298 K, CDCls.
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Figure S2.21. GC-MS chromatogram of racemic 2-allylcyclohexanone (rac-ACH) (left),
enantioenriched (R)-ACH (middle) and enantioenriched (S)-ACH (right).
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Figure $2.22. GC-MS chromatograms of rac-eACL (left), enantioenriched (R)-€ACL (middle) and
enantioenriched (S)-eACL (right).
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Figure S2.23. 'H NMR spectrum of (R)-enantioenriched poly(allyl-e-caprolactone) (PACL)
obtained from the polymerisation of (R)-eACL (79.0% ee) with DPP (entry 8 in Table 2), CDCls,

298 K, 300 Hz.
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Figure S2.24. SEC chromatogram (CHCl;, with 0.5% EtsN, PMMA standard) for the
polymerisation of (R)-€ACL catalysed by DPP at 40 °C, polymerization quenched at 90%
monomer conversion (entry 8 in Table 2).
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Figure S2.25. 'H NMR spectrum of (R)-enantioenriched poly(allyl-e-caprolactone) (PACL)
obtained from the polymerisation of (R)-eACL (80.3% ee) with (S)-TRIP BINOL (entry 10 in
Table 2), CDCls, 298 K, 300 Hz.
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Figure S2.26. 'H NMR spectrum of (S)-enantioenriched poly(allyl-s-caprolactone) (PACL)
obtained from the polymerisation of (S)-eACL (87.3% ee) with (R)-TRIP BINOL (entry 11 in

Table 2), CDCls, 298 K, 300 Hz.
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Figure S$2.27. SEC chromatogram (CHCl;, with 0.5% EtsN, PMMA standard) for the
polymerisation of (R)-eACL catalysed by (R)-TRIP BINOL at 40 °C, polymerization quenched at
50% monomer conversion (entry 9, table 2).
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Figure S2.28. SEC chromatograms (CHCls, with 0.5% EtsN, PMMA standard) for the
polymerisation of (S)-eACL catalysed by (R)-TRIP BINOL at 40 °C, polymerization quenched at
35% and 23% monomer conversion (entry 12 and 13, table 2).
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Figure S2.29. DSC thermograms for the polymerisations of (S)-eACL (ee = 87.3%) with (R)-TRIP
BINOL after quenching the polymerization at 35% and 23% monomer conversion (entries 12
and 13, Table 2) showing the second heating cycle (-100 to 100 °C, 10 °C min™).
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3 Synthesis of semicrystalline  allyl-functionalised  poly(e-

caprolactone) copolymers via ring-opening polymerisation

3.1 Introduction

The use of polyesters in materials science has attracted great interest over the past decades
owing to their robust mechanical properties, controlled biodegradation, and notable
biocompatibility.1* Among the most studied polyesters, poly(e-caprolactone) (PCL) has been
widely used in the biomedical field because of its compatibility with other polymers and its
semicrystalline nature, enabling applications in areas such as surgical sutures, tissue
engineering scaffolds and drug delivery systems.>’ The ring-opening polymerisation (ROP) of
e-caprolactone (sCL) has been previously investigated using metallic catalysts,®%?
organocatalysts,'31> and biocatalysts'® 17 to achieve polymers with controlled molecular
weights and narrow molar-mass dispersities (Pm). However, the lack of functional side groups
within the polymer backbone hinders the chemical modification of PCL after polymerisation.
In this case, properties such as crystallinity, degradability, shape memory, and adherence
cannot meet specific requirements for the use of these materials in advanced biological

applications. 1822

To address the challenge associated with PCL modification, strategies such as the
polymerisation of substituted e-caprolactones (SeCLs),?> ?* and the copolymerisation of CL
with other functional monomers have been disclosed in the literature.?>?’ SeCLs can be
synthesised through the ring expansion of their corresponding cyclohexanone precursors via
Baeyer-Villiger oxidation.?® 2° Even though the homopolymerisation of functional SeCLs can
provide materials bearing reactive handles for post-polymerisation modifications, the

presence of substituents and stereocenters tend to disrupt the crystallisation of the polymer
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chains rendering materials with lower thermo-mechanical properties.>® By contrast, the
synthesis of copolymers from €CL and functional monomers enables the preparation of PCL-
based materials with diverse structural characteristics, adaptable properties and a broad range
of functionalities.3¥ 32 Research into the ring-opening copolymerisation (ROCOP) of CL with
other monomers has been conducted in order to achieve random,33 3% block,3>37 graft,3%4% and
alternating* 42 PCL-based copolymers. In their majority, functional monomers containing a
reactive group that allow for a secondary polymerisation method are employed, such as atom-
transfer radical polymerisation (ATRP), reversible addition-fragmentation chain-transfer
polymerisation (RAFT) and Cu(0)-mediated controlled radical polymerisation (CRP).*3-*¢ For
example, Yang and coworkers reported the synthesis of brush copolymers of monomethyl
poly(ethylene glycol)-block-[(poly-e-caprolactone)-graft-poly[(2-phenyl borate esters-1,3-
dioxane-5-methyl)methyl acrylate] (MPEG-b-P(CL-g-PPBDMMA)) by combining ROP and ATRP
polymerisation techniques to create glucose responsive insulin delivery systems.*” MPEG-b-
poly(a-bromo-e-caprolactone) (MPEG-b-P(a-BrCL)) block copolymers were initially prepared
via ROP of a-bromo-g-caprolactone (a-BrCL) using MPEG as initiator. The obtained copolymer
was then used as a macroinitiator for the ATRP polymerisation of the methyl acrylate
monomer, thanks to the presence of the halogen group in the PCL backbone, to vyield

structurally well-defined brush copolymers.

Post-polymerisation modifications represent an attractive strategy to design polymers with
numerous functionalities that are usually incompatible with the ring-opening polymerisation
conditions.*®>% |n particular, thiol-based chemistry have become popular in the field to attach
a wide range of molecules and macromolecules to the polymer backbone through the reaction
of terminal thiols with alkenes (thiol-ene),”'>* alkynes (thiol-yne),>> >® and some terminal

halogens (thio-bromo and thio-fluoro).>”- °® For example, Becker and coworkers reported the
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fabrication of allyl- and DIBO-functionalised PCL-based nanofibers containing different allyl
group gradients, and explored their dual surface modification with bioactive peptides and
fluorescent molecules via both strain-promoted alkyne-azide cycloaddition (SPAAC) and

radical thiol-ene addition.>®

In this chapter, we report the design of a core-forming block copolymer via ring-opening
polymerisation (ROP) of e-caprolactone (eCL) and e-allyl-e-caprolactone (eACL) to produce a
semicrystalline, biodegradable, and biocompatible copolymer with side-chains amenable of
post-polymerisation functionalisation. Kinetic studies of the respective homopolymers and
copolymers were performed to predict the sequencing of the copolymer and establish the
limit of functionality that can be grafted into the polymer backbone while retaining the

semicrystalline nature of PCL.

3.2 Results and discussion

In chapter 2 it was shown that highly stereoregular poly(e-allyl-e-caprolactone) (PACL) did not
present a semicrystalline microstructure. To overcome this limitation and design functional
poly(e-caprolactone)s with retained crystallinity, copolymerisation reactions of e-caprolactone
(eCL) with e-substituted e-caprolactones (eSCLs) were investigated. e-Allyl-e-caprolactone
(eACL) was chosen as the substituted monomer in reason of the simplicity of its synthesis, low
cost and the presence of the reactive allyl group, which allows post-polymerisation

modification reactions, such as thiol-ene addition.

3.2.1 Ring-opening polymerisation of e-caprolactone and e-allyl-e-caprolactone

Initially, the homopolymerisation of e-caprolactone (eCL) and e-allyl-e-caprolactone (€ACL)

was investigated to access the reaction kinetics of each monomer separately. The ROP of both
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monomers were conducted in deuterated benzene (C¢Ds) at 40 °C using diphenyl phosphate
(DPP, 10 mmol%) as the catalyst and 2-cyano-5-hydroxypentan-2-yl ethyl carbonotrithioate
(CHPET), a chain transfer agent (CTA), as the initiator with [monomer] = 1 M and

[monomer]o:[CTA]o = 50 (Scheme 3.1).

CTA S o

== Dpp J\ %ﬂ\/ogj\/\/\/o

S S !
CgDg, 1M .

€CL or eACL 40°C :

Scheme 3.1. ROP of e-caprolactone (eCL) or e-allyl-e-caprolactone (€ACL). Reaction conditions:
[monomer] =1 M and [monomer]o:[CTA]o = 50.-

The polymerisations were monitored by *H NMR spectroscopy using the disappearance of the
diagnostic O=COCH monomer resonance (6 = 3.61 ppm and 3.75 ppm for €CL and €ACL
respectively) and appearance of O=COCH polymer resonance (&pc. = 3.93 ppm and
Opact =5.1-4.9 ppm) (Figures $3.1 — S3.6). First order kinetics were observed for both
polymerisations, as suggested by the linear consumption of the monomers over time
(Figure 3.1). To avoid transesterification side reactions, the polymerisations were stopped near
90% monomer conversion, with eCL and €ACL reaching 88.6% and 87.0% conversion after 5 h
and 246 h, respectively. Size exclusion chromatography (SEC) analyses of the homopolymers
showed a monomodal distribution with low molar-mass dispersity (Ppct. = 1.08 and Dpac. =1.11,
Figure S3.7), further supporting a controlled polymerisation. Similarly, Hardouin et al.®°
reported lower reactivity of &-hexalactone (5-methyl-6-valerolactone) compared to its non-
substituted counterpart, 6-valerolactone, when they were polymerised under the same ROP

conditions. It is most likely that the different polymerisation rates between the monomers
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occurred as a result of the greater steric hindrance near the ring-opening centre in the

substituted monomer.
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Figure 3.1. First order kinetic plot for the ROP of €CL and rac-eACL at 40 °C using DPP
(10 mmol%), [monomer]o:[CTA]o = 50 in CeDes.

3.2.2 Ring-opening copolymerisation (ROCOP) of e-caprolactone and e-allyl-e-

caprolactone

Following the investigation of the reactivity of both monomers separately, ring-opening
copolymerisation reactions (ROCOP) of eACL and eCL were performed using CHPET as initiator
and DPP (10 mmol%) as the catalyst with [monomers] = 2 M (Scheme 3.2). Copolymers with
various monomer compositions were achieved by adjusting the [eCL]:[eACL] molar ratio while
keeping the [CHPET]:[DPP] molar ratio constant at 1:1. The allyl-functional monomer was

obtained from its racemic precursor, 2-allylcyclohexanone, via Baeyer-Villiger oxidation as

detailed in Chapter 2.
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Scheme 3.2. Ring-opening copolymerisation (ROCOP) of e-caprolactone (¢CL) and €-allyl-e-
caprolactone (eACL). Deuterated benzene (CeDe¢) or toluene were used as solvents.

To investigate the effect of the pendent allyl groups on polymer crystallinity and
polymerisation rates, a series of PCL-co-PACL copolymers containing different ratios of eACL
were synthesised (Table 3.1 and Figures $3.9 — S3.11). For this, copolymerisations were
performed in 500 pL of deuterated benzene (CsDs) under the same conditions previously
described but varying the eACL concentration from 6 to 40 wt.% in the formulations. Initially,
the total degree of polymerisation (DP) was varied from 55 to 100, with the DP of £CL being
kept constant at 50. To avoid transesterification reactions, all copolymerisations were stopped
at 95% conversion of €CL, the most reactive monomer, and precipitated in cold n-hexanes to
yield the desirable functional PCL copolymers. However, the obtained DPs and €CL: eACL ratios
deviated from the original target, and this is strongly related to the slower reactivity of eACL
in the ROP conditions as observed in the homo-polymerisation studies. For example, the
copolymer PCLsg-co-PACL24 (CP6 in Table 3.1) resulted from the ROCOP with a targeted

€CL:eACL molar ratio of 50:40 (Figure 3.2).
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Table 3.1. ROCOP of eACL and eCL.?

Targeted Reaction eCL
& ACL units _ . PCLPACL M,
Entry PCL:PACL b time conversion b Py ¢
. wt. % ratio (kDa)

ratio (h) (%)
CP1 50:5 6 21 96.9 56:4 12.2 1.45
CP2 50:10 11 40 99.0 54:7 16.6 1.27
CP3 50:20 20 45 94.7 60:15 17.1 1.18
CP4 50:25 26 50 93.3 55:20 17.1 1.14
CP5 50:35 30 70 93.7 46:20 14.6 1.15
CP6 50:40 33 94 95.5 48:24 16.3 1.10
CcP7 50:45 36 120 94.5 62:36 16.6 1.20
CP8 50:50 40 116 94.6 65:42 21.3 1.09

@ Polymerisations were carried out in a glovebox using benzene-ds as a solvent with
[eCL]o:[CHPET]o=50 and [monomers] = 2 M, using CHPET as initiator and DPP as catalyst
(10 mol%). ® Calculated by *H NMR spectroscopy. ¢ Measured by SEC (CHCls with 0.5% EtsN,

PMMA standards).
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Figure 3.2. *H NMR spectrum (300 MHz, 298 K, CDClsz) of PCLss-co-PACL24 copolymer (CP6 in
Table 3.1) with an initial PCL:PACL target = 50:40.
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Just as with the homo-polymerisation studies, *H NMR spectroscopy was used to monitor the
progress of the ROCOP by controlling the disappearance of the monomer resonances
(6 =3.64 ppm and 6 = 3.82 ppm for CH,0C=0 and CHOC=0 in €CL and €ACL, respectively) and
the appearance of new polymer resonances at 6§ = 3.93 ppm, corresponding to CH,0OC=0 of
PCL, and 6= 5.73 ppm, corresponding to CHCH; (allyl bond) of PACL (Figure S3.8). In
agreement with previous studies, the polymerisation of eCL proceeded significatively faster
than that of eACL. For a 50:50 feed ratio of monomers (entry CP8 in Table 3.1), 34.4% and 6.6%
conversion of eCL and €ACL was achieved after 29.5 h. As the concentration of eCL decreases
throughout the time, the polymerisation rate of eACL increases while the polymerisation of
€CL continue in a slightly reduced rate (Figure 3.3). These results suggest the formation of
gradient copolymers, in which the average composition of the copolymer varies along the
polymer chain, rather than copolymers with a random distribution of the monomeric units
throughout the chain.®! Considering the reactivity of CL is notably higher than that of eACL, it
was hypothesised that our copolymers would exhibit an initial PCL block followed by the
gradual incorporation of allyl units. In addition, SEC analyses showed unimodal weight
distributions for all copolymers, suggesting the presence of a single polymer form
(Figure S3.14). A decrease in polymer dispersity (Dwm), from 1.45 to 1.09, was observed when
raising the concentration of eACL from 6 to 40 wt.% (Table 3.1). This could be related to the
increase of side reactions at lower concentrations of the allyl monomer, with
transesterification reactions of PCL chains taking place.®? To further confirm the synthesis of
copolymers, diffusion-ordered NMR spectroscopy (DOSY NMR) was used to investigate the
diffusion rate of the copolymers. The spectra only exhibited a single diffusion coefficient for
the copolymer signals, suggesting that PCL and PACL blocks are connected and not two

separate homopolymers (Figure 3.4).
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Figure 3.3. Kinetic plot of monomer conversion against time for the copolymerisation of eCL
and €eACL (CP8 in Table 3.1). Conditions: overall monomer concentration ([M]) = 2 M in CgDe,
[CL]:[ACL]:[CTA] = 50:50:1 using 2-cyano-5-hydroxypentan-2-yl ethyl carbonotrithioate
(CHPET) as initiator, 10 mol% of DPP.
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Figure 3.4. DOSY 'H NMR spectra (400 MHz, 298 K, CDCl3) of PCL-co-PACL copolymer targeted
at 50:50 (CP8 in Table 3.1).
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To elucidate the copolymer composition distribution, the monomer sequencing was

investigated by quantitative 13C NMR spectroscopy. For this, PCLss-co-PACL7 (CP2) and PCLios-

co-PACL79 (CP8) copolymers were selected due to their different €éACL molar ratios.

Spectroscopy analyses showed two prominent carbonyl diad resonances at 6 =173.6 ppm and

6 =173.2 ppm corresponding to eCL*- eCL and eACL*- eACL, where * represents the observed

carbonyl, in combination with other smaller diad resonances corresponding to monomer cross

propagation (Figure 3.5, S3.12 and S$3.13). This suggested the formation of statistical

copolymers of different composition, in which the structure is determined by the statistical

nature of the reactivity ratios, with predominant block-like distribution.
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Figure 3.5. Quantitative 3C NMR spectrum (500 MHz, 298 K, CDCls) corresponding to the
carbonyl region of PCL-co-PACL copolymers targeted at 50:10 (left, CP2 in Table 3.1) and 50:50

(right, CP8 in Table 3.1).
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3.2.3 Thermal properties of PCL-co-PACL copolymers

Following the synthesis of functional PCL-based copolymers, the effect of eACL concentration
on their physical-chemical properties was investigated. It is well known that PCL is a
semicrystalline polymer with low melting temperatures (Tm) ranging from 59 to 64 °C, and a
low glass transition temperature (Tg) of approximately -60 °C.%3 On the other hand, poly(e-ally-
e-caprolactone) (PACL) is an amorphous polymer that presents low Tgvalues (T < -53.8 °C), as
reported in Chapter 2. Therefore, we envisaged that copolymers obtained from the ring
opening copolymerisation (ROCOP) of €CL and €ACL would present a wide range of transition
temperatures, which could be adjusted by varying [eCL]:[eACL] ratio. The thermal properties
of copolymers of different [eCL]:[eACL] composition were assessed by differential scanning
calorimetry (DSC) (Table 3.2 and Figure 3.6). As expected, amorphous and semicrystalline PCL-
based copolymers were accessed, and this behaviour could be associated with the ratio of
€ACL within the polymer chain. While copolymers containing up to 26 wt.% of €ACL (CP1 to
CP4, Table 3.2) presented melting (Tm) and crystallisation (Tc) temperatures, only amorphous
copolymers were obtained at higher concentrations of eACL (CP6 to CP8, Table 3.2). T and T
decreased from 46.6 °C to 17.5 °C, and from 18 °C to -22.5 °C when the concentration of allyl
units increased from 6 to 26 wt.%, respectively. At 30 wt.% €ACL incorporation (CP5 in
Table 3.2) only the presence of Tz and a very small T, could be appreciated in the DSC traces.
This could be attributed to the disruption in the crystallinity of the copolymers at higher
amounts of alkyl side chains. These analyses proved that through copolymerisation,
semicrystalline allyl-functionalised polymers can be achieved, overcoming the major limitation

encountered in substituted PCLs for their use in crystallisation-driven self-assembly.
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Table 3.2. Thermal properties of PCL-co-PACL copolymers.

b

Entry ACL units ? Te T T
(wt. %) (°C) (°C) (°C)
cpP1 6 - 46.6 18.0
CcP2 11 - 40.9 -2.0
cP3 20 -64.7 28.9 -28.7
CP4 26 -66.3 17.5 -22.5¢
CP5 30 -63.9 6.28 -
CP6 33 -62.2 - -
CP7 36 -64.1 - -
CP8 40 -61.4 - -

3 Calculated based on the PCL:PACL ratio observed by *H NMR spectrometry. ® Measured by DSC in the
second cycle (-100 to 100 °C, 10 °C min™?). ¢ Measured by DSC in the second heating cycle (-100 to

100 °C, 10 °C min™).
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Figure 3.6. DSC thermograms of the PCLx-co-PACL, copolymers (-100 to 100 °C, 10 °C min™?)
showing the second heating-cooling cycle. (a) and (b) correspond to the heating cycles
(endothermic process). (c) and (d) correspond to the cooling cycles (exothermic process).

3.2.4 Scale-up ring-opening copolymerisation

After optimising the amount of €ACL that could be copolymerised with eCL to obtain
semicrystalline copolymers, a series of PCLx-co-PACL, copolymers were synthesised in larger
scale to be further used in post-polymerisation reactions. With the aim of mimicking the
previous studies and maintain the crystalline behaviour of the final materials, copolymers of
DP 50 were targeted and the concentration of eACL was varied between 5% and 26 wt.%,
which showed to be the maximum limit of incorporation of allyl units before disrupting the
polymer crystallinity (Table 3.3). All the other reaction conditions were kept unaltered, except

for the solvent that was replaced by toluene.
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SNC
CHPET
/\SJLSK/\’O%/\/\/\O
DPP (10 mol %)

Toluene, 2M, 40°C

e-ACL e-CL ST |
Table 3.3. Scaling-up of the copolymerisation of eACL and eCL.?
ACL
Entry :Z:.g:zi Volume PCL:PACCL units M"'SECe p ° Tmf ch
ratio (mb)®  ratio wt.o ¢ (kDa) ) (°’c  (°c)
CcP9 45:5 2.5 47:3 6 11.6 1.28 42.8 16.8
CP10 40:10 2.5 44:8 15 11.9 1.21 36.4 -19.9
CP11 35:15 2.5 31:7 18 8.77 1.21 15.1 -30.68
CP12 45:5 6 53:3 5 12.0 1.23 46.6 18.0
CP13 40:10 6 42:9 17 11.4 1.14 29.6 -15.9
CP14 45:5 10 56:5 8 10.6 1.41 45.8 13.2
CP15 40:10 10 43:8 15 6.23 1.58 319 -18.1
CP16 35:15 10 36:10 22 6.56 1.46 18.2 -19.78

@ Polymerisations were carried out in the glove box using toluene as a solvent with
[Monomers]o:[Initiator]o = 50 and [monomers] = 2 M, using CHPET as initiator and DPP as
catalyst (10 mol%). ° Total volume of toluene. ¢ Calculated by 'H NMR spectrometry.
d Calculated based on the real PCL:PACL ratio. € Measured by SEC (CHCls with 0.5% EtsN, PMMA
standards). f Measured by DSC in the second cycle (-100 to 100 °C, 10 °C min~1). 8 Measured
by DSC in the first heating cycle (-100 to 100 °C, 10 °C min~?).

Initially, the scale was increased to 2.5 mL of solvent (5 mmol vs. 1 mmol of monomers)
(CP9 to CP11). The successful syntheses of semicrystalline PCL-co-PACL block-like copolymers
with increasing allyl content was confirmed by *H NMR spectroscopy, SEC, and DSC analyses
(Figure 3.7 and Figure 3.8). In agreement with the small-scale reactions performed previously
(500 pL scale), the polymerisation of the allyl monomer took longer than caprolactone, and
this caused deviations from the initially targeted DPs. Similarly to previous studies, higher Bu

was found for copolymers containing lower eACL content as a consequence of the differences
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in the polymerisation rates of each monomer, which increases the chances of
transesterification side reactions of PCL chains.
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Figure 3.7. Stacked *H NMR spectra (CDCls, 300 MHz) of copolymers with 6 wt.%, 15 wt.% and
18 wt.% of eACL incorporation (entry CP9, CP10 and CP11 in Table 3.3).
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Figure 3.8. (A) SEC chromatograms of the PCL-co-PACL copolymers (CHClz, with 0.5% Ets3N,
PMMA standard); (B) DSC thermograms of the respective copolymers (-100 to 100 °C,
10 °C min~!) showing the second heating-cooling cycle (endo-down and exo-up).

103



Chapter 3. Synthesis of semicrystalline allyl-functionalised poly(e-caprolactone) copolymers
via ring—opening copolymerisation

To reduce batch-to-batch variations in future steps, ROCOP reactions were further scaled up
to a final volume of 6 mLand 10 mL. While narrow dispersities (Pm) and predictable molecular
weights (M) were achieved from copolymers synthesised at 6 mL scale (CP12 an CP13), high
polymer dispersity (Bm > 1.4) was found when the reaction volume was increased to 10 mL
(CP14 to CP16). This is possibly as consequence of inefficient stirring throughout the reaction
caused by the volume increase and glassware incompatibilities. DSC analyses of all PCL-co-
PACL copolymers obtained at larger scale showed the characteristic peaks corresponding to a
semicrystalline polymer (Figure $3.15). However, the T. of copolymers containing more ACL
units (CP11 and CP16) was only observed in the second heating cycle, indicating lower degree

of crystallinity and slower crystallisation (Figure $S3.16).

The self-assembly of copolymers via crystallisation-driven self-assembly (CDSA) requires high
semicrystalline amphiphilic block copolymers with narrow dispersity to form structures with
adjustable shape. For this reason, copolymers containing €¢ACL units < 20% and a reaction

volume of 6 mL were selected for further experiments.
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3.3 Conclusions

To achieve semicrystalline functional PCL-based polymers, the copolymerisation of e-
caprolactone (eCL) and e-allyl-e-caprolactone (€ACL) via ring-opening polymerisation was
studied using DPP as a catalyst and a chain-transfer agent as an initiator. Initial studies for the
homopolymerisations of eCL and eACL showed the excellent control and living nature of these
polymerisations, in which the non-substituted lactone exhibited significantly faster
polymerisation rates than its allyl-functional counterpart. The incorporation of allyl groups in
the polymer backbone and the monomer sequencing of PCL copolymers was demonstrated
through DOSY, 'H and 3C NMR spectroscopy. SEC analyses confirmed the synthesis of
copolymers with monomodal distributions and narrow dispersities, supporting the synthesis
of PCL-co-PACL gradient copolymers rather than two individual homopolymers. The thermal
properties of the obtained copolymers were analysed by DSC, where a decrease in the polymer
crystallinity was observed by increasing the allyl monomer concentration in the formulation.
Indeed, concentrations higher than 26 wt.% of ACL only resulted in amorphous polymers with
low glass transition temperatures. The ring opening copolymerisation was also investigated in
different batches and scales to check the variability in the system, and results showed the

potential to scale up the reactions from 1 mmol to 20 mmol of monomer addition.
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3.4 Experimental

3.4.1 Materials

All solvents and chemicals were purchased from Sigma-Aldrich, Fisher Scientific, Alfa Aesar, or
VWR International and used without further purification unless otherwise stated. Dry toluene
was used from a solvent tower delivery system in the glovebox. Deuterated benzene was
ordered from Apollo Scientific, degassed by repeated freeze-pump-thawing and then dried
under reflux over sodium and benzophenone before storing under an inert atmosphere of Na.
Amberlyst A21 free base was washed repeatedly with methanol and dried under reduced
pressure prior to use. The monomers e-caprolactone and e-allyl- e-caprolactone were dried
over calcium hydride for three days and distilled under reduced pressure before their storage
under inert atmosphere of N, in a glove box. The chain transfer agent 2-cyano-5-
hydroxypentan-2-yl ethyl carbonotrithioate (CHPET) was dried for five days over phosphorus

pentoxide under vacuum before its introduction in a glove box.

3.4.2 Characterisation techniques

3.4.2.1 Glove box

Air-free work was conducted in the nitrogen atmosphere of an Mbraun MB Unilab Pro SP or

Mbraun MB-01 equipped with solvent filter.

3.4.2.2 Nuclear magnetic resonance (NMR) spectroscopy

Diffusion-ordered spectroscopy (DOSY), proton (*H) and carbon (*3C) resonance spectra were
recorded on a Bruker 101 MHz, 300 MHZ, or 500 MHz spectrometers at 298 K. Chemical shifts
were reported as 6 in parts per million (ppm) and referenced to the residual solvent signals

(CDCls, *H: 6 = 7.26 ppm, 3C: § = 77.16 ppm). The multiplicities were reported as s = singlet,
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d =doublet, dd = doublet in doublet, ddt = double of doublet of triplet, t = triplet, tdd = triplets
of doublet of doublets, g = quadruplet, p = pentaplet and m = multiplet. The coupling constant
J was recorded in Hertz (Hz). The obtained data were processed and analysed using

MestReNova 12.0.3 software.

3.4.2.3 Size exclusion chromatography (SEC)

SEC analyses were performed on an Agilent 1260 Infinity Il Multi-Detector GPC/SEC System
fitted with Rl and ultraviolet (UV, A = 309 nm), and viscosimeter detectors. The instrument is
equipped with an Agilent guard column PLGel 3 um (50 x 7.5 mm) and two Agilent mixed-C
columns PLGel 5 um (300 x 7.5 mm) using CHCls (buffered 0.5% EtsN) as the mobile phase
(eluent). Number average molecular weights (M), weight average molecular weights (M) and
dispersities (Pm = Mw/M.,) were determined using Agilent GPC/SEC software (vA.02.01) against
a 15-point calibration curve (M, = 162 — 3,187,000 g mol™) based on poly(styrene) standards
or a 12-point calibration curve (M, = 550 — 2,210,000 g mol™) based on poly(methyl
methacrylate) standards. Molecular weights (M), weight average molecular weights (My) are

given in (g mol™).

3.4.2.4 Differential scanning calorimeter (DSC)

Determination of the DSC curves were carried out using a STARe system DSC3 with auto-
sampler (Mettler Toledo). The samples (1 — 10 mg of polymer) were placed into aluminium
pans measuring 5 mm in diameter and 0.4 — 0.6 mm in thickness. Thermograms obtained with
a heating rate of 10 °C min~! were recorded from -100 to 100 °C with a 10 °C min! heating

and cooling rate over two cycles.
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3.4.3 Experimental procedures

3.4.3.1 Synthesis of 2-cyano-5-hydroxypentan-2-yl ethyl carbonotrithioate
(CHPET)

Refer to Chapter 2, Section 2.2.1.9 for the synthetic protocols and characterisation.

3.4.3.2 Synthesis of e-allyl-e-caprolactone (eACL)

Refer to Chapter 2, Section 2.2.1.12 for the synthetic protocols and characterisation.

3.4.3.3 Synthesis of poly(e-caprolactone) (PCL) and poly(e-allyl-e-caprolactone
(PACL) homopolymers — General procedure for the ring-opening
polymerisation (ROP)

Using standard glovebox techniques, a solution of DPP (0.006 mmol, 1 equiv.) was added to a
solution of the monomer (g-caprolactone or g-allyl-e-caprolactone) (0.6 mmol, 100 equiv.) and
2-cyano-5-hydroxypentan-2-yl ethyl carbonotrithioate (CHPET) (0.006 mmol, 1 equiv.) in dry
deuterated benzene (0.6 mL). The mixtures were placed into a J Young NMR tube, removed
from the glove box and placed in an oil bath at 40 °C. After reaching the desired monomer
conversion, the reaction was quenched outside the glovebox with the addition of Amberlyst
A21. After the removal of Amberlyst through filtration, the solution was precipitated two times
into cold n-hexanes and dried under vacuum to afford the polymers as a yellow solid (PCL) and

a yellow oil (PACL).
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- Poly(e-caprolactone) (PCL)

c Procedure adapted from literature.®*

1H NMR (300 MHz, CDCls, 298 K): 6/ppm= 4.06 (t, J = 6.7 Hz, 97H, H"), 3.64 (t, J = 6.5 Hz, 2H,
H°), 3.35 (d, J = 7.4 Hz, 2H, H?), 2.30 (t, J = 7.5 Hz, 99H, H¢), 1.88 (s, 3H, H¢), 1.78 — 1.53 (m,

216H, Heand Hg), 1.49 — 1.26 (m, 104H, H').

13C NMR (126 MHz, CDCls, 298 K) §/ppm= (101 MHz, CDCls, 298 K) &/ppm= 173.66 (0(C=0)),
64.26 (Ch), 62.70 (C°), 35.82 (C(CN)(CH3)CH2CH,), 34.34 (CY), 32.42 (C(CN)(CHs)CH,CH,), 31.43
(C?), 28.45 (CE), 25.64 (C*), 25.41 (C(CN)(CH3)CH,CH2), 24.96 (C°), 24.79 (C7), 12.88 (SCH,CHs).

SEC (CHCls): M, = 13.3 kDa, b = 1.08

- Poly(e-allyl-e-caprolactone) (PACL)

1H NMR (300 MHz, CDCls, 298 K): §/ppm=

5.72 (ddt, J = 16.5, 10.5, 7.1 Hz, 38H, Hi), 5.12 — 5.00 (m, 78H, H¥), 4.90 (p, J = 6.2 Hz, 36H, H"),
4.11 (t,J = 6.1 Hz, 2H, H), 3.35 (d, J = 7.4 Hz, 2H, H?), 2.39 — 2.18 (m, 152H, H9 and Hi), 1.88 (s,
3H, HY), 1.57 (tdd, J = 15.4, 10.8, 7.0 Hz, 163H, H¢ and He), 1.44 — 1.16 (m, 101H, H).

13C NMR (126 MHz, CDCls, 298 K) §/ppm= 173.25 (0(C=0)), 133.80 (C), 117.87 (C}), 73.39 (CE),
38.74 (C"), 35.14 (C¢), 32.81 (C%), 24.65 (C¢ and C).

SEC (CHCls): Mn = 9.5 kDa, Oy = 1.11
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3.4.3.4 Synthesis of PCL-co-PACL copolymers — General procedure for the ring-
opening copolymerisation (ROCOP) of e-caprolactone (eCL) and e-allyl-e-
caprolactone (€ACL).

a SNC
/\SJLS)Q\/o{nb/C\/e\/g\o
d f
O

o Procedure adapted from literature.>?
h7

Using standard glovebox techniques,

P a solution of DPP (0.1 mmol, 1 equiv.)
and 2-cyano-5-hydroxypentan-2-yl ethyl carbonotrithioate (CHPET) (0.1 mmol, 1 equiv.) in dry
benzene (0.6 mL) or dry toluene (2.5 — 10 mL) was added to a solution of e-caprolactone (4.5
mmol/45 equiv. for 10 wt.% of eACL,4 mmol/40 equiv. for 20 wt.% of eACL, and 3.5 mmol/35
equiv. for 30 wt.% €ACL) and €-allyl-e-caprolactone (0.5 mmol/5 equiv., 1 mmol/10 equiv.,and
1.5 mmol/15 equiv. for 10%, 20% and 30 wt.% of €ACL, respectively) in dry benzene or dry
toluene. The J Young NMR tubes or the ampoules were then removed from the glove box and
placed in an oil bath at 40 °C. After stirring for a certain time (depending on the amount of
€ACL), the reaction was quenched by the addition of Amberlyst A21. After removal of
Amberlyst by filtration, the solution was precipitated three times into cold n-hexane and dried
under vacuum to afford the polymers as a yellow solid.

14 NMR (300 MHz, CDCls): 6/ppm= 5.73 (ddt, J = 17.4, 10.4, 7.1 Hz, 1H, H°), 5.13 — 4.99 (m,
2H, HP), 4.91 (p, J = 6.2 Hz, 1H, H™), 4.06 (t, J = 6.7 Hz, 2H, He), 3.35 (q, J = 7.4 Hz, 2H, H?3), 2.30
(t,J=7.5Hz, 6H, H"""), 1.74 — 1.51 (m, 8H, H* &7 k), 1.46 — 1.31 (m, 4H, H"').

13C NMR (126 MHz, CDCls) 6/ppm= 173.69 (CP, eCL*- €CL), 173.28 (Ch, eACL*- €ACL), 133.80
(C°), 117.86 (CP), 72.99 (C™), 64.29 (C#), 38.76 (C"), 34.53(C'), 34.26 (CF), 33.39 (C/), 28.50 (Cf),

25.67 (C°), 25.04 (CJ), 24.89 (CX), 24.72 (CY).
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SEC (CHCl3):

Copolymer M, (kDa) Pwm Copolymer M, (kDa) Pwm
PCLse-co-PACL,4 12.2 1.45 PCLas-co-PACLs 11.6 1.28
PCLs4-co-PACL; 16.6 1.27 PCLsi-co-PACL; 11.9 1.21
PCLso-co-PACL15 171 1.18 PCLse-co-PACL, 8.7 1.21
PCLss-co-PACLyo 17.1 1.14 PCLs3-co-PACL3 12.0 1.23
PCLss-co-PACL3o 14.6 1.15 PCLs2-co-PACLs 11.4 1.14
PCLsg-co-PACL24 16.3 1.10 PCLse-co-PACLs 10.6 141
PCLs2-co-PACL3s 16.6 1.20 PCLs3-co-PACLs 6.2 1.58
PCLs7-co-PACL3 21.3 1.09 PCL3s-co-PACL1o 6.6 1.46

Polymer conversion (% conv.) was calculated using the following equation, where [M] and [P]

correspond to the proton integrations of the monomer peak and polymer peak, respectively.

% conv.=1 — (

M]
[M] + [P]

>><100

Equation 3.1. % Polymer conversion.

To analyse the conversion of eCL, [M] correspond to the integration of the diagnostic O=COCH

monomer resonance at 6c. = 3.61 ppm and [P] correspond to the integration of the diagnostic

0O=COCH polymer resonance at 6pc. = 3.93 ppm. Whereas, to analyse the conversion of eACL,

[M] correspond to the integration of the diagnostic O=COCH monomer resonance at

6acL =3.75 ppm and [M+P] correspond to the integration of the CHCH, terminal alkene

resonance from both monomer and polymer at épacL = 5.1 — 4.9 ppm.
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3.6 Appendix (supporting figures)
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Figure S3.1. Kinetic studies for the polymerisation of e-caprolactone (eCL) catalysed by DPP at
40 °C. Stacked *H NMR spectra (300 MHz, 298 K, CsDs) of eCL homopolymerisation at different
reaction times with pink and green circle representing monomer and polymer peaks,
respectively.
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Figure S3.2. Kinetic plots for the homopolymerisation of eCL. Polymer conversion over time
(left) and monomer consumption (right).
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Figure $3.3. 'H NMR spectrum (300 MHz, 298 K, CDCls) of poly(e-caprolactone) (PCL).
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Figure S 3.4. 13C NMR (101 MHz, 298 K, CDCl3) spectrum of poly(e-caprolactone) (PCL).
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Figure S3.5. Kinetic studies for the polymerisation of eACL catalysed by DPP at 40 °C. Stacked
'H NMR spectra (300 MHz, 298 K, C¢Ds) of eACL homo-polymerisation at different reaction
times with pink and green circle representing monomer and polymer peaks, respectively.
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Figure S3.6. Kinetic plots for the homo-polymerisation of eACL. Polymer conversion over time
(left) and monomer consumption (right).
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Figure S$3.7. SEC chromatograms of PCL and PACL resulting from the ROP of €CL and €ACL
(CHCls, with 0.5% EtsN, PMMA standard).
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Figure S$3.8. Stacked 'H NMR spectra (300 MHz, 298 K, C¢Ds) of the ring-opening
copolymerisation of eCL and €ACL at 1:1 ratio (CP8 in Table 3.1) at different reaction times.
% conversion correspond to the conversion of €CL. Blue box: CH,OC=0 monomer resonance.
Red box: CH,;0OH polymer resonance.
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Figure $3.12. Quantitative 1*C NMR spectrum (500 MHz, 298 K, CDCls) of PCLsa-co-PACL;. Zoom
showing the carbonyl region.
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Figure $3.13. Quantitative 3C NMR spectrum (500 MHz, 298 K, CDCls) of PCLigs-co-PACLys.
Zoom showing the carbonyl region.
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Figure S3.14. SEC chromatograms of the respective PCLy-co-PACL, copolymers in Table 3.1
(CHCI3, with 0.5% EtsN, PMMA standard).
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Figure $3.15. SEC chromatograms of PCLx-co-PACL, copolymers synthesised in larger scales
presented in Table 3.3 (CHCIs, with 0.5% EtsN, PMMA standard).
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4 Crystallisation-driven self-assembly of semicrystalline functional PCL

amphiphilic block copolymers

4.1 Introduction

The use of amphiphilic block copolymers (BCPs) to create nano-objects and nanostructures
has attracted increasing attention in various fields,' owing to their easy post-polymerisation
modification, which allows the incorporation of a wide range of functionalities, and their ability
to form self-assemblies with a rich variety of architectures without altering the polymer
chemistry.1%14 In 2000, Winnik and Manners introduced the concept of crystallisation-driven
self-assembly (CDSA),*> '® where the crystallisation of the core-forming block triggers the
formation of core-shell structures with low interfacial curvature structures such as 1D

cylindrical micelles and 2D diamond-shaped platelets.!’-*°

During CDSA, the resultant morphology can be influenced by a range of parameters, including
the chemistry of the semicrystalline block,?% 2! the corona-core block ratios,??> the
temperature,?® and the solvent conditions.?* For example, Inam et al. studied the shape
selectivity of poly(L-lactide) (PLLA) BCPs by varying block ratios and temperature. They
observed a clear transition from 2D platelet micelles obtained from the assembly of PLLA-
based amphiphiles with larger corona-core ratios (20:1) to elongated cylindrical micelles
through decreasing the corona block length (3:1).2> Prior to this, Eisenberg and coworkers?®
reported a transformation in the morphology of poly(e-caprolactone) (PCL) -based assemblies
in aqueous solution from spheres, to rods, to wider 2D lamellae structures upon increasing the
concentration of PCL homopolymer post-assembly. Moreover, the formation of more complex
structures such as patchy block comicelles,?” branched micelles,?® and windmill micelles?

using poly(ferrocenyldimethylsilane) (PFDMS) has been reported by Winnik and
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Manners, which demonstrates the great potential of CDSA as a methodology to create

precisely defined nanostructures with a broad range of morphologies.

Despite the noteworthy advances made through CDSA, the fabrication of monodisperse,
biocompatible, and biodegradable nanostructures in biologically relevant solvents that include
functionalisation in the corona or core blocks remains a significant challenge, and only a few
promising examples have been reported.3%3? Previous studies have proven that performing
CDSA directly in water is challenging,33 34 consequently, the self-assembly of water dispersible
semicrystalline BCPs is usually carried out in organic solvents followed by dialysis of the particle
solution against water.3> The Dove and O’Reilly research groups have pioneered the research
of CDSA in aqueous media.3® For example, the synthesis and self-assembly of poly(L-lactide)-
b-poly(acrylic acid) (PLLA-b-PAA) and poly(L-lactide)-b-poly(dimethyl aminoethyl acrylate)
(PLLA-b-PDMAEA) BCPs was achieved directly in water to obtain cylindrical micelles, whose
length could be kinetically controlled by reheating the solution post-assembly while tuning the
temperature and time of heating. In addition, Arno et al. demonstrated that the addition of a
glassy, hydrophobic block between the core and corona of a poly(e-caprolactone)-b-poly(N,N-
dimethylacrylamide) (PCL-b-PDMA) copolymer allowed the transference of the assemblies
into water without particle fracture, as well as the self-nucleation of the triblock copolymers
in water, followed by sonication and epitaxial growth that resulted in monodisperse cylindrical
micelles with high biocompatibility. Taking advantage of the unprecedented control achieved,
a hydrogel material for cell culture was obtained through the sequential addition of unimer

into water for the first time.3”

Moreover, the conjugation of small molecules or fluorescent dyes into amphiphilic BCPs is of

great interest for the application of these nanoparticles in the biomedical field.>® However, the
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introduction of functionalities into semicrystalline polymers tends to yield amorphous
polymers, which are unable to undergo CDSA.?° In the majority of cases, the modification
occurs in the corona block restricting the use of these structures as drug delivery systems. To
the best of our knowledge, there has been only one reported example for the self-assembly of
block copolymers containing crystalline side chains within the core-forming block,*® in which
2D hexagonal platelets were achieved from poly(behenyl acrylate)-b-poly(N,N-
dimethylacrylamide) copolymers bearing long crystalline pendant aliphatic chains. However,
there have been no prior reports of self-assembly of semicrystalline amphiphilic core-
functionalised copolymers, and only one similar strategy was reported by the Dove and
O’Reilly research groups where the introduction of a third, amorphous, functional block into
PLLA diblock-based copolymers enabled the introduction of small thiol molecules at the core-
shell interface before and after their self-assembly into cylindrical micelles through photo-

induced thiol-ene click reactions.*!

Herein, we have designed a series of amphiphilic functional PCL block copolymers by the
incorporation of a biocompatible PDMA block to our previous synthesised PCL-co-PACL
copolymers through reversible addition-fragmentation chain transfer (RAFT) polymerisation,
followed by the conjugation of benzyl mercaptan in the core-forming block via photoinitiated
thiol-ene addition. In addition, we present a comprehensive CDSA study of conjugated and
non-conjugated PCL-based block copolymers with varying corona:core ratios and diverse
allyl wt.% incorporation. Parameters such as temperature, solvent type and degree of
functionalisation were investigated and their effect on the resultant nanoparticle’s

morphology was highlighted.

128



Chapter 4. Crystallisation-Driven Self-Assembly (CDSA) of semicrystalline functional PCL
amphiphilic block copolymers

4.2 Results and discussion

4.2.1 Synthesis of PDMA-b-PCL block copolymers as “control”

A series of PDMAx-b-PCLsg block copolymers with corona-to-core ratios ranging from 2:1 to
9.6:1 were initially prepared by ROP of e-caprolactone (¢CL) using a dual-head chain-transfer
agent (CTA), followed by reversible addition-fragmentation chain transfer (RAFT)
polymerisation with dimethyl acrylamide (DMA). The ROP of the lactone was performed at
room temperature in a nitrogen-filled glovebox, using diphenyl phosphate (DPP) and
anhydrous toluene as catalyst and solvent respectively, with a [eCL]:[CTA]:[DPP] molar ratio of
60:1:1. After 6 h, polymer was precipitated in cold n-hexanes to yield semicrystalline PCL4g as
a yellow solid. Chain extension of the PCL-macroinitiator with a DMA hydrophilic block was
carried out at 70 °C under inert conditions using 2,2-azobis(2-methylpropionitrile) (AIBN) as a
radical initiator (10 mol%) and 1,4-dioxane (25 wt.%) as solvent. Monomer incorporation
varied depending on the targeted corona-to-core (mppma/meci) ratio ranging from 150 to 600
equivalents (equiv.). After two hours, the polymerisation was quenched by submerging the
reaction vessel in an ice bath and precipitated in cold diethyl ether to obtain the desirable
PDMA-b-PCLss amphiphilic BCPs with mppma/mect ratios varying from 2:1 to 9:6 (Figure S4.1 -
$4.5). A summary of the synthesised polymers that has been used as a control for the self-

assembly can be found in Table 4.1.
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Table 4.1. Synthesis of PDMAx-b-PClag block copolymer with different core and corona lengths.

b c c
b M T T

Polymer PDMA:PCLratic’ B, " SEC - .
(kDa) (°C) (°c)
PCLa - 1.07 12.4 53.3 32.4
PDMA, -b-PCL, 2:1 1.40 17.4 38.6 18.8
PDMA, . -b-PCL,, 3:1 1.34 22.4 38.8 18.1
PDMA,-b-PCL, 4.2:1 1.34 26.6 38.7 17.5
PDMA, -b-PCL,g 6.3:1 1.30 34.4 37.4 15.0
PDMA,,,-b-PCL,, 9.6:1 1.38 39.7 38.5 14.5

3 Ratio between the PDMA block (corona) and the PCL block (core) obtained from *H NMR
spectroscopy. P Measured by SEC (CHCl3 with 0.5% EtsN, PMMA standard). ¢ Measured by nano
DSC, triblock copolymers in ethanol (100 to 0 °C, 1 °C min™2).

4.2.2 Synthesis of PDMA-b-PCL-co-PACL copolymers and functionalisation

To form functional amphiphilic block copolymers with a semicrystalline core-forming block,
the semicrystalline PCL-co-PACL copolymers previously synthesised in Chapter 3 (4 in Scheme
4.1) — with targeted % of allyl-monomer incorporation varying from 5 to 26% — were chain-
extended with DMA to obtain amphiphilic copolymers (5 in Scheme 4.1), thanks to the
presence of the dual-head initiator used for the copolymerisation of eCL and €ACL, which also
allows RAFT polymerisation. Finally, photoinitiated thiol-ene click addition of benzyl
mercaptan to the allyl groups was performed to yield thiol-conjugated block copolymers (6 in

Scheme 4.1).
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Scheme 4.1. General procedure for the synthesis of functional amphiphilic BCPs with x and y
corresponding to eCL and eACL units. (a) DMA monomer, AIBN (10 mmol%), 1,4-dioxane, 70 °C;
(b) benzyl mercaptan (thiol:ene ratio = 10:1), Irgacure 819 (10 mmol% based on thiol),
chloroform, 25 °C, 3 h.

4.2.2.1  Synthesis of semicrystalline amphiphilic block copolymers via RAFT
polymerisation.

Initially, to achieve amphiphilic block copolymers with a 3:1 ratio of PDMA to (PCL-co-PACL)
units, a degree of polymerisation (DP) of 200 units of DMA was targeted. The reaction was
stopped after 2 hours and precipitated in cold diethyl ether to yield a yellow solid, and a block
copolymer containing 208 units of PDMA, PDMA0s-b-PClLas-co-PACL;, was confirmed by
'H NMR analysis (Figure 4.1). However, unlike previous studies where RAFT polymerisation of
acrylamides led to the formation of well-defined amphiphilic block copolymers,?* 4% 43 SEC
analysis of the respective copolymer showed a bimodal distribution, which indicates the

presence of two different polymer species (Figure 4.2).
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Figure 4.1. 'H NMR spectrum (CDCls, 300 MHz) of PDMA0s-b-PCLas-co-PACL; block copolymer.
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Figure 4.2. SEC chromatogram of PDMA0s-b-PCLas-co-PACL7 block copolymer (CHCI3, with
0.5% EtsN, PMMA standard).
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It was hypothesised that the allyl-pendant group from PACL, which is susceptible to RAFT
polymerisation and/or crosslinking, reacted with the free radicals at low concentrations of the
more reactive vinyl monomer.%* To investigate this phenomenon, the RAFT polymerisation of
DMA using a poly(e-allyl-e-caprolactone) macroinitiator (CTA-PACL) was explored using the
same reaction conditions previously reported (Figure 4.3A). After 2 hours of reaction, the
reaction mixture yielded a very viscous material that couldn’t be dissolved. This gelation
process is believed to happen as a result of crosslinking side reactions between the allyl
pendant groups present in the polymer backbone, further confirming our initial theory
(Figure 4.3B and 4.3C). To avoid this uncontrolled polymerisation, the reactions were carried
out using an excess of DMA in the formulation and were stopped at around 40% of monomer
conversion.
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Figure 4.3. (A) Scheme for the RAFT polymerisation scheme of DMA with poly(e-allyl-¢-
caprolactone) macroinitiator (CTA-PACL). (B) Schematic illustration of hypothesised
crosslinking side reaction. (C) PDMA-b-PACLss gel.
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With the aim to design copolymers with different lengths of core and corona blocks, a series

of PDMAW-b-PCLx-co-PACL, block copolymers with PDMA:PCL-based block ratios varying from

2:1 to 10:1 were synthesised (Table 4.2). The obtention of the desired functional block

copolymers was confirmed by 'H NMR spectroscopy (Figures $4.6 — $4.16) and SEC analyses,

which showed monomodal narrow distributions (Pm < 1.3) and predictable molecular weights

(M) for all polymers (Figure 4.4).

Table 4.2. Block copolymers of PDMAw-b-PCLy-co-PACL, with different core and corona

lengths.?
Entry Block copolymer Coron?:cbore M":c DMc DMA units
ratio (kDa) (wt.%)

T1 PDMA,,-b-PCL,,-co-PACL, 2:1 195 121 270
T2 PDMA 3,-b-PCL ;-co-PACL, 2.6:1 122 130 272
T3 PDMA -b-PCL,-co-PACL, 3.2:1 202 127 294
T4 PDMA,,;-b-PCL,-co-PACL, 3.5:1 205  1.20 22.2
5 PDMA,.-b-PCL,-co-PACL, 5:1 281 126  31.0
T6 PDMA,..-b-PCL, -co-PACL, 6:1 185  1.22 41.2
T7 PDMA,,-b-PCL,-co-PACL, 6.7:1 366 122 356
T8 PDMA,,-b-PCL,,-co-PACL 7.5:1 40.8 128  25.0
T9 PDMA,,-b-PCL,,-co-PACL, 8.7:1 200 120 345
T10  PDMA,-b-PCL,,-co-PACL, 9.1:1 320 125 478
T11 PDMA, ,-b-PCL,-co-PACL, 10.3:1 40.2 1.23 42.9

@ All polymerisations were carried out in 1,4-dioxane at 70 °C and quenched after 35 min.
bRatio between the PDMA block (corona) and the PCL-based BCP (core) obtained from 'H NMR
spectroscopy. “Measured by SEC (CHCl3 with 0.5% EtsN, PMMA standard).
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Figure 4.4. SEC chromatograms of PDMA-b-PCLx-co-PACLy copolymers T1, T5 and T11 in
Table 4.2 (CHCIs, with 0.5% EtsN, PMMA standard).

In addition, since previous research in CDSA reported increasing micelle stability in aqueous
solution with polymers bearing a short hydrophobic block,3” a series of amphiphilic block
copolymers bearing a middle block of poly(methyl methacrylate) (PMMA) were prepared via
RAFT polymerisation as illustrated in Scheme 4.2 and Table S4.1. It was believed that short
blocks of poly(methyl methacrylate) (PMMA), which has a higher glass transition temperature
(Tg) than PCL, could decrease the tension between polymer chains (caused by the higher

affinity of PDMA to water than ethanol), thereby preventing the collapse of the PCL block.
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Scheme 4.2. Synthesis of PDMA-b-PMMA-b-PCL-co-PACL amphiphilic block copolymers via
RAFT polymerisation of methyl methacrylate (MMA) and dimethyl acrylamide (DMA).
(a) MMA (100 equiv.), AINB (20 mmol %), dioxane (30 wt.%), 70 °C, N2 atmosphere. (b) DMA
(600 equiv.), AINB (10 mmol %), dioxane (30 wt.%), 70 °C, N2 atmosphere.

The successful chain extension of PCL-co-PACL block-like copolymers by RAFT polymerisation
with methyl methacrylate (MMA) was demonstrated by *H NMR spectroscopy, with the
appearance of new characteristic PMMA peaks corresponding to O-CH3 at § = 3.59 ppm,
C(CH3)CH, at 6 =1.95-1.80 ppm, and C(CHs3)CH; at 6 = 1.01 — 0.83 ppm (pink boxes in
Figure 4.5). Subsequent chain extension of these PMMA-b-PCL-co-PACL block polymers with
DMA, as previously described, allowed the obtention of amphiphilic PDMA-b-PMMA-b-PCL-
co-PACL block copolymers (Figures S4.17 - S4.21) with narrow dispersities (Pm < 1.2) and

predictable molecular weights (Figure 4.6).
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Figure 4.5. Stacked *H NMR spectra (CDCls, 300 MHz) of PCLsa-co-PACLs; copolymer (bottom)
and PMMAo-b-PCLss-co-PACL3 block copolymers (top).
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Figure 4.6. SEC chromatograms of PCLss-co-PACL3, PMMA20-b-PCLas-co-PACL3 and PDMA1s6-b-
PMMA 0-b-PCLas-co-PACL3 block copolymers (CHCls, with 0.5% EtsN, PMMA standard).
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4.2.2.2  Functionalisation via thiol-ene click addition with benzyl mercaptan

The post-polymerisation modification of selected copolymers (Table S4.2) was carried out via
photoinitiated thiol-ene reaction on the pendant allyl-functionality. For this, benzyl mercaptan
and phenylbis(2,4,6-trimethylbenzoyl)phosphine oxide, Irgacure 819, were used as thiol and
photoinitiator, respectively. After irradiation with UV light (A = 405 nm) for 3 h, the modified
copolymer was precipitated in cold diethyl ether to give a white solid. *H NMR spectroscopy
was used to monitor the thiol-ene addition reaction, in which it was possible to observe the
disappearance of the characteristic ally peaks at 6§ = 5.70 ppm and 5.02-5.10 ppm,
corresponding to CH=CH, and CH=CH, respectively, and the appearance of aromatic protons
and the S-CH,; moiety from the benzyl mercaptan at 6 = 7.28 — 7.56 ppm and 6 = 3.67 ppm,
respectively. The absence of allyl peaks in the purified polymer indicated successful
attachment of benzyl mercaptan (Figure 4.7 and Figure S4.22). SEC analysis of the modified
polymer showed a small increase in the M, and dispersity in comparison to the native polymer,

supporting the attachment of the benzyl group to the polymer (Figure 4.8).
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Figure 4.7. Stacked 'H NMR spectra (CDClz, 300 MHz) of PDMA130-b-PClLas-co-PACL7 copolymer
(T2 in Table 4.2, top) and benzyl functionalised PDMA130-b-PClLas-co-PACL; block copolymers
(Thiol-T2 in Table S4.2, bottom). Zoom showing the allyl protons. *Correspond to diethyl ether
peaks.
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Figure 4.8. SEC chromatograms of PDMA130-b-PCLs3-co-PACL; (T2, black line) and benzyl
functionalised PDMA130-b-PCLa3-co-PACL7 block copolymers (Thiol-T2, purple line) (CHCls, with
0.5% EtsN, PMMA standard).

4.2.3 Crystallisation-driven self-assembly of PCL-based block copolymers.

In seeking to design non-spherical nanostructures with controlled morphology and tuneable
dimensions, these amphiphilic copolymers underwent thermally induced crystallisation-
driven self-assembly (CDSA). Based on previous reports,3” ethanol (EtOH) was initially chosen
as the solvent for the polymer assembly at a concentration of 5 mg mL™. It is well established
in the literature that the morphology of PLLA-containing nanoparticles, formed via CDSA, can
be tuned from diamond-shaped platelets to cylindrical micelles by altering the length of the
hydrophobic and hydrophilic blocks, core and corona blocks respectively.?> > Inspired by these
reports, the corona-to-core ratio of PDMA-b-PCL-based BCPs was varied to understand its

effect on nanoparticle structure.
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4.2.3.1 Investigating the influence of the corona:core ratio of block
copolymers during self-assembly.

Initially, previously synthesised PDMAx-b-PCLas block copolymers with corona-to-core ratios
ranging from 2:1 to 9.6:1 were self-assembled in ethanol (5 mg mL™) by heating up the
polymer suspension at 70 °C for 3 h to ensure complete dissolution, followed by slowly cooling
to room temperature. After 1 week of aging at room temperature, the solution appeared
highly cloudy and the Tyndall phenomenon was observed for all PDMAx-b-PCLsag copolymer
solutions, which indicated the presence of self-assembled structures. The morphology of the
assemblies was investigated by transmission electron microscopy (TEM), where a clear
transition from 1D cylindrical micelles to 2D platelet-like micelles was observed with increasing
corona-to-core ratios (Figure 4.9). As expected, copolymers with lower corona-to-core ratios
(2:1 and 3:1) are less soluble in ethanol, consequently, the BCPs exhibited faster crystallisation
kinetics, which led to a rapid self-nucleation of the semicrystalline PCL block followed by
growth of a single crystal face, resulting in more kinetically stable 1D assemblies (cylindrical
micelles). Differently, copolymers with higher ratios (6.3:1 and 9.6:1) are more soluble in the
solvent, therefore presenting slower crystallisation rates of the core-forming block. As a result,
all crystal faces are able to grow evenly leading to thermodynamic 2D lamellae assemblies

(platelet-like micelles).
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Figure 4.9. Self-assembly of PDMAx-b-PCLag block copolymers with different corona lengths.
TEM micrographs of PDMAgs-b-PCLag (ratio 2:1), PDMA163-b-PClag (ratio 3:1), PDMA04-b-PClag
(ratio 4.2:1), PDMA3gg-b-PClag (ratio 6.3:1), PDMA474-b-PClag (ratio 9.6:1) after one week of
aging. Samples were negatively stained using uranyl acetate (0.5 wt.%).

4.2.3.1.1 Crystallisation-driven self-assembly of PDMA-b-PCLy-co-PACL, series.

After studying how the architecture of PDMA-b-PCL particles changed while varying the
corona-to-core ratio, the self-assembly of allyl functional-PCL amphiphilic block copolymers
with varying ratios from 2:1 to 10:1 was explored. The self-assembly of PDMAy-b-PCLx-co-
PACL, block copolymers (Table 4.3 and Figure 4.10) was performed following the same
conditions as for PDMA-b-PCL copolymers. Similar trends to the previous studies were
observed for allyl-containing copolymers with low allyl-monomer incorporation and short
corona-to-core ratios (T1). However, changes in morphology were found and significantly
longer aging times were needed when increasing both the poly(allyl-caprolactone) block
length (T2 and T7) and/or the corona block length (T10 and T11). These differences during the
self-assembly process could result from the lower crystallinity degree of PCL-co-PACL

copolymers compared to PCL homopolymer, in combination with the slower crystallisation
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effect caused by the increase of the hydrophilic block. Nano-DSC analyses of the resultant

particles showed an obvious decrease in crystallinity while increasing the allyl content and the

hydrophilic ratio (Figure S4.23), confirming our hypothesis. While it was possible to identify

the melting temperature (Tm) of functional block copolymers with hydrophilic ratios up to

85.9% (T6), very weak or no T, peak could be noticed for copolymers with higher hydrophilic

and allyl-monomer content (T7 to T11). For these reasons, very few and small rod-shaped

micelles were obtained from the assembly of PDMA,,.-b-PCL,,-co-PACL, copolymers, which

possess high allyl incorporation and large coronal block (T9).

Table 4.3. Crystallisation-driven self-assembly of triblock copolymers of PDMAw-b-PCLy-co-
PACL, with different core and corona lengths.

Hydrophilic Allyl units  Aging b
Entry Block copolymer ) Morphology
block (%) (wt. %) time?®
T1 PDMA,,-b-PCL,,-co-PACL, 66.7 6.4 1 wk Cylinders
Wide-core
T2 PDMA ,,-b-PCL,,-co-PACL, 72.2 14.0 11 wk lind
cylinders
T4 PDMA ,.-b-PCL,.-co-PACL, 77.8 6.0 9 wk Cylinders
T5 PDMA 5-b-PCLg-co-PACL, 83.1 6.7 2 wk Cylinders
T6 PDMA237_b_PCL36_CO_PACL3 85.9 7.7 12 Wk Cy|lnderS
Wide-core
T7 PDMA,,-b-PCL,-co-PACL, 87.0 15.4 16 wk lind
cylinders
T8  PDMA,-b-PCL, -co-PACL, 88.1 12.7 20wk  Cylinders
Tg PDMA328_b_PCL31_CO_PACL7 89.6 18.4 10 Wk ROdS
Scarf
T10  PDMA,5-b-PCL,;-co-PACL, 90.1 14.0 18 wk el
micelles
Scarf
T11 PDMA,,,-b-PCL,-co-PACL, 91.2 10.0 18 wk cell
micelles

2 Time between self-assembly and TEM imaging (weeks). ® Observed by TEM. Samples were

negatively stained using uranyl acetate (0.5 wt.%).
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Figure 4.10. Self-assembly of PDMA\-b-PCLx-co-PACL, block copolymers with different corona

lengths (Table 4.2). Samples were negatively stained using uranyl acetate (0.5 wt.%).
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o Effect of allyl monomer incorporation on the assembly morphology

It was observed that the incorporation of allyl pendant groups in the polymer backbone
affected the crystallisation of the semicrystalline block causing changes in the morphology of
the assemblies obtained. These differences became more pronounced in polymers with high
allyl incorporation (allyl wt.% > 10%), since the crystallisation rate of the core-forming block
significantly decreases, resulting in structures that lack of clear definition with mixed
crystallisation phases. For example, we previously reported how PDMA474-b-PClss block
copolymers with long corona blocks (corona-to-core ratio of 9.6:1) assembled into hexagonal
lamellae structures as a consequence of the increase of the polymer solubility, which slows
down the crystallisation of PCL block. As a result, more thermodynamically stable 2D platelet-
like micelles are obtained instead of kinetically favoured cylindrical micelles. Therefore, the
obtention of pure 2D structures would be expected from the assembly of allyl-functional block
copolymers as the crystallisation process is slightly hindered by the amorphous PACL block,
leading to longer crystallisation times. However, the assembly of PDMAse-b-PCLa3-co-PACL7
block copolymers, with a very similar corona-to-core ratio (9.1:1) to their non-allyl
functionalised counterparts, resulted in the formation of scarf-like structures appearing as
large platelet micelles ending in cylindrical micelles (Figure 4.11). It is theorized that there is a
significant reduction in polymer crystallization rates, caused by the introduction of allyl
pendant groups, in combination with the high solubility of the BCP in ethanol. This
combination of factors significantly led to hybrid micelles containing cylindrical micelles within

platelet micelles.*®
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2000 nm

Figure 4.11. TEM images for the self-assembly of PDMA474-b-PClag (left) and PDMA4se-b-PClas-
co-PACLy (T10, right). Samples were imaged after 1 and 18 weeks respectively. Samples were
negatively stained using uranyl acetate (0.5 wt.%), and white marks in TEM images correspond
to grid artefacts.

Similar findings were made when comparing PDMA-b-PCL-co-PACL functional block
copolymers with low and high allyl wt.% incorporations while maintaining the corona block
length. Since the PCLx-co-PACL, copolymers were formed by chain growth polymerisation, the
sequence of the copolymer is not absolute but a distribution of products. Gody et al. studied
the probability of monomer placement in chain growth polymerisation and showed how
copolymers containing short blocks are more prone to exhibit higher defective chains than
copolymers with longer blocks.?” This suggests that in copolymers with low allyl incorporation
there will be chains that contain allyl groups, as well as chains with no allyl units. Consequently,
block copolymers with corona-to-core ratios up to 6:1 bearing a low degree of allyl-
functionality (< 10% incorporation) were able to undergo fast crystallisation yielding

polydisperse cylindrical micelles (Figure 4.12A and 4.12B). In contrast, the shape of PDMA130-
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b-PCLa3-b-PACL; and PDMA362-b-PCLas-co-PACLs micelles, with allyl-monomer inclusions of
14.0% and 15.4% respectively, were not well-defined resulting in cylindrical micelles with a
wide core for copolymers with low corona-to-core ratios (Figure 4.12C) and branched

structures with 2D irregular lamellae centres and long cylindrical protrusions (Figure 4.12D).
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Figure 4.12. Changes in the morphology of PDMAy-b-PCLy-co-PACLy assemblies with increased
allyl content (wt.%) maintaining similar corona block length. A) Self-assembly of PDMAgs-b-
PCLas-co-PACL3 (T1) and PDMA130-b-PClLas-co-PACL7 (T2) block copolymers (red boxes). B) Self-
assembly of PDMA237-b-PClLss-co-PACLs (T6) and PDMAse2-b-PClss-co-PACLs (T7) block
copolymers (green boxes). Samples were negatively stained using uranyl acetate (0.5 wt.%).
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To analyse how the corona block length affected the self-assembly of PDMA.-b-PCLx-co-PACL,
functional block copolymers, PClas-co-PACL;, containing 14 wt. % of allyl monomer
incorporation was chosen as core-forming block and chain extended with DMA to obtain
amphiphilic PDMA-b-PCLas-co-PACL; with corona-to-core ratios 2:1 and 9:1 (T2 and T10). In
agreement with our previous observations, the self-assembly of these BCPs in EtOH after
applying a similar heating-cooling-aging process resulted in the formation of mixed
morphologies. Whilst block copolymers with 2:1 corona-to-core ratio led to the development
of ill-defined cylinders, the self-assembly of block copolymers with PDMA:(PCL-PACL)
ratio = 9:1 yielded branched micelles, presented as platelets-like structures ending in cylinders

(Figure 4.13).

Corona block
lenght

14 allyl wt. %

»

Coronalcore ratio 2 [ oY i | Coronalcore ratio 9 — 20000m

Figure 4.13. Changes in the morphology of PDMA\-b-PCLy-co-PACL, assemblies with increased
corona block length maintaining the same allyl content (wt. %). Self-assembly of PDMA130-b-
PCLaz-co-PACL7 block copolymers (T2, left) and PDMAu4se-b-PCLas-co-PACL7 (T10, right). Samples
were aged for 11 weeks and 18 weeks respectively. Samples were negatively stained using
uranyl acetate (0.5 wt.%).
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These studies demonstrated that PDMAw-b-PCLy-co-PACL, polymers with less than 10% degree

of functionalisation and low corona-to-core ratios assembled in more uniform structures.

o Effect of the PMMA block during self-assembly.

Previous reports showed higher aqueous stability of particles when a small hydrophobic block
was introduced between the corona and PCL-core blocks. However, no observations were
made regarding the effect of the PMMA block on the self-assembly morphology, since
amphiphilic PDMA-b-PCL copolymers follow a rapid crystallisation yielding well-defined

cylindrical micelles in short aging times.3’

As previously mentioned, the hydrophilic/hydrophobic content is a key parameter during the
self-assembly of PDMAw-b-PCLx-co-PACL, block copolymers, as it regulates the solubility
degree of the polymer, which has a direct effect on the crystallisation kinetics. PMMA, being
an amorphous hydrophobic polymer, will not contribute to the crystallinity of the core-forming
block. However, it will make the polymer less soluble, increasing the solvophobic content of
the polymer. Consequently, the crystallisation rate will be enhanced and therefore should drive
the formation of kinetically favoured assemblies (cylindrical micelles) rather than 2D structures
or mixed morphologies. To prove this, a series of PDMAw-b-PMMA-b-PCLx-co-PACL, with
corona-to-core ratios varying from 1:1 to 9:1 and a fixed PMMA block length (DP = 20) were
synthesised (Table 4.4 and Table S4.1). Self-assembly of these copolymers in ethanol following
the same heating-cooling conditions previously employed resulted in the formation of
cylindrical micelles for all block copolymers, even those with long corona block lengths (M5 in
Table 4.4), which confirmed our theory (Figure 4.14). In agreement with our previous
observations, the self-assembly of copolymers bearing allyl % incorporations higher than 10%

(M3 and M4 in Table 4.4) resulted in shorter and less defined cylinders.
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Table 4.4. CDSA of block copolymers of PDMAw-b-PMMAn-b-PCLx-co-PACL, with different core
and corona lengths.

Corona:core Hydrophilic  Allyl units Aging

Entr Diblock copolymer
v poly ratio® block (%) (wt.% core) time®

PDMAs7-b-PMMA20-b-
[\" 1:1 47.9 6.4 2 wk
PCLsg-co-PACL4

PDMA156-b-PMMA20-b-
M2 2:1 66.9 3.9 1.5 wk
PCLs4-co-PACL3

PDMA333-b-PMMA19-b-
M3 3.4:1 77.1 10.1 13 wk
PCLs3-co-PACL;

PDMA330-b-PMMA18-b-
M4 6.4:1 82.0 11.1 14 wk
PCLse-co-PACLsg

PDMA348-b-PMMA20-b-
M5 9.2:1 85.3 6.7 16 wk
PCLss-co-PACLs

@ Ratio between the PDMA block (corona) and the PMMA-b-PCL-co-PACL BCP (core) obtained
from *H NMR spectroscopy. ® Time (weeks) between self-assembly and TEM imaging.

PDMA-b-PMMA-b-PCL-co-PACL

Figure 4.14. Self-assembly of PDMAw-b-PMMA,-b-PCLx-co-PACLy block copolymers with
different corona lengths (Table 4.4). Samples were negatively stained using uranyl acetate
(0.5 wt.%).
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The growth of PDMA-b-PMMAn-b-PCLy-co-PACLy cylindrical micelles was further explored.
Assembled morphologies of PDMAs7-b-PMMA0-b-PCLss-co-PACLs (M1) were captured by TEM
at various aging times (1 week, 4 weeks and 11 weeks) and an analysis of the morphological
changes over time were made (Figure 4.15). After 1 week of aging at room temperature
cylindrical micelles of short lengths and spherical micelles were observed. After 4 weeks,
significant growth in micelle length was highlighted. However, the micelle growth became
evident after 11 weeks of aging, where several micron well-defined cylinders were found by

TEM imaging.

1 week aging 2000 nm | | 4 Weeks aging

Figure 4.15. Growth over time of cylindrical micelles from PDMAs7-b-PMMA0-b-PCLss-co-
PACLs (M1). Samples were negatively stained using uranyl acetate (0.5 wt.%).

4.2.3.1.2 Crystallisation-driven self-assembly of benzyl functionalised block
copolymers.

Following the self-assembly studies of PCL-based block copolymers bearing allyl pendant
groups, the CDSA process of these block copolymers after the conjugation of benzyl mercaptan
via thiol-ene addition was explored. Self-assembly of benzyl-functionalised polymers was
carried out in ethanol, following the same heating-cooling conditions previously as for PDMA-
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b-PCL and PDMA-b-PCL-co-PACL polymers, to yield polydisperse structures with diverse
morphologies depending on the polymer composition and the degree of conjugation

(Figure 4.16 and Table $4.3).

Initial studies showed the attachment of benzyl mercaptan units to the core-forming block
triggered a general transition from non-defined 1D morphologies to well-defined 2D lamellae
structures. All benzyl-functionalised polymers with short allyl blocks (Thiol-T1, -T4, -T5 and -
T11 in Tables S4.2 and S4.3) resulted in non-defined cylindrical micelles with a wide inner core,
in contrast to their allyl counterparts that assembled into defined cylinders (Figures 4.17A and
4.17B). To our surprise, unlike non-modified polymers, where ill-defined or mixed structures
were achieved from polymers bearing high allyl incorporation and/or high coronal block
length, benzyl-conjugated PCL-based copolymers with high allyl content and large corona-to-
core ratios (Thiol-T2, -T7 and -T10 in Table S4.2) formed well-defined 2D platelets in ethanol
(Figures 4.17C and 4.17D). The obtention of 2D morphologies with increasing benzyl
incorporation, particularly in block copolymers with lower corona-to-core ratios was
unexpected, considering the studies previously done with allyl-functionalised PCL copolymers
and the nano DSC analyses, which showed a decrease in intensity of the melting temperature
(Tm) peak for functionalised polymers, indicating lower crystallinity degree of benzyl-
functionalised structures compared to their allyl counterparts (purple and black lines

respectively, in Figure 4.18 and Figure $S4.24).
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15.4% benzyl

Thiol-T7 (6.7:1)

10% benzyl

Thiol-T10 (9:1)

Figure 4.16. Self-assembly of benzyl functionalised PDMA\-b-PCLx-co-PACL, block copolymers
with different corona lengths (Table S4.3). Samples were negatively stained using uranyl
acetate (0.5 wt.%). White spots correspond to grid artefacts.

153



Chapter 4. Crystallisation-Driven Self-Assembly (CDSA) of semicrystalline functional PCL
amphiphilic block copolymers

VIl Mﬂﬂé‘

Non-functionalised Benzyl-functionalised
: Thiol-T1

1000 nm

Thiol-T5

Low allyl content (wt. %)

Thiol-T2

8 weeks aging

o : .| Thiol-T8

BRERET

High allyl content (wt. %)

18 weeks aging —o—|| 18 weeks aging

Figure 4.17. A) Self-assembly of T1 (left) and Thiol-T1 (right). B) Self-assembly of T5 (left) and
Thiol-T5 (right). C) Self-assembly of T2 (left) and Thiol-T2 (right). D) Self-assembly of T10 (left)
and Thiol-T10 (right). All samples were 100% functionalized. Samples were negatively stained
using uranyl acetate (0.5 wt.%). White spots correspond to grid artefacts.
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Figure 4.18. Nano DSC thermograms of PDMA130-b-PCLa3-co-PACL; and benzyl conjugated
PDMA130-b-PCLas-co-PACL7 assemblies (T2 and Thiol-T2, respectively) (100 to 0 °C, 1 °C min™?)
at a conc. = 5 mg mL™?, showing the first heating-cooling cycle.

As an attempt to elucidate the mechanism of growth of 2D nanostructures from benzyl
conjugated BCPs, we next studied how copolymers behave with different % benzyl
conjugation. For this, PDMAsez-b-PCLas-co-PACLs (Thiol-T7) and PDMA412-b-PCLss-co-PACLs
(Thiol-T11) with 50% and 100% of benzyl attachment were prepared (Figures $4.25 and S4.26).
More kinetically favoured morphologies were observed from the assembly in ethanol of
polymers with 50% benzyl conjugation, while small protuberances can be seen on micelles
obtained from Thiol-T11, cylindrical micelles fused on 2D sheets were observed for Thiol-T7
with higher allyl content. However, well-defined 2D nanoplatelets and more crystalline non-
defined structures were obtained for the self-assembly of 100% functionalised Thiol-T7 and
Thiol-T11 respectively, which indicated that the benzyl group significantly affected the self-
assembly. These results made us believe that the benzyl groups could be interacting through
T-Tt interactions during the self-assembly process,*® changing crystal packing and leading to
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the formation of 2D platelets rather than branched structures containing mixed morphologies

(Figure 4.19).
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Figure 4.19. Changes in nanostructure morphology with the increase of benzyl
conjugation (%). A) Schematic illustration of hypothesised benzyl groups effect during self-
assembly. B) Self-assembly of benzyl functionalised PDMAz6,-b-PCLas-co-PACLs (Thiol-T7) with
50% conjugation (left) and 100% conjugation (right). C) Self-assembly of benzyl functionalised
PDMAu12-b-PCL3s-co-PACLs (Thiol-T11) with 50% conjugation (left) and 100% conjugation
(right). All samples were aged for 18 weeks before imaging. Samples were negatively stained
using uranyl acetate (0.5 wt.%).
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Finally, to evaluate if similar trends occurred with BCPs containing a short PMMA intermediate
block, the assembly of benzyl conjugated PDMAw-b-PMMA,-b-PCLy-co-PACL, block copolymers
was explored (Thiol-M1 to M4 in Table S4.2). TEM analyses showed a transition from defined
several micron-long cylindrical micelles to platelet-like micelles was observed when using
copolymers with increasing benzyl units and corona block lengths (Figure 4.20). Unlike their
non-modified analogues, the incorporation of benzyl groups within the core-forming block led
preferentially to the formation of 2D platelet-like morphologies compared to 1D polydisperse
cylindrical structures. These observations were consistent with earlier findings; however,
further investigation is required to elucidate the effects of benzyl ring moieties during CDSA of

PCL-based copolymers.

Benzyl-functionalised PDMA,,-b-PMMA,,-b-PCL,-co-PACL,

| Thiol-M1 (1:1) S Thiol-M4 (6.4:1)

Thiol-M2 (2:1)

3.9%benzyl |& d 1000m 6.4% benzyl e 11.1% benzyl &

- % Benzyl conjugation +

Figure 4.20. Self-assembly of benzyl functionalised PDMA1s6-b-PMMA;0-b-PCLss-co-PACL3
(Thiol-M2), benzyl functionalised PDMAs7-b-PMMA0-b-PCL3s-co-PACLs (Thiol-M1) and benzyl
functionalised PDMA330-b-PMMA15-b-PCLas-co-PACLg (Thiol-M4). Samples were aged for 2, 3
and 6 weeks before imaging respectively. Samples were negatively stained using uranyl acetate
(0.5 wt.%). White spots correspond to grid artefacts.
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4.2.4 Exploring the optimal conditions for CDSA of PCL-based copolymers.

In the preceding section, it was demonstrated how 1D and 2D structures could be achieved
from the solution self-assembly of PDMA-b-PCL-based BCPs featuring diverse functionalities.
It was found that the architecture of the resultant assemblies could be predicted considering
the copolymer composition, allyl block content and degree of benzyl conjugation. However, a
lack of consistency over the morphology obtained and considerable high aging times
(taging > 2 weeks) were observed for all block copolymers with long corona block lengths and
high allyl-functionality incorporation. The crystallisation of polymers can be influenced by
several factors such as temperature,*® solvents,>® polymer composition,>! and the presence of
additives®2. In this section, the self-assembly of PCL-based copolymers in various solvents,
including ethanol (EtOH), methanol (MeOH) and isopropyl alcohol (IPA) under different aging

temperatures was investigated.

4.2.4.1 Temperature of aging and cooling rates
Semicrystalline polymers are characterised for having a melting temperature (Tm) and a
crystallisation temperature (Tc). These temperatures indicate when the crystalline chains of a
polymer melt and re-crystallised, respectively. During CDSA, the amphiphilic block copolymers
are first dissolved in a solvent by heating the polymer solution above the Ty, followed by
cooling down below the T of the polymer. This allows the semicrystalline polymer chains to
fold in an orderly manner, leading to the formation of primary crystalline nuclei and
subsequent nanostructure growth. However, functional-PCL block copolymers possess low T
and degree of crystallinity, resulting in slow crystallisation rates and long aging times at room
temperature. Based on this, it was hypothesized that aging the polymeric solutions at low

temperatures could promote higher degrees of supersaturation, which increases the
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crystallisation rate and therefore, decreases the self-assembly aging time. Consequently,
control over particle morphology could be potentially achieved as more kinetically favoured

structures (1D cylinders over 2D platelets) could be obtained.

To confirm this theory, the assembly of PDMA-b-PCLyx copolymers with long corona-to-core
ratios in ethanol was first investigated, as initial self-assembly studies yielded structures with
mixed morphologies. For this, a suspension of PDMA204-b-PCLss, PDMA3ge-b-PClLsg and
PDMA474-b-PCLsg with corona-to-core ratios 4.2:1, 6.3:1 and 9.6:1 respectively, in EtOH was
heated at 70 °C for 3 h. After this time, the dissolved polymer solutions were left to age in a
fridge at 4 °C. After one week of aging, the presence of large micelles for the three polymers
was observed by TEM analyses (Figure 4.21). As expected, self-assembly at low temperature
of PDMA04-b-PCLag resulted in the formation of long well-defined micelles with cylindrical
morphology, whereas at room temperature scarf-like micelles were obtained. Moreover,
PDMA3z09-b-PCLsg and PDMA474-b-PCLag block copolymers, which assembled into 2D platelet-
like and hexagonal platelet micelles at room temperature, formed hybrid structures composed

of long cylindrical micelles fused into smaller platelet micelles when aged at 4 °C.
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Figure 4.21. Self-assembly of PDMA\-b-PCLas block copolymers with corona:core ratios of
4.2:1, 6.3:1 and 9.6:1 after one week of aging at room temperature (20 °C) (up) and in the
fridge (4 °C) (down). Samples were negatively stained using uranyl acetate (0.5 wt.%).

The effect of the temperature during self-assembly was then explored in allyl-functional PCL
copolymers bearing long corona-to-core ratios (T10 and T11). Similarly, 1D cylindrical micelles
were achieved in both cases after 2 weeks of aging at 4 °C, compared to scarf-like morphology
obtained after 18 weeks while aging at 20 °C (Figure 4.22). Furthermore, comparable trends
were observed for the rest of PDMAw-b-PCLy-co-PACLy and PDMAw-b-PMMA,-b-PCLx-co-PACL,
block copolymers (Figures S4.27 and S4.28). These results suggested that cooling the
assemblies promotes shorter aging times and underscores the potential impact of the

temperature on the morphology.
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Figure 4.22. TEM micrographs of PDMA4se-b-PClLas-co-PACL; (T10, left) and PDMA412-b-PClss-
co-PACL4 (T11, right) at room temperature (20 °C) (up) and in the fridge (4 °C) (down). Samples
were negatively stained using uranyl acetate (0.5 wt.%).

After the promising results obtained with PDMA-b-PCL and PDMA-b-PCL-co-PACL copolymers,
the effect of aging temperature on the self-assembly of benzyl functionalized block copolymers
was explored. In this case, we focused on functional amphiphilic block copolymers with low
benzyl % incorporation, since ill-defined micelles were obtained during their assembly at room
temperature (20 °C). Therefore, benzyl conjugated PDMA12,-b-PCLs3-co-PACLs (Thiol T1),
PDMA37-b-PCL3e-co-PACL3 (Thiol T6) and PDMA412-b-PCL3s-co-PACLs (Thiol T11) were self-
assembled in ethanol at 4 °C. Significantly longer and higher number of semicrystalline
nanostructures were formed after 3 weeks and 14 weeks of aging at low temperatures from
Thiol T1 and Thiol T6 polymers respectively (Figure 4.23A-D). The obvious increase in

crystallisation rates caused by the decrease in temperature can be observed in the self-
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assembly of Thiol T11, where structures with mixed morphologies were only noticed after 18
weeks of aging at room temperature, while some crystalline ill-defined cylindrical micelles
were obtained after 1 week aging at 4 °C (Figure 4.23E-F). Interestingly, the self-assembly of
benzyl functionalised polymers usually resulted in less defined 1D cylindrical micelles
compared to their non-functionalised counterparts. This could happen because of the
presence of a higher number of crystal defects caused by the increase in the crystallisation

rate.

14 weeks aging

18 weeks aging

14 weeks aging

Figure 4.23. A-B) TEM micrographs of Thiol-T1 aged at 20 °C and 4 °C respectively (light blue
box). C-D) TEM micrographs of Thiol-Té aged at 20 °C and 4 °C respectively (pink box). E-F) TEM
micrographs of Thiol-T11 aged at 20 °C and 4 °C respectively (purple box). Samples were
negatively stained using uranyl acetate (0.5 wt.%) and analysed at a conc. =5 mg mL™2.
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To gain further insights into these self-assembly observations, T1 and M4 whose assembly at
ambient temperature resulted in the formation of cylindrical structures, were assembled at
4 °C. In agreement with previous observations, while changes in morphology were not
observed, crystalline cylindrical structures were formed faster (Figure 4.24). These
experiments suggested that low aging temperatures favour the crystallisation of the
semicrystalline PCL-based block during assembly, leading to the obtention of preferentially 1D
kinetically stable morphologies in higher quantities and significatively shorter times compared

to the assemblies obtained at room temperature.

2000 nm 5 days aging

Figure 4.24. Effect of aging temperature on the quantitative appearance. TEM micrographs of
PDMA122-b-PCLs3-co-PACL3 (T1, up) and PDMA330-b-PMMA13-b-PClLas-co-PACLs (M4, down) at

room temperature (20 °C) (left) and in the fridge (4 °C) (right). Samples were negatively stained
using uranyl acetate (0.5 wt.%) and analysed at a conc. =5 mg mL™2.
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In previous reports,”®> Manners and Winnik explored the influence of cooling rate on the
micelle morphology for PFS-based block copolymers (PFS = poly(ferrocenyldimethylsilane)).
They showed faster cooling rates led to more branched structures, whereas elongated fibre-
like micelles were obtained by slow cooling. Inspired by these studies, to obtain a broader
perspective on the role of temperature and cooling rate in CDSA, PDMAggs-b-PCL3o-co-PACL3
was assembled in ethanol at 20 °C and 4 °C employing two different cooling rates and the
thermodynamic parameters of the assemblies were assessed via nano-DSC. All four self-
assembly experiments were performed following the same heating conditions as previously
reported. After heating for 3 h, two vial solutions were immediately removed from the oil bath
and were stored in the fridge and at room temperature respectively (fast cooling down rate).
On the contrary, the other two self-assembly vials were left inside the oil bath (To=70° C) to
cool down to room temperature in a slow fashion, afterwards, one sample was stored in the
fridge (4 °C) whereas the other one was left at room temperature (slow cooling down rate).
Nano DSC analysis after 2 weeks of aging showed slight differences in crystallinity between the
samples. Similar melting and crystallisation temperatures were present in the first heating-
cooling cycle for all samples, Tm=24.1-24.5 °C and T = 8.5-8.9 °C. Moreover, slight increases
in the enthalpy and entropy of melting (AHmeiting = 218.4 and 229.8 KJ mol™? and
ASmelting = 0.721 and 0.77 KJ mol K™* at 20 and 4 °C respectively) of polymeric assemblies were
observed in samples subjected to low temperatures (Figure $4.29). This indicated that greater
amounts of unimer crystallised during the self-assembly at 4 °C rather than at ambient
temperature. Even though the different cooling rates showed no significant thermodynamic
differences, they appeared to play a key role in the resultant crystal definition. Samples cooled
down in a slow fashion resulted in more defined cylinders than those cooled down radically,

which appeared as short ill-shaped cylinders (Figure 4.25). These results demonstrated that
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the temperature of aging and the cooling rates crucially affect the self-assembly process. Low
temperatures and fast cooling lead to more crystalline but less defined structures, whereas
longer cylindrical micelles with higher definition were obtained after slow cooling and aging at

room temperature.

Slow cooling — 20 °C Slow cooling—4 °C

Fast cooling — 4°C

Fast cooling — 20 °C |& o : 1000 nm

Figure 4.25. TEM micrographs of PDMAgg-b-PCL3g-co-PACL3 cylindrical micelles. A) slow cool
down to T < Tc and aged at room temperature (20 °C). B) fast cool down to T < T. and aged at
room temperature (20 °C). C) slow cool down to T < Tc and aged in the fridge (4 °C). D) fast cool
down to T < T. and aged in the fridge (4 °C) (right). Samples were aged for 2 weeks and
negatively stained using uranyl acetate (0.5 wt.%).
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4.2.4.2 Solvent effects

To evaluate how changes in the solubility affect the morphology of PDMA-b-PCL-co-PACL and
benzyl functionalized PDMA-b-PCL-co-PACL assemblies, methanol (MeOH) and isopropyl
alcohol (IPA) were chosen as alternative solvents for the CDSA of selected functional PCL-based
copolymers. Owing to different solvent properties, self-assembly experiments conducted in
MeOH were heated up to 60 °C, while 75 °C was applied for those in IPA. After heating to
respective temperatures for 3 h, samples were aged at both room temperature (20 °C) and

fridge (4 °C) for 1 to 3 weeks before their analysis via TEM.

The self-assembly in MeOH and IPA of PDMA95-b-PClLse-co-PACLs (T5), PDMA237-b-PCL3s-co-
PACL; (T6) and PDMA362-b-PClas-co-PACLs (T7) bearing moderate corona-to-core ratios and
PDMA4s6-b-PCLas-co-PACLy (T10) and PDMA412-b-PCLss-co-PACLs (T11) with higher corona-to-
core ratios was investigated. Previous experiments in EtOH showed that T5 and T6 appeared
as short cylindrical micelles when aged at room temperature, whereas scarf-like micelles were
observed after aging at cold temperatures (Figure S4.27). Whilst T7 resulted in branched
structures consisting of multiple cylinder micelles attached to a common core at both aging
temperatures. On the other hand, T10 and T11 bearing long coronal blocks self-assembled
similarly yielding scarf-like structures and cylindrical micelles at room temperature and in the

fridge respectively.

It was hypothesized that the self-assembly of these copolymers in MeOH could alter the
resultant particle architecture as methanol is slightly more polar and hydrophilic than ethanol.
Consequently, the PDMA corona block would be more soluble, delaying the crystallization of
the functional PCL-forming block. As expected, 2D platelet-like morphologies were obtained

from the self-assemblies of T5 and Té at both aging temperatures (blue and pink box
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respectively, in Figure 4.26), more defined structures were observed for those samples aging
at 20 °Crather than at 4 °C, as slow crystallization usually leads to the presence of fewer crystal
defects. In contrast, no visible crystalline structures were observed TEM analysis of T7 (red box
in Figure 4.26) after 2 weeks of aging at 20 °C, indicating a slower crystallization rate than their
counterparts. This could be expected as the allyl wt. % incorporation is significantly higher in
T7 compared to T5 and T6, which also affected the assembly morphology leading to long fiber-
like micelles at 4 °C. In addition, the assembly of long corona block BCPs T10 and T11 resulted
in 1D cylindrical structures at both 20 °C and 4 °C after two weeks of aging (green and purple

boxes respectively, in Figure 4.26).

In a similar manner, a change in the morphology from previous studies in EtOH was observed
during the self-assembly of these block copolymers in IPA. As opposed to MeOH, IPA is slightly
more hydrophobic than ethanol, which would affect the solubility of the corona and core-
forming blocks. For the CDSA in IPA at 20 °C, TEM analyses showed 2D platelets, short
cylindrical micelles, and trapped spherical micelles for T5, T6 and T7 respectively, whilst at 4 °C
elongated platelets with cylindrical protrusions were observed after 1 and 3 weeks for T5 and
T6 respectively, and polydisperse cylindrical micelles resulted from T7 after 2 weeks of aging.
In the case of T10, crystalline assemblies with cylindrical morphology were only observed after
two weeks at 4 °C. These results differ from MeOH owing to the higher hydrophobicity of IPA.
Consequently, the BCPs become less soluble, leading to faster crystallisation, and rendering

less thermodynamically stable structures (Figure 4.27).
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Figure 4.26. TEM micrographs of self-assembly in MeOH of T5 (blue box), T6 (pink box) T7 (red
box), T10 (green box) and T11 (purple box) aged for 1, 3 and 2 weeks respectively, at 20 °C and
4 °C. Samples were negatively stained using uranyl acetate (0.5 wt.%) and analysed at
conc. =5 mg mL™.
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Figure 4.27. TEM micrographs of self-assembly in IPA of T5 (blue box), T6 (pink box) T7 (red
box), T10 (green box) aged for 1, 3 and 2 weeks respectively, at 20 °C and 4 °C. Samples were
negatively stained with uranyl acetate (0.5 wt.%) and analysed at conc. =5 mg mL™1. White
spots correspond to grid artefacts.

Finally, the self-assembly in MeOH and IPA of PCL-based block copolymers with different
coronal block lengths and benzyl groups attached to the core-forming block was investigated.
For these experiments, benzyl-functionalised PDMA:37-b-PCLss-co-PACL3 (Thiol-T6, pink box)

and PDMA412-b-PCLss-co-PACLs (Thiol-T11, purple box) were assembled in MeOH and IPA, as
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indicated in previous sections, and the morphology of the resultant nanostructures was
analysed by TEM after 3 weeks of aging at 20 °C and 4 °C. At 20 °C only trapped spherical
micelles were observed, which was expected owing to the lower degree of crystallinity present
in benzyl functionalised polymers, except for Thiol-T11 that rendered ill-shaped platelets in
MeOH. However, at 4 °C TEM analyses of Thiol-T6 and Thiol-T11 self-assemblies showed the
presence of 2D lamellae structures in MeOH and cylindrical micelles in IPA (Figure 4.28). The
observed variations in shape between MeOH and IPA may stem from their differing polarities,
influencing the strength of repulsion forces within the core-forming block and impacting chain
folding. Consequently, the chains of semicrystalline block containing benzyl rings capable of mt-
1t bonding interactions will be more compact in highly polar solvents (MeOH) due to increased
solvent-PCL interactions, resulting in 2D morphologies compared to less polar solvents (IPA),

which favours 1D assemblies.

The results observed for the self-assembly in MeOH and IPA of PDMA-b-PCL-co-PACL
copolymers and benzyl-functionalised copolymers with different corona-to-core blocks and
allyl wt.% incorporations show the complexity of the crystallisation-driven self-assembly
process and the great potential of this strategy to design structures with anisotropic

morphologies.
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Figure 4.28. TEM micrographs of Thiol-T6 and Thiol-T11 in MeOH and IPA after 3 weeks aging
at 20 °C and 4 °C respectively. Samples were negatively stained using uranyl acetate (0.5 wt.%)
and analysed at conc. = 5 mg mL™%. White spots correspond to grid artefacts.
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4.3 Conclusions

In this work, the synthesis of semicrystalline amphiphilic PCL-based block copolymers (BCPs)
with various corona-to-core ratios and the presence of allyl functionalities in the core-forming
block was conducted through a combination of ROP and RAFT polymerisation. Furthermore, it
was demonstrated that small molecules could be covalently attached to the allyl-
functionalities via photo-induced thiol-ene chemistry while retaining the semicrystalline
nature of the PCL copolymer. These functional BCPs were assembled in ethanol, methanol, and
isopropanol through thermally initiated CDSA to yield a range of 1D and 2D nanostructures.
Parameters such as polymer composition, solubility, aging temperature, and cooling rates were
found to be key factors in the crystallisation of these copolymers in solution. Morphological
changes were observed in all solvents when altering the hydrophilic/hydrophobic polymer
content, as well as the allyl or benzyl functionality incorporation in the core-forming block.
Copolymers with higher hydrophobic ratios led to 1D cylindrical structures, whereas 2D
lamellae structures were obtained with polymers with long corona blocks. In addition, a
transition from 1D to 2D structures can be observed when increasing the allyl wt.%
incorporation and benzyl functionalisation. Moreover, faster crystallisation rates and more
semicrystalline structures were observed during self-assembly at low temperatures and slow
cooling rates, leading to the formation of more kinetically stable structures. This study opens
a new pathway to create well-defined 1D and 2D functional nanostructures via CDSA that can

be further investigated and translated into biomedical delivery devices.
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4.4 Experimental section

4.4.1 Materials

All solvents and chemicals were purchased from Sigma-Aldrich, Fisher Scientific, Alfa Aesar, or
VWR International and used without further purification unless otherwise stated. 2,2'-
Azobis(isobutyronitrile) (AIBN) was recrystallised from methanol and was stored at 4 °C. The
monomers dimethyl acrylamide (DMA) and methyl methacrylate (MMA) were filtered through
a plug of basic alumina before their use. RAFT polymerisation solutions were degassed by
bubbling N2 gas into the reaction vessel for the polymerisation of DMA and through freeze-
pump-thaw for the polymerisation of MMA, before heating up. All solvents used in CDSA were

filtered prior to use through a 0.45 um syringe filter.

4.4.2 Characterisation techniques

4.4.2.1 Nuclear magnetic resonance (NMR) spectroscopy

Diffusion-ordered spectroscopy (DOSY), proton (*H), and carbon (*3C) resonance spectra were
recorded on a Bruker 101 MHz, 300 MHZ, or 500 MHz spectrometers at 298 K. Chemical shifts
were reported as 6 in parts per million (ppm) and referenced to the residual solvent signals
(CDCl3, *H: 6§ = 7.26 ppm, 13C: 6 = 77.16 ppm). The multiplicities were reported as s = singlet, d
= doublet, dd = doublet in doublet, ddt = double of doublet of triplet, t = triplet, tdd = triplets
of doublet of doublets, q=quadruplet, p = pentaplet, pd = pentaplet of doublets and
m = multiplet. The coupling constant (J) was recorded in Hertz [Hz]. The obtained data were

processed and analysed using MestReNova 12.0.3 software.
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4.4.2.2 Size exclusion chromatography (SEC)

SEC analyses were performed on an Agilent 1260 Infinity Il Multi-Detector GPC/SEC System
fitted with Rl and ultraviolet (UV, A = 309 nm), and viscosimeter detectors. The instrument is
equipped with an Agilent guard column PLGel 3 um (50 x 7.5 mm) and two Agilent mixed-C
columns PLGel 5 um (300 x 7.5 mm) using CHClIs (buffered 0.5% EtsN) as the mobile phase
(eluent). Number average molecular weights (M), weight average molecular weights (M\) and
dispersities (Pm = Mw/M,) were determined using Agilent GPC/SEC software (vA.02.01) against
a 15-point calibration curve (M, = 162 — 3,187,000 g mol™) based on poly(styrene) standards
or a 12-point calibration curve (M, = 550 — 2,210,000 g mol™) based on poly(methyl
methacrylate) standards. Molecular weights (Mn), weight average molecular weights (My) are

given in (g mol™).

4.4.2.3 Differential scanning calorimeter (DSC)

Determination of the DSC curves was carried out using a STARe system DSC3 with an auto-
sampler (Mettler Toledo). The samples (1 — 10 mg of polymer) were placed into aluminium
pans measuring 5 mm in diameter and 0.4 — 0.6 mm in thickness. Thermograms obtained with
a heating rate of 10 °C min~! were recorded from -100 to 100 °C with a 10 °C min~! heating

and cooling rate over two cycles.

4.4.2.4 Nano differential scanning calorimetry (nano-DSC)

Nano differential scanning calorimetry (Nano-DSC) was performed on a TA Nano DSC. 800 pL
of the nanoparticle solutions were introduced in the instrument and run from 0 °C to 100 °C
at a heating or cooling ramp of 1 °C min~! in triplicate under a constant atmosphere pressure.
Tc and T were obtained using the first run and were taken as the midpoint of the inflection

tangent.
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4.4.2.5 Transmission electron microscopy (TEM)

Transmission electron microscopy (TEM) was performed using a JEOL 1400 microscope
operating at an acceleration voltage of 80 kV. TEM samples were prepared by depositing 8 uL
of sample solution (5 mg mL™) on a formvar/carbon (300 mesh copper) film TEM grid and left
air drying. Afterwards, 8 pL of uranyl acetate solution (UA, 1% in water) was then dropped on
the grid and left for 60 seconds before blotting. The sample was kept in a desiccator overnight

before characterisation.

4.4.3 Experimental procedures

4.4.3.1 Synthesis of PCL-co-PACL copolymers — General procedure for the ring
opening copolymerisation (ROCOP) of e-caprolactone (eCL) and e-allyl-e-
caprolactone (€ACL).

Refer to Chapter 3, Section 3.4.3.4 for the synthetic protocols and characterisation.

4.4.3.2 General procedure for RAFT polymerisation

The procedure for the chain extension with DMA and MMA was adapted from the literature.3’
PCLx-co-PACL, copolymers (1 equiv.) and DMA (300 equiv. — 600 equiv.) or MMA (100 equiv.)
were dissolved in 1,4-dioxane (5.5 mL) and sonicated in a vial. After complete dissolution, a
solution of AIBN (0.1 equiv. for DMA polymerisation and 0.2 equiv. for MMA polymerisation)
in 1,4-dioxane was added to the mixture and transferred to a vial or an ampoule. The reaction
solution was then degassed and heated for 45 min (DMA) and 2 h (MMA) at 70 °C. The reaction
was quenched by the immersion of the reaction vessel in ice and the polymer was precipitated
in ice-cold diethyl ether three times before being dried under vacuum to yield the amphiphilic

block copolymer as a light-yellow solid.
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- PDMA-b-PCLx-co-PACLy block copolymers

1H NMR (300 MHz, CDCls, 298 K): 6/ppm=5.70 (ddt, J = 17.3, 10.4, 7.1 Hz, 6H, H°), 5.18 — 4.96
(m, 12H, HP), 4.88 (p, J = 6.2 Hz, 6H, H™), 4.03 (t, J = 6.7 Hz, 86H, H"), 3.28 — 2.34 (m, 911H, H*
b), 2.32 = 2.21 (m, 109H, H* "), 2.20 — 1.01 (m, 415H, He & ek ),

13C NMR (101 MHz, CDCls, 298 K) §/ppm= 175.09 ((C=0)N(CH3)(CHs)), 173.95 (O(C=0)), 134.04
(C°), 118.11 (CP), 73.24 (C™), 64.54 (C"), 39.01 (C"), 37.51 (C?), 36.20 (C°), 36.06 (C°), 34.78 (C),

34.51 (C9), 33.64 (C1), 28.74 (C8), 25.92 (Cf), 25.28(CX), 25.14 (C)), 24.97 (C®).

SEC: M, =12.2 kDa, Dm = 1.30

- PMMA-b-PCLx-co-PACL, block copolymers

0.0

a
|
j\ CN old & g i
/\S S -, {\I_(\/\hﬂo
b o) f

1H NMR (300 MHz, CDCls, 298 K): §/ppm= 5.84 — 4.64 (m, 4H, HP), 5.17 — 4.99 (m, 8H, H), 4.91
(t,J=6.2 Hz, 4H, H"), 4.06 (t, J = 6.7 Hz, 75H, H), 3.74 — 3.47 (m, 65H, H?), 2.40 — 2.18 (m, 88H,
He b 0), 2.04 — 1.75 (m, 26H, HS), 1.73 — 1.51 (m, 253H, Ht& 1), 1.49 — 1.18 (m, 84H, H™ ™), 0.93

(d, J = 54.1 Hz, 56H, H®).
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13¢ NMR (101 MHz, CDCls, 298 K) &6/ppm= 173.66 (C¢), 133.77 (C?), 117.82 (CY), 72.96 (C"),
64.26 (C)), 51.93 (C?), 45.00 (C°), 44.64 (C°), 38.73 (C°), 34.50 (C)), 34.23 (C°), 33.36 (C™),

32.43 (C'), 28.46 (C"), 25.64 (C8), 25.00 (C¥), 24.69 (Cf).

SEC: M =13.1 kDa, Dv = 1.24

- PDMAw-b-PMMA,-b-PCLx-co-PACLy block copolymers

1H NMR (300 MHz, CDCls, 298 K): §/ppm= 5.93 — 5.62 (m, 3H, HY), 5.15 — 5.02 (m, 7H, H), 4.98
—4.86 (m, 3H, H"), 4.07 (t, J = 6.7 Hz, 75H, H™), 3.61 (s, 68H, H¢), 3.30 — 2.37 (m, 401H, H*©),

2.37-2.23 (m, 96H, H"™5), 1.87 — 1.15 (m, 379H, HY & kL op.a) 0.95 (d, J = 53.6 Hz, 58H, HY).

13C NMR (101 MHz, CDCls, 298 K) 8/ppm= 174.73 (C?), 173.56 (C"), 133.67 (C!), 117.69 (CY),
72.68 (C"), 64.15 (C™), 51.81 (C®), 38.61 (Cf), 37.12 (C?), 36.27 (C°), 35.83 (CY), 34.40 (C"), 34.11

(C'), 28.34 (C'), 25.52 (C*), 24.88 (C°), 24.73 (CP), 24.66 (CY), 24.56 (C)).

SEC: M, = 26.0 kDa, ODm = 1.20

4.4.3.3 General procedure for radical thiol-ene click addition.

The procedure was adapted from the literature.>*

PDMAw-b-PCLx-co-PACL, triblock copolymer (0.2 g, 4.6 x 10 mmol. 1 equiv.) was dissolved in
chloroform (1.5 mL) and thiol (0.23 mmol, 10 equiv. per olefin) was added, followed by Irgacure
819 (9.6 mg, 0.023 mmol, 1 equiv. per olefin). The solution was irradiated with a UV lamp (315—

400 nm) at room temperature for 180 min, precipitated three times into ice-cold diethyl ether
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and dried under vacuum to obtain the thiol-functionalised PCL-based copolymer as a white

solid.

- Benzyl functionalised PDMA -b-PCLx-co-PACL, block copolymers

d
I
0O N
0 0O
g g e g (\n/\/\/\ox )H
d 5 f h y
S
m
n

'H NMR (300 MHz, CDCls, 298 K): 6/ppm= 7.64 — 7.27 (m, 39H, H"), 4.83 (s, 6H, H’), 4.05 (t,
J=6.7 Hz, 86H, He), 3.68 (s, 1H, H™), 3.22 — 2.45 (m, 865H, H*), 2.28 (q, J = 7.8 Hz, 104H, H),

1.74 — 1.45 (m, 433H, H*©8), 1.45 — 1.29 (m, 144H, H").

13C NMR (101 MHz, CDCls, 298 K) &/ppm= 174.78 (C’), 173.58 (O(C=0)), 129.48 (Caromatics),
128.73 (Caromatics) 128 .45 (Caromatics) 64.15 (C), 37.49 (C?), 3713 (C°), 36.05 (C°), 28.33 (CM),

25.51 (C8), 24.56 (Cf).
SEC: Mn = 12.2 kDa, Dy = 1.34

- Benzyl functionalised PDMA -b-PMMA_-b-PCLx-co-PACL, block copolymers
a e
o \N/o c|>
87 s ; © 0 %3y
Cd - fg W ay
S
o
P

1H NMR (300 MHz, CDCls, 298 K): §/ppm=7.23 (s, 7H, HP), 4.77 (s, 2H, H"), 3.99 (t, J = 6.7 Hz,

108H, H™), 3.65—3.58 (m, 2H, H°), 3.53 (s, 66H, H¢), 3.14—2.32 (m, 108H, H>?), 2.22 (q,J = 8.3,
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7.9 Hz, 103H, H/), 1.58 (pd, J = 7.0, 6.6, 2.7 Hz, 560H, H% & &), 1.45 — 1.08 (m, 108H, H'), 0.86

(d, J = 53.4 Hz, 51H, HY).

13C NMR (101 MHz, CDCls, 298 K) 6/ppm= 175.07 (C?), 173.20 (C"), 129.66 (C3romatics) 128.48
(Caromatics) 126,83 (C3romatics) 63,49 (C™), 50.68(Ce), 45.19 (C8), 44.17 (Cf), 38.46 (C?), 36.28 (C°),

35.87 (C¢), 28.34 (C), 25.55 (C!), 25.52 (C¥), 24.57 (C)).

SEC: M = 23.1 kDa, Puv = 1.37

4.4.3.4 General procedure for crystallization-driven self-assembly of PDMA-b-PCL-
containing block copolymers.

PDMA-b-(PMMA)-b-PCLx-co-PACLy, and thiol-conjugated PDMAw-b-(PMMA,)-b-PCLy-co-
PACL, block copolymers (25 mg) were suspended in 5 mL of the solvent of choice (5.0 mg mL™)
in a vial. The samples were heated without stirring for 3 h at 70 °C for experiments conducted
in ethanol, 65 °C for experiments conducted in methanol, and 75 °C for experiments conducted
in isopropanol, before cooling to room temperature. Afterwards, the samples were left aging
at room temperature (20 °C) or inside a fridge with a controlled temperature set at 4 °C for 2

to 18 weeks before being imaged by TEM.
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4.6 Supporting figures

4.6.1 PDMAw-b-PCLx copolymers
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Figure S4.1. 'H NMR spectrum (CDCls, 300 MHz, 298 K) of PDMAgs-b-PClag (entry 1 in
Table 4.2). * Correspond to diethyl ether peaks and **correspond to dioxane peak.
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Figure S4.2. 'H NMR spectrum (CDCls, 300 MHz, 298 K) of PDMA1e3-b-PCLgg (entry 2 in
table 4.2). * Correspond to diethyl ether peaks.
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Figure S4.3. 'H NMR spectrum (CDCl3, 300 MHz, 298 K) of PDMA20s-b-PClsas (entry 3 in
table 4.2). * Correspond to diethyl ether peaks and **correspond to dioxane peak.
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Figure S4.4. 'H NMR spectrum (CDCls, 300 MHz, 298 K) of PDMA309-b-PCLss (entry 4 in
table 4.2). * Correspond to dioxane peak.
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Figure S4.5. 'H NMR spectrum (CDCl3, 300 MHz, 298 K) of PDMA474-b-PClss (entry 5 in
table 4.2). * Correspond to dioxane peaks.

4.6.2 Amphiphilic functional block copolymers
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Figure S4.6. Stacked *H-NMR spectra (CDCls, 300 MHz, 298 K) of CHPET-CTA (down), PCLas-co-
PACL3 copolymer (middle) and PDMAgs-b-PCLas-co-PACLs (T1 in table 4.2) block copolymers
(top).
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Figure S4.7. 'H NMR spectrum (CDCls, 300 MHz, 298 K) of PDMA130-b-PCLas-co-PACL7 (T2 in
Table 4.2). *Correspond to diethyl ether peaks.
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Figure S4.8. *H NMR spectrum (CDCls, 300 MHz, 298 K) of PDMA1gs-b-PClas-co-PACL3 (T3 in
Table 4.2).
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Table 4.2).
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Figure $4.10. 'H NMR spectrum (CDClz, 300 MHz, 298 K) of PDMA295-b-PCLss-co-PACL4 (T5 in
Table 4.2). *Correspond to diethyl ether peaks.
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Figure S4.14. 'H NMR spectrum (CDCls, 300 MHz, 298 K) of PDMA328-b-PCL31-co-PACL7 (T9 in
Table 4.2). *Correspond to dioxane peak. **Correspond to acetone peak.
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Figure $4.16. 'H NMR spectrum (CDCls, 300 MHz, 298 K) of PDMA412-b-PClLss-co-PACL4 (T11 in
Table 4.2).
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Table S4.1. Synthesis of PDMAw-b-PMMA-b-PCLx-co-PACL, block copolymers with different
core and corona lengths.?

DMA
Corona:core M, © . Td
Entry Block copolymer - Y P units "
ratio (kDa) (°C)
(wt.%)
PDMAs7-b-PMMA0-b-PClss-
M1 1:1 260 1.20 289 33.8
co-PACL4
PDMA156-b-PMMA0-b-PClsa-
M2 16 20 > 2:1 305 1.18  30.0 34.8
co-PACLs
PDMA233-b-PMMA9-b-PClas-
M3 23 0 3 3.4:1 295 131 229 29.4
co-PACLy
PDMA330-b-PMMA -b-PClag-
M4 330 18 e 6.4:1 438 118  30.0 25.9
co-PACLs
PDMAsz45-b-PMMA0-b-PClss-
M5 8 20 3 9.2:1 50.8 1.17  30.0 *

co-PACL4

2 All polymerisations were carried out in 1,4-dioxane at 70 °C and quenched after 35 min. ° Ratio
between the PDMA block (corona) and the PMMA-b-PCL-based BCP (core) obtained from H NMR
spectroscopy. “Measured by SEC (CHCl; with 0.5% EtsN, PMMA standard). ¢ Measured by nano DSC,
triblock copolymers in ethanol (100 to 0 °C, 1 °C min™?).
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Figure $4.17. 'H NMR spectrum (CDCls, 300 MHz, 298 K) of PDMAs7-b-PMMA20-b-PCL37-co-
PACLs (M1 in Table S4.1).
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Figure $4.19. *H NMR spectrum (CDClz, 300 MHz, 298 K) of PDMA233-b-PMMA19-b-PCL43-cO-

PACL; (M3 in Table S4.1). *Correspond to diethyl ether peak and ** correspond to
dichloromethane peak.
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Figure S4.20. *H NMR spectrum (CDCls, 300 MHz, 298 K) of PDMA330-b-PMMA15-b-PCLgs-co-
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Figure S4.21. *H NMR spectrum (CDCls, 300 MHz, 298 K) of PDMA34s-b-PMMA20-b-PCL3¢-co-
PACL4 (M5 in Table S4.1). *Correspond to diethyl ether peak.
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Table $4.2. Summary of thiol-ene addition reactions with 2-mercapto benzyl.?

C

Corona:core M c
Entry Block copolymer b " b,
ratio (kDa)

Thiol-T1 PDMA,,-b-PCL,,-co-PACL, 2:1 19.5 1.21
Thiol-T2 PDMA. . -b-PCL,,-co-PACL, 2.6:1 12.2 1.34
Thiol-T3 PDMA .-b-PCL.-co-PACL, 3.2:1 20.2 1.27
Thiol-T4 PDMA _.-b-PCL,.-co-PACL, 3.5:1 20.5 1.20
Thiol-T5 PDMA,45-b-PCLc-co-PACL, 5:1 28.1 1.26
Thiol-T6 PDMA,._-b-PCL,-co-PACL, 6:1 18.5 1.22
Thiol-T7 PDMA,,-b-PCL,-co-PACL, 6.7:1 36.6 1.22
Thiol-T8 PDMA,, -b-PCL, -co-PACL, 7.5:1 40.8 1.28
Thiol-T9 PDMA, ,-b-PCL,,-co-PACL, 8.7:1 20.0 1.20
Thiol-T10 PDMA,-b-PCL,,-co-PACL, 9.1:1 32.0 1.25
Thiol-T11 PDMA,,-b-PCL,-co-PACL, 10.3:1 40.2 1.23
Thiol-M1 PDMA_,-b-PMMA, -b-PCL,.-co-PACL, 1:1 23.1 1.37
Thiol-M2 PDMA, -b-PMMA, -b-PCL,,-co-PACL, 2:1 29.0 1.26
Thiol-M4  PDMA,, -b-PMMA .-b-PCL, -co-PACL, 6.4 42.1 1.60

aAll thiol-ene additions were carried out in a UV light chamber (A = 350-400 nm) and quenched
after 3 h of exposure. P Ratio between the PDMA block (corona) and the functional-PCL
copolymer (core) obtained from *H NMR spectroscopy. ¢ Measured by SEC (CHCls with 0.5%
EtsN, PMMA standard).
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Figure $4.22. 'H NMR spectrum (CDCls, 300 MHz, 298 K) of benzyl functionalised PDMA_-b-
PMMA,-b-PCL,,-co-PACL, (Thiol-M1 in Table $4.2).
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4.6.3 Crystallisation-driven self-assembly
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Figure S4.23. Nano DSC thermograms of PDMA.-b-PCLx-co-PACL, assemblies (100 to O °C,
1 °C min!) showing the first cooling-heating cycle (exo-down, endo-up).
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Table $4.3. Summary of CDSA of benzyl-functionalised block copolymers.?

. Self-assembly Aging
Entry Diblock copolymer b .
morphology time €
Thiol-T1 PDMA122-b-PCLs3-co-PACL3 Wide-core cylinders 10 weeks
Thiol-T2 PDMA130-b-PCLa3-co-PACL; Platelets 8 weeks
Thiol-T4¢ PDMA175-b-PCLa7-co-PACL3 Wide-core cylinders 20 weeks
Thiol-T5 PDMA95-b-PCLse-co-PACLs Wide-core cylinders 16 weeks
Thiol-T7 PDMA3z62-b-PCLss-co-PACLs Platelets 18 weeks
Thiol-T8 PDMA350-b-PCLa1-co-PACLs Wide-core cylinders 18 weeks
Thiol-T10 PDMAu4s6-b-PCLaz-co-PACL; Platelets 18 weeks
Thiol-T11 PDMA412-b-PClL3s-co-PACLs Wide-core cylinders 18 weeks
PDMAGs7-b-PMMA0-b-PClL3s-co- Mixed
Thiol-M1 > 20 % ] 3 weeks
PACL4 morphologies
. PDMA156-b-PMMA20-b-PCls4 co- .
Thiol-M2 Cylinders 2 weeks
PACL3
PDMA330-b-PMMA13-b-PClL4s co-
Thiol-M4 330 18 e Platelets 6 weeks

PACLs

2 Full benzyl mercaptan conjugation previously confirmed by *H NMR spectroscopy. ® Observed

by TEM. Samples negatively stained using uranyl acetate (0.5 wt %). ¢ Time between self-

assembly and TEM imaging. ¢ % benzyl conjugation = 66.7%.
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Figure S4.24. Nano DSC thermograms of benzyl functionalised PDMAw-b-PCLy-co-PACLy,
assemblies (100 to 0 °C, 1 °C min™!) showing the first cooling-heating cycle (exo-down, endo-
up).
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Figure $4.25. 'H NMR spectrum (CDCl;, 300 MHz, 298 K) of 50% benzyl functionalised
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Figure S4.27. Effect of aging temperature on the self-assembly morphology. TEM micrographs
of PDMA95-b-PCLss-co-PACLs (T5 in table 4.3) (left), PDMA237-b-PClL3s-co-PACL3 (T6 in table 4.3)
(middle) and PDMA233-b-PMMA19-b-PCLas-co-PACL; (M3 in table 4) (left) at room temperature
(20 °C) (up) and in the fridge (4 °C) (down). Samples were negatively stained using uranyl
acetate (0.5 wt. %).
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Figure S4.28. Effect of aging temperature on the self-assembly morphology. A) and C) TEM
micrographs of benzyl functionalised PDMAs7-b-PMMA0-b-PCLss-co-PACL4 (Thiol-M1) aged at
20 °C and 4 °C respectively. B) and D) TEM micrographs of benzyl functionalised PDMA330-b-
PMMA1s-b-PClLss-co-PACLg (Thiol-M4) aged at 20 °C and 4 °C respectively. Samples were
negatively stained using uranyl acetate (0.5 wt. %). White spots correspond to grid artifacts.
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Figure S4.29. Nano DSC thermograms (100 to 0 °C, 1 °C min') showing first cooling-heating
cycle of PDMAgs-b-PClLss-co-PACL3 self-assemblies in ethanol (conc. = 5 mg mL™) after slow
cooling and aging at 20 °C (left) and fast cooling and aging at 4 °C (right). Showing the melting
enthalpy (AHmelting) and entropy (ASmelting) Of the processes in the mentioned conditions.
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Chapter 5.

Understanding the living CDSA and

biological performance of PDMAw-b-
(PMMA0)-b-PCLx-co-PACL, copolymers.
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5 Understanding the living CDSA and biological performance of
PDMA.-b-(PMMA0)-b-PCLy-co-PACL, copolymers.

5.1 Introduction

Developing functional nanoparticles for bioimaging and therapeutic applications is critical to
enhance drug bioavailability and mitigate the side effects of traditional therapies.'* Over the
past decades, biocompatible and biodegradable polymeric materials as nanomedicines have
received significant interest. For most, their ability to enhance drug delivery and cell targeting,
allied with their superior mechanical and physical properties, are crucial challenges facing
current drug therapies.®® However, traditional self-assembly strategies often generate
polydisperse spherical micelles with dimensions difficult to control,®2 disregarding the great
influence of particle morphology and dimensions on their biological interactions.’3€ For
example, Discher and coworkers!’” demonstrated that polymeric filament micelles have higher
circulation half-life and drug delivery efficacy than their spherical counterparts. Additionally,
Huang et al. demonstrated that longer rod-shaped nanoparticles presented faster
internalisation rates than short rod-shaped and spherical nanoparticles. This study showed
that higher anisotropy, which leads to a larger contact area between the nanocarrier and the

cell membrane, improved cellular uptake.*®

Crystallisation-driven self-assembly (CDSA) is a novel and versatile strategy that uses
amphiphilic semi-crystalline block copolymers (BCPs) to create a notable range of well-defined
anisotropic particles. Examples include diamond-shaped platelets, cylindrical particles and
even more complex structures with controlled dimensions.’®?> To enhance control and
tuneability of these self-assemblies, Manners and Winnik introduced the concept of “living”

CDSA, a seeded-growth strategy for controlled BCP crystallisation in solution. In CDSA, the
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growth of the micelles is governed by the amount of unimer added to a crystalline seed
solution.?® 2’ This methodology has proven to be compatible with a variety of semi-crystalline
core-forming blocks, including poly(ferrocenylsilane) (PFS), poly(lactic acid) PLA, and
poly(caprolactone) PCL.2%3* The broad scope of core-blocks also allows for a range of
applications 3> 3¢ which include nanomedicine,”3° responsive sensors,*® 4! catalysis*> 43 and

optoelectronics.** 4>

Despite the noteworthy advances made through CDSA, the fabrication of monodisperse,
biocompatible, and biodegradable functionalised nanostructures in biologically relevant
remains a significant challenge, and only a few promising examples have been reported.*6->0
Kempe and coworkers recently reported the preparation of stealthy uniform nanorods with
varying lengths from poly(2-methyl-2-oxazoline)-b-poly(2-2isopropyl-2-oxazoline) (PMeOX-b-
PiPrOx) via seeded CDSA.>! In this work, well-defined nanostructures underwent surface
modification with a nanobody (7D12) and a cell internalization sensor (sCy5-TCO), which led
to biocompatible rod-shaped particles with antigen-binding properties and unprecedented
length-dependent cellular internalisation. However, in most cases the modification occurs in
the corona block in order to not disrupt the densely packed crystalline core segments.
Ultimately, this restricts the use of these structures as drug delivery systems, considering only
hydrophilic drugs can be attached to the corona. To the best of our knowledge, there have

been no prior reports of CDSA with BCPs bearing direct functionalisation on the core block.

In this chapter, the preparation of uniform and well-defined 1D and 2D nanoparticles bearing
BODIPY molecules attached to the semicrystalline core-block via living CDSA and the effect of
the nanoparticle’s dimensions over the biological response were explored. To do this, a

functional semicrystalline core-forming block was designed via ring-opening copolymerisation
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of e-caprolactone (eCL) and ¢-allyl-e-caprolactone (eACL). Amphiphilic BCPs were prepared by
polymerising a short glassy poly(methyl methacrylate) (PMMA) block and a biocompatible
hydrophilic poly(N,N-dimethyl acrylamide) (PDMA) block from this hydrophobic
semicrystalline polymer via reversible addition/fragmentation chain transfer (RAFT)
polymerisation to yield amphiphilic BCPs. In addition, a BODIPY thiol dye was attached to the
allyl-pendant group present in the core-forming block (PCL-co-PACL) via thiol-ene addition,
while retaining the semicrystalline nature of PCL. Using CDSA, these BCPs were self-assembled
into anisotropic nanostructures, which can be transferred into water. Uniform cylindrical and
platelet-like micelles with diverse size were obtained via living CDSA, in which the
nanoparticle’s dimensions can be controlled through the amount of unimer added to solution.
Finally, anisotropic core-functionalised nanoparticles demonstrated good cytocompatibility
and efficient cell internalisation during preliminary cell studies, showing their great potential

as delivery systems.

5.2 Results and discussion

5.2.1 Synthesis of amphiphilic, semicrystalline, functional BCPs

Following our previous studies on polymer design and self-assembly described in Chapter 4,
semicrystalline PCL copolymers bearing allyl functional groups (3, Scheme 5.1) were
synthesised via ring-opening polymerisation (ROP) of €CL (1, Scheme 5.1) and €ACL (2,
Scheme 5.1) in the presence of diphenyl phosphate (DPP) catalyst. In this polymerisation 2-
cyano-5-hydroxypentan-2-yl ethyl carbonotrithioate (CHPET), a hydroxy-terminated dual-head
chain transfer agent (CTA) was chosen to allow the ROP and subsequent RAFT polymerisation.
To minimise the comonomer effecting the copolymer crystallisation during the self-assembly

process, low allyl monomer incorporation (5.2 to 7.3 wt. % of eACL) for all polymerisations was
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targeted (P1-P3, Table 5.1). The successful preparation of poly(e-caprolactone)-co-poly(allyl-e-
caprolactone) (PCL-co-PACL) copolymers was confirmed by *H NMR spectroscopy (Figure 5.1).
In addition, size-exclusion chromatography (SEC) analyses showed monomodal distributions,
with predictable molecular weights and narrow dispersities, further supporting a controlled

polymerisation.
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Scheme 5.1. Synthesis of amphiphilic PCL-based block copolymers by ring-opening
copolymerisation of e-caprolactone (1) and e-allyl-e-caprolactone (2) using a chain-transfer
agent as initiator, followed by RAFT polymerisation of PMMA or/and PDMA. (a) DPP (10 mol%),
toluene with [monomers]o:[initiator]o= 50 and [monomers] =2 M, 40 °C, N; filled glovebox, 7
h. (b) MMA (100 equiv.), AIBN (20 mmol %), dioxane (30 wt. %), 70 °C, N, atmosphere, 2.5 h.
(c) DMA (600 equiv.), AINB (10 mmol %), dioxane (30 wt. %), 70 °C, N, atmosphere, 50 min.

Amphiphilic block copolymers 5 and 6 were then prepared by RAFT polymerisation of methyl
methacrylate (MMA) and/or dimethyl acrylamide (DMA) respectively (entries P4-P7,
Table 5.1). It was hypothesised that the allyl-pendant group present in the PACL chain, which
is susceptible to RAFT polymerisation, reacted with the free radicals in the reaction at low
concentrations of the vinyl monomer.>? To avoid polymerising the less-active allyl-group, which

would lead to polymers with bimodal distributions with high molar-mass dispersity, an excess
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of acrylate and acrylamide monomers was used and monomer conversions were kept below
70%. H NMR spectroscopy and SEC analyses showed block copolymers 4, 5 and 6 obtained
predictable molecular weights (M) and narrow dispersities (Pm = 1.12 — 1.25, Figure 5.1 and

Figure S5.8).

Table 5.1. Synthesis of amphiphilic PCL-based copolymers.

ACL units

Entry Block copolymer (wt. % Coron?:iore M M sec® Tm Te
core)? ratio (kDa) (°C) (°C)
P1 PCLszg-co-PACL3 7.3 Core block 1.25 11.1 46.7¢  13.7¢
P2 PCL44-co-PACL3 6.4 Core block 1.21 11.0 48.5¢  15.8¢
P3 PCLss-co-PACL3 5.2 Core block 1.15 11.9 45.8¢  13.2¢

P4 PMMA0-b-PCLss-co-PACLs 5.2 Core block 1.12 16.0 * *
P5 PDMA,,-b-PCL,,-co-PACL, 7.3 2:1 1.18 216 245 89°
P6  PDMA,,-b-PCL,,-co-PACL, 6.4 2:1 121 195  341° 71°

PDMA156-b-PMMA0-b-
P7 5.2 2:1 1.17 30.5 34.8¢ -
PCL54-CO-PACL3

3 Calculated based on the PCL:PACL ratio. ® Ratio between the PDMA block (corona) and the PCL-based
BCP (core) obtained from 'H NMR spectrometry. ¢ Measured by GPC (CHCl; with 0.5% EtsN, PMMA
standards). ¢ Measured by DSC in the second cycle (-100 to 100 °C, 10 °C min™'). ¢ Measured by DSC in
the second heating cycle (=100 to 100 °C, 10 °C min™2). ¢ Measured by nano DSC, triblock copolymers
in ethanol (100 to 0 °C, 1 °C min!). *Not measured.
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Figure 5.1. Stacked 'H NMR spectra (CDCls, 300 MHz, 298 K) of PCLss-co-PACLs, PMMA20-b-

PCLss-co-PACLs, and PDMA156-b-PMMA0-b-PCLsa-co-PACLs block copolymers (P3, P4, and P7 in
Table 5.1 respectively).

5.2.1.1 Functionalisation with BODIPYC10SH via thiol-ene addition
Post-polymerisation functionalisation of amphiphilic PCL-based block copolymers was
achieved via thiol-ene click addition on the pendant allyl group using a thiol-modified BODIPY

dye, which can be visualised after cell internalisation (Scheme 5.2 and Table 5.2).
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Scheme 5.2. General scheme for the thiol-ene addition of BODIPYC1oSH (2 equiv./allyl unit) to
amphiphilic PCL-based block copolymers. (a) DMPA or Irgacure 819 (10 mmol % of thiol),
chloroform (b) AINB (10 mmol % of thiol), toluene (10-15 wt. %), 80 °C, N, atmosphere, 24 h.
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In 2015, Kaga et al.>3 reported the synthesis of BODIPY-functionalised hydrogels from triblock
dendron-polyester conjugates containing alkene end-groups via subsequent photochemical
radical thiol-ene reactions using 2,2-dimethoxy-2-phenylacetophenone (DMPA) as photo-
initiator. Inspired by this work, the photoinitiated thiol-ene addition of BODIPY-C10-SH to
PDMAgs-b-PCL3g-co-PACL3 copolymers (P5) was performed in chloroform using DMPA as source
of radicals (entry 1, Table 5.2). After 20 min of UV irradiation (A =320 - 500 nm), a slight
change in the colour of the reaction mixture colour could be observed. However, *H NMR
spectroscopy analysis of the polymer after precipitation in cold diethyl ether did not show a
decrease in the characteristic allyl proton peaks at 6 = 5.70 ppm and 6 =5.02-5.10 ppm,
corresponding to CH=CH, and CH=CH, respectively. This indicated that no thiol conjugation
had occurred (Figure $5.9). It is well-known that chloroform can act as a radical scavenger,>*
>¢ therefore to ensure the solvent was not negatively affecting the radical addition, thiol-ene
addition was repeated using tetrahydrofuran (THF) as a solvent but leaving the rest of the
conditions unchanged (entry 2, Table 5.2). In a similar manner, no dye conjugation was
observed by H NMR spectroscopy after 30 minutes of UV irradiation (Figure $5.10).
Subsequently, the conditions previously used for the conjugation of benzyl mercaptan to the
polymer were explored. For this, an excess of BODIPY dye (2 equiv./alkene) and Irgacure 819
(10 mmol % of thiol) were used as thiol and photo-initiator respectively. After irradiation with
UV light (A = 405 nm) for 3 h, the polymer was precipitated in cold diethyl ether to give a dark
red polymer. In sharp contrast to our previous thiol-ene studies performed in Chapter 4 with
benzyl mercaptan, the disappearance of alkene protons could not be observed by H NMR
analyses (Figures S5.11 and S5.12). It was hypothesised that the lack of reactivity during the

BODIPY conjugation could be as a result of disulphide bond formation. To avoid the formation
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of disulfide bonds and enhance the yields of the thiol-ene click reaction, tris(2-
carboxyethyl)phosphine (TCEP) was added to the reaction vessel. However, no change in the
'H NMR spectrum was observed in this case, indicating that the BODIPY dye couldn’t be

attached to the allyl-functional PCL (entries 3 and 4, Table 5.2).

Table 5.2. Summary of thiol-ene click additions of BODIPY-C10-SH (screening reactions).

Entry Conditions (e::liit‘i’?/t;:;l) Absc();:a)nceb Solvent (°TC) ;rr:1r:|ne)
1 UV 320-500 nm DMPA (0.1) 310-390 CHCI, 20 20
2 UV 320-500 nm DMPA (0.1) 310-390 THF 20 30
3 UV 405 nm Irgacure 819 (0.1) 360-450 CHCl, 20 180
4 UV 405 nm + Irgacure 819 (0.1) 360-450 CHCl, 20 180

___________ T .

5 Temperature AIBN (0.1) - Toluene 80 25 h
6 Temperature AIBN (0.24) - Toluene 80 44 h

3 Equivalents of initiator proportional to equivalents of thiol molecule. ® Absorbance of initiator.

The lack of BODIPY thiol conjugation and the evident colour alteration after irradiation under
UV light indicated signs of BODIPY degradation under UV light. To confirm our theory, the
photoinitiated thiol-ene addition of the thiol-dye to allyl(e-caprolactone) (€ACL) using Irgacure
819 (20 mmol%) as photoinitiator was monitored by 'H NMR spectroscopy. After irradiation
for 4.5 h with UV light (A =405 nm) no thiol conjugation was observed by 'H NMR
spectroscopy. Moreover, the appearance of new proton peaks and darkening in the colour of
the reaction mixture suggested that photobleaching processes were taking place (Figure 5.2).
For this reason, thermo-initiated thiol-ene addition using 2,2'-azobis(2-methylpropionitrile)

(AIBN) and heat to generate radicals was explored (entries 5 and 6, Table 5.2).
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Figure 5.2. Photo-initiated thiol-ene addition of BODIPYC10SH to €ACL using irgacure 819
(20 mmol%) as photo-intiator. [Monomer]:[thiol] ratio 1:1, 56 wt. %, UV source of 405 nm.
(A) Stacked *H NMR spectra (CDCls, 300 MHz, 298 K) of allyl monomer (bottom), bodipyC10SH
(middle) and reaction mixture after 4.5 h of UV radiation (top). * Correspond to BODIPY-Cio-
SH degradation peaks. (B) Image of reaction mixture before (left) and after UV radiation (right)
indicating photo-bleaching of BODIPY dye.

To ensure the integrity of the thiol after UV-light exposure, the thermo-initiated thiol-ene
addition of BODIPY-C10-SH to eACL was primarily conducted using a thiol-to-alkene ratio of 1:1.
As observed in Figure 5.3, 'H NMR spectroscopy analyses showed a slight decrease in the
number of allyl group protons (CH=CH,) at § =5.02 — 5.10 ppm, indicating that some thiol was
attached to the allyl-monomer. Successful dye conjugation to the monomer was further

confirmed by thin-layer chromatography (TLC), where a new spot with similar retention factor
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to eACL, which is not visible under UV-light, appeared under UV-light. Moreover, no additional
peaks corresponding to dye degradation were present after 2.5 days, confirming the stability

of the dye in these conditions.
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Figure 5.3. (A) Stacked *H NMR spectra (ds-toluene (*), 300 MHz, 298 K) of the reaction crude
for the thermo-initiated thiol-ene addition of BODIPYC10SH to allyl(e-caprolactone) after 1.5
days and 2.5 days. (B) Thin layer chromatography of monomer (left spot), BODIPYC10SH (middle
spot) and reaction crude after 2.5 days (right spot) under UV-light.

After optimising the thiol-ene conditions, post-polymerisation functionalisation reactions of
PDMAGgs-b-PCL3g-co-PACLs and PDMA1s6-b-PMMA20-b-PCLss-co-PACLs block copolymers (P5
and P7) were conducted in toluene (10-15 wt. %) at 80 °C, using BODIPY-C10-SH and AIBN as

the thiol and initiator respectively. After 24 h, the reaction mixtures were precipitated in cold
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diethyl ether to isolate the BODIPY-conjugated polymers, as an orange solid. Quantitative
analysis of the thiol-ene reactions by 'H NMR spectroscopy showed low dye conjugation into
the block copolymer (< 33% functionalisation) (Figures 5.4). The low functionalisation
efficiency could explained by insufficient thiol.>”>° Successful dye conjugation was further
confirmed by SEC analyses, where conjugated polymers exhibited characteristic UV
absorptions at A = 309 and 500 nm, corresponding to the trithiocarbonate group present in
the CTA and the BODIPYC10SH dye respectively, in contrast to the free block copolymers that

presented a single UV absorption at A = 309 nm (Figure 5.5).
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Figure 5.4. Stacked 'H NMR spectra (CDCls, 300 MHz) of PDMAsg-b-PCL3s-co-PACL3 (P5, top)
and BODIPY-conjugated PDMAgo-b-PCLas-co-PACL;s block copolymer (bottom).
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Figure 5.5. SEC chromatograms of PDMAgge-b-PClL3s-co-PACL; (P5) before and after
functionalisation with BODIPYC10SH via thermo-initiated thiol-ene addition (CHCIs, with 0.5%
EtsN, PMMA standard, UV sensors A = 309 nm and 500 nm).

5.2.2 Crystallisation-driven self-assembly

Polydisperse cylindrical micelles from non-conjugated and BODIPY-functionalised block
copolymers with similar block lengths and short corona:core ratios (2:1 and 1:1) were prepared
via CDSA in ethanol (5 mg mL™), a good solvent for the PDMA corona block, as it was found in
previous CDSA studies reported in Chapter 4. As expected, transmission electron microscopy
(TEM) analysis of the non-functionalised assembly solutions (entries P5-P7 in Table 5.1)
demonstrated that low % incorporation of éACL does not affect the core-block crystallisation
process, yielding well-defined several micron-long cylinders with a functionalised core

(Figure 5.6 and Figure S5.13).
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Figure 5.6. General procedure for the crystallization-driven self-assembly (CDSA) of
amphiphilic block copolymers with a semicrystalline core block. A) TEM micrograph of
PDMA,,-b-PCL,,-co-PACL, (P5) assemblies. B) TEM micrograph of PDMA,,-b-PCL,,-co-PACL,

(P6) assemblies. C) TEM micrograph of PDMA156-b-PMMA0-b-PCLsa-co-PACL3 (P7) assemblies.
Samples were negatively stained using uranyl acetate (0.5 wt %).

TEM analyses of the self-assembly of BCPs with a BODIPY dye attached to the core-forming
block also showed the formation of well-defined polydisperse particles with cylindrical
morphology. This demonstrated retention of crystallinity in the PCL-based block after post-
polymerisation modification with BODIPY-C10-SH dye (Figures 5.7 and S5.14). Crystallinity was

further confirmed by nano-DSC analysis of the fluorescent particles, where a sharp melting

217



Chapter 5. Understanding the living CDSA and biological performance of PDMA-b-
(PMMA0)-b-PCLx-co-PACL, copolymers.

peak can be observed in the thermograms. In agreement with our previous observations in
Chapter 4, in which crystallinity was inversely proportional to thiol attachment, BODIPY-

functionalised particles presented a slightly lower melting temperature (Tm) than their non-

conjugated counterparts, 31.9 °C vs. 34.8 °C respectively, (Figure 5.8).

Figure 5.7. TEM micrographs of the self-assembly of BODIPY conjugated PDMA,-b-PCL,,-co-
PACL, (P5) and PDMAis6-b-PMMAj0-b-PCLsa-co-PACL3 (P7) assemblies. Samples were

negatively stained using uranyl acetate (0.5 wt %).
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Figure 5.8. Nano DSC thermograms (100 to 0 °C, 1 °C min~!) showing first cooling-heating cycle
of PDMA156-b-PMMA20-b-PCLss-co-PACLs (P7) and BODIPY conjugated PDMA1s6-b-PMMA0-b-
PCLss-co-PACL3 (Bodipy-P7).
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52.2.1 Agueous stability of CDSA cylindrical particles

To examine the stability of CDSA nanoparticles under conditions akin to those found in the
body, cylinders bearing a short PMMA block were transferred into water and compared to
those without the glassy polymer (i.e. without the PMMA block) after dialysis. In agreement
with previous literature,”® TEM analyses showed higher aqueous stability for cylindrical
micelles containing the PMMA block, whose morphology showed no significant difference
upon solvent change. Conversely, PDMA-b-PCLyx-co-PACL, structures, without the PMMA
stabilising block, generated shorter and damaged cylindrical micelles when transferred into
water (Figure 5.9 and Figures $5.15 and 16). This is believed to happen because of increased
hydration of the PDMA in water than ethanol, which leads to swelling of the hydrophilic
coronal block. This causes higher strain between the corona and core blocks, resulting in water

reaching the PCL core and the disassembly or break of nanostructures.

- PDMA-b-PCL-co-PACL PDMA-b-PMMA-b-PCL-co-PACL

Figure 5.9. (A-B) TEM micrographs of PDMA,,-b-PCL,,-co-PACL, in ethanol and water,

respectively. (C-D) TEM micrographs of BODIPY conjugated PDMA1s6-b-PMMA20-b-PCLss-co-
PACLs.
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5.2.3 Living CDSA of functional PCL-containing copolymers

Amphiphilic functional PCL block copolymers underwent epitaxial growth in ethanol via
seeded CDSA resulting in uniform anisotropic structures. 1D cylindrical micelles and 2D
platelet-like micelles with low size dispersity and tuneable dimensions were obtained based

on the amount of unimer added to seeds and the conditions used for growth (Scheme 5.3).

géé% Uniform
C e cylinders
Sonication
-78°C, 4h
Uniform
platelets

Polydisperse cylinders

Scheme 5.3. General procedure for the seeded growth living CDSA. a) 1D epitaxial growth —

seed solution at 2.5 mg mL™%, addition of triblock copolymer solubilised in THF, aging at room
temperature. b) 2D epitaxial growth — seed solution at 0.01-0.1 mg mL™, addition solution of

homopolymer (PCL) + triblock copolymer (1:1) solubilised in CHCl3, 30 °C, aging at room
temperature.

To synthesise 1D and 2D anisotropic structures, crystalline seed micelles were first prepared
by sonicating cylindrical micelles (5 mg mL™) at =78 °C, using a dry ice/acetone bath. For this,
PDMA\-b-PCLx copolymers with corona-to-core ratios of 2:1 and 3:1, synthesised in Chapter 3,

as well as the BCPs PDMA,,-b-PCL,,-co-PACL, and PDMA156-b-PMMA30-b-PCLss-co-PACL; (P6

and P7 respectively) were selected. After sonicating for 4 h, the fragmentation of initial
polydisperse cylinders resulted in the formation of short cylindrical micelles with lengths (Ln)
of 30.6, 35.5, 32.0 and 25.5 nm, respectively, and low length dispersities (Lw/Ln < 1.04,

where L, = number-average length and Ly, = weight-average length) (Figure 5.10 and S5.17).
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Figure 5.10. TEM micrographs of polymer seeds after sonication for 4 h. A) PDMA117-b-PCLag
seed solution. B) PDMA1s4-b-PCLas seed solution. C) of PDMAgs-b-PCLas-co-PACL3 seed solution.
D) of PDMA112-b-PCLs3-co-PACLs seed solution. Samples were negatively stained using uranyl
acetate (0.5 wt %).

5.2.3.1 Epitaxial growth of 1D cylindrical micelles

Initially, the living CDSA in ethanol of PDMA117-b-PClLsg and PDMA122-b-PCLs3-co-PACL3 block
copolymers to afford uniform cylinders with short unimer/seed ratios (Munimer/Mseed = 2 and 4)
were investigated. For this, solutions of the block copolymers at distinct concentrations in
tetrahydrofuran (THF), equivalent to different targeted values of Munimer/Mseed, Were added to
a solution of crystalline seed micelles (conc. = 2.5 mg mL™). While uniform cylindrical micelles
with predictable average lengths were achieved from PDMA117-b-PCLag BCPs, the living growth
of allyl-functionalised polymers with both PDMA1s4-b-PCLsg and PDMA12,-b-PCLs3-co-PACL3

221



Chapter 5. Understanding the living CDSA and biological performance of PDMA-b-
(PMMA0)-b-PCLx-co-PACL, copolymers.

seeds resulted in the formation of bulky cylinders with lower uniformity (Figure 5.11). This was
ascribed to the slower crystallisation rates of the allyl-functional semicrystalline block
compared to PCL, which could cause unspecific unimer self-nucleation and uncontrolled
micelle growth. Therefore, it was envisioned that the subsequent addition of small aliquots of
unimer solution to the seeds, in a typical epitaxial growth fashion, could decrease the number

of self-nucleation events and provide higher control over the particle’s morphology.

Seeds munimer mseed =2 munimer mseed =4

Q.
—~
-
o
-
g
PDMA, ,,-b-PCLy;-co- PDMA,,-b-PCLy;-co-PACL, =
s 5
+

PDMA,,,-b-PCL;-co-PACL,

Figure 5.11. 1D living CDSA of PDMA117-b-PCLss and PDMA122-b-PCLs3-co-PACLs block
copolymers using both BCPs seed solutions with targeted unimer/seed ratios 2 and 4. Samples
were negatively stained using uranyl acetate (0.5 wt %).
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The epitaxial growth of PDMAgs-b-PClLaa-co-PACLs by subsequent addition of unimer solution
(25 L, at a concentration corresponding to Munimer/Mseed = 2) to a solution of PDMA154-b-PClag
polymeric seeds was then explored. To avoid oversaturating the CDSA solution, a variable
number of aliquots of 25 pL were added 2 h apart from each other depending on the targeted
unimer to seed ratio. The assembly process was monitored by TEM. Using this method, we
observed uniform fiber-like micelles of PDMAgs-b-PCLas-co-PACLs with low length dispersity
(Lw/Ln < 1.06) and lengths (Ln) varying from 98 to 822 nm (Figure 5.12 and Figure S5.18).
Moreover, dynamic light scattering (DLS) analyses further confirmed the formation of cylinders
with increasing lengths, indicating a controlled linear epitaxial growth for all cases
(Figure 5.13). However, unlike previous reports in which the dimensions of the micelles
obtained were proportional to the amount of unimer added to the seed solution,?® 30 >0 the
resultant micelle length obtained in our case was significantly higher than the theoretical
targeted length corresponding to the unimer to seed ratios (green and pink boxes respectively
in Table 5.3). It was hypothesised that the small amount of cosolvent added (THF) could
redissolve some semicrystalline structures, which then grew on the remaining cylinders,

resulting in longer cylindrical micelles (Table 5.3).

Table 5.3. Length dispersity of PDMAgs-b-PCLas-co-PACLs cylindrical micelles.

M/ Mocss | |8 |{ (:;‘)\: L,(m) L /L,
2 91.8 : 854 | 878 1.03
4 153.0 : 256.6: 2712 1.05
6 214.2 : 544.9: 565.6  1.04
8 275.4 ' | 74261 7542  1.02

-— o

Micelle lengths (L.) were analysed by hand using ImagelJ software after counting > 100 particles.
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Unimer/seed ratio 2

1000 nm

Figure 5.12. TEM micrographs for the 1D epitaxial growth of PDMAga-b-PClLaa-co-PACL3 (P6)
self-assembled in ethanol using PDMA1s4-b-PCLag seeds With Munimer/Mseeds ratios 2, 4, 6, and

8. Samples were negatively stained using uranyl acetate (0.5 wt %).
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Figure 5.13. A) Size distribution averaged by intensity over the same time. Measured by
dynamic light scattering (DLS). Each sample was repeated three times. B) Number length
average (Ln) vs. unimer/seed ratio for the 1D epitaxial growth of PDMAgs-b-PCLas-co-PACL3 (P6),
calculated from particle analysis-based TEM images.
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Following the successful formation of size-controlled cylindrical micelles of allyl-functionalised
PCL polymers, cylindrical micelles with tuneable lengths from 243 to 633 nm (Lw/Ln< 1.1)
containing a BODIPYC10SH dye in the inner core were prepared through multiple additions
(25 uL each) of BODIPY-functionalised PDMA1s56-b-PMMA0-b-PCLss-co-PACL3  solution
(100 mg mL™), proving for the first time the living CDSA of block copolymers with a molecule
attached to the semicrystalline core (Figure 5.14 and Figure S5.19 and $5.20). In addition, well-
defined non-fluorescent cylindrical micelles with similar low-length dispersities (Lw/Ln< 1.1)

were formed using PDMAgs-b-PCLas-co-PACLs seeds (Figures $5.21-S5.23).

Unimer/seed ratio 2

Epitaxial growth of BODIPY-conjugated
block copolymers

Unimer/seed L, (nm) L,(nm) LJ/L,

ratio
2 243.2 257.6 1.06
4 416.9 440.3 1.06
6 633.4 692.2 1.09

Figure 5.14. TEM micrographs for the 1D epitaxial growth of BODIPY-conjugated PDMA1s6-b-
PMMA0-b-PCLsa-co-PACL3 (BODIPY-P7) using PDMA154-b-PClag seeds with muynimer/Mseed ratios
varying from 2, 4, and 6. Samples were negatively stained using uranyl acetate (0.5 wt %). Table
with micelle length summary.
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5.2.3.2 Seeded growth of 2D platelet-like micelles

After determining that 1D structures could be obtained via seeded living CDSA, our attention
turned towards the formation of 2D platelets with a functional core. To prepare 2D platelets
micelles, a solution of crystalline PDMA1ss-b-PClLss seeds at 0.01 mg mL™* was prepared by
sonication of long cylindrical micelles. The addition of unimers (homopolymer/PCL-based
block copolymer, in a 1:1 molar ratio) in chloroform, with different concentrations
corresponding to different targeted munimer/Mseed, to these preformed seeds, previously heated
for 5 minutes at 30 °C, led to uniform 2D platelet-like structures with controlled dimensions
(Table 5.4, Figures S5.24 and S5.25). To prove the livingness of the assembly process, 2D
platelets of BODIPY-P7 with different unimer/seed ratios (5, 10, 20, 30 and 45) were assessed
(Figure 5.15A-E). TEM analyses showed a linear relationship between the mean area (A,) and
the unimer to seed mass ratio, which demonstrated the 2D epitaxial growth of platelets
occurred in a controlled manner (Figure 5.16). Moreover, confocal microscopy confirmed the
ubiquity of the fluorescent dye within the particle, proving the obtention of well-defined core-
functionalised 2D structures (Figure 5.15F-J).

Table 5.4. Dimensions of BODIPY-conjugated PDMA1s6-b-PMMA20-b-PCLss-co-PACLs platelets.

Unimer/seed Average length (L) Average width (W,) Averagearea(A))

ratio (nm) (nm) (nm?)
5 328 135 42750
10 424 177 63639
20 678 265 157848
30 957 353 279476
45 1071 362 396782

Length (L,), width (W,), and area (A,) of platelets were analysed by hand using Image) software after
counting 2 100 particles.
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Figure 5.15. 2D epitaxial growth of BODIPY conjugated PDMA1s56-b-PMMA0-b-PCLss-co-PACL3
(BODIPY-P7) self-assembled in ethanol at 0.01 mg ml™ with mpcras/Munimer = 1. A)-E) TEM
micrographs showing platelet growth with munimer/Mseeds ratios of 5, 10, 20, 30 and 45
respectively. Samples were negatively stained using uranyl acetate (0.5 wt %). F)-J) Confocal
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images of corresponding BODIPY-conjugated platelets, showing the fluorescence field.
(confocal images collected by Mr. Tianlai Xia).
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Figure 5.16. Number area average (An) vs. unimer/seed ratio, calculated from particle analysis-
based TEM images, for the 2D epitaxial growth of BODIPY-P7 using PDMA154-b-PCLag seeds.

5.2.3.2.1  Aqueous stability of 2D platelet micelles

Previous studies for cylindrical micelles showed the incorporation of a PMMA intermediate
block was necessary to maintain the particle stability in water. In this section, we also wanted
to explore the aqueous stability of the 2D platelet structures. Initially, 2D structures with and
without the short PMMA intermediate block were dialysed in water for 3 days and left at room
temperature for a month. After this time, the agueous solutions were concentrated by
evaporation and characterised. TEM analyses showed the retention of morphology and no
particle fragmentation for both platelet types, highlighting their stability in the agueous
environment (Figure 5.17). These findings were in sharp contrast to our previous observations

with 1D cylindrical micelles. It was hypothesised that in 2D structures, the semicrystalline
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chains within the core block were more compact compared to those found in cylinders. This
tighter packing might provide greater resistance to the additional strain caused by the

interaction between the corona block and the solvent.

PDMA-b-PMMA-b-PCL-co-PACL

Figure 5.17. TEM micrographs of 2D platelets of PDMAgs-b-PCLas-co-PACL3 (P6) and PDMA1s6-
b-PMMA,0-b-PCLsa-co-PACLs  (P7) with mpcias/Munimer= 1 and  Munimer/Mseeds ratios
corresponding to 30 and 10 respectively, before dialysis to water and after aging for 1 month
in water. Samples were negatively stained using uranyl acetate (0.5 wt.%).

Following these studies, the stability of platelets containing BODIPY molecules in the core with
a range of Munimer/Mseed ratios (10, 20 and 30) was investigated. TEM analysis of the different
platelets in agueous solution was performed after 1 month since their transfer to water
(Figure 5.18). In contrast to their allyl counterparts, BODIPY conjugated particles presented

lower stability in water, which allowed the disassembly of 2D platelets into 1D cylindrical
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micelles to be observed. Moreover, the particle disassembly rate was found to be highly
influenced by the particle size. While the start of the morphology transition was observed at
the edges of platelets with higher unimer/seed ratios (Munimer/Mseed = 20 and 30), complete
disassembly to cylindrical micelles was observed in smaller platelets. It was hypothesised that
the steric hindrance caused by the BODIPY in the core-forming block slightly disrupts the
packing of the semicrystalline chains, resulting in less tight packing and therefore lower chain
strain resistance. Consequently, platelets with low Munimer/Mseed ratios would disassembly
faster into the initial unimers with preferential cylindrical morphology compared to larger

platelets, which contain higher amounts of unimer.

0o z

Ratio 30

Figure 5.18. TEM micrographs of 2D platelets of BODIPY functionalized PDMA156-b-PMMA0-
b-PCLsa-co-PACL3 with mpcias/Munimer = 1 and Munimer/Mseeds ratios corresponding to 10, 20 and
30 before dialysis to water and after 1 month into water. Samples were negatively stained using
uranyl acetate (0.5 wt %).
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5.23.2.2 Multilayered platelets

To further explore the applicability of this strategy to achieve particles with higher complexity
and chemical diversity, double-layered platelets were prepared following a reported
procedure.®® Block copolymers of PDMA127-b-PClLas, PDMA122-b-PCLs3-co-PACLs and BODIPY-
conjugated PDMA156-b-PMMA0-b-PCLss-co-PACLs were used in combination to form double-
layered platelets with distinct core-block chemistries. Multilayered platelets were achieved by
successive addition of unimers (Mhomopolymer/Mblock copolymer = 1) to @ preformed seed solution
(Figure 5.19A). Initially, simple PDMA-b-PCLx copolymers were chosen for the first layer in the
platelet, as it has been previously reported to be stable enough to undergo a second epitaxial
growth.®! Subsequently, addition of blended unimers (PCL and PDMA-b-PCL-co-PACL or
BODIPY-PDMA-b-PMMA-b-PCL-co-PACL block copolymers) to previously formed platelets led
to the formation of platelets with two separated regions (Table $5.1 and, Figure S5.26).
Furthermore, well-defined double-layered platelets using allyl-incorporated PCL copolymers
in the first layer, in combination with BODIPY-conjugated polymers, were prepared
(Figure 5.19B). The assembly of multilayer platelets with different core chemistries was further
confirmed by confocal microscopy. As expected, the resulting double layered platelet showed
a fluorescence hexagonal shape with a hollow non fluorescent centre associated with the non-
dye containing region of the particle. (Figures 5.19C and S5.27). These results highlight the
great potential of our system to design multi-component particles with different core-
functionalized regions that could be used in the biomedical field for improved theragnostic

applications.
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Figure 5.19. 2D epitaxial growth of multilayered platelets of bodipy-conjugated PDMA1s56-b-
PMMA20-b-PCLss-co-PACL3 (BODIPY-P7) self-assembled in ethanol at 0.1 mg ml. A) Schematic
illustration for the 2D epitaxial growth of multilayered platelets B) TEM micrographs of
bilayered platelets. Samples were negatively stained using uranyl acetate (0.5 wt %).
C) Confocal images of correspondent multilayered platelets, showing the fluorescence field
(confocal images collected by Mr. Tianlai Xia).

5.2.4 Biological essays

After confirming the stability of living CDSA structures in biologically relevant solvents and
inspired by recent reports from Stenzel and coworkers, in which poly(L-lactic acid)-based 2D
platelets microparticles (with average lengths of 1 um and 2 um) exhibited higher margination
rates in blood than 2 um spherical particles,®? the biocompatibility of functional 2D platelet

micelles was assessed.

5241 Preparation of 2D platelet micelles for cell studies

Well-defined allyl functionalised and BODIPY conjugated 2D platelet micelles were prepared

in ethanol at large scale using a seed solution of PDMA154-b-PClLss. Whilst mpciag/ Munimer Was
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kept constant at 1, the Mynimer/Mseed ratios were varied at 5 and 10. This was achieved through
the addition of 583 pL of a 60 mg mL™! solution of PCLss and triblock copolymer in chloroform
to 35 mLofa0.1 or0.2 mg mL™ seed solution at 30 °C to achieve a Muynimer/Mseed ratio = 10 and
5 respectively. To ensure homogenous growth, the solution was stirred vigorously for 2
minutes. The solutions were then aged for 2 days and analysed by TEM. To prevent fluctuations
in solvent polarity, which could result in changes on the targeted particle size, PCL/unimer
stock solutions were created to incorporate less than 2% v/v of cosolvent into the seeds. TEM
analyses of the resultant particles showed the formation of platelets with low size dispersity
and predictable length and width. Platelets targeted for muynimer/Msced ratio 5 presented an
average length (L,) and average width (W) of 350 nm and 148 nm respectively, whereas those
with a targeted ratio of 10 exhibited larger dimensions, with L, and W, =393 nm and 174 nm

respectively (Figures 5.20, S5.28 and S5.29).

munimer/mseed =5 munimer/mseed =10

Figure 5.20. TEM micrographs of 2D living growth solutions of PDMAga-b-PCLas-co-PACL3
unimer co-crystallized with PCLss homopolymer onto seeds of PDMA1sa-b-PClLsgs where
mPCL48/munimer =1, with munimer/mseeds ratios 5 and 10.
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5.2.4.2 Biological studies

The cell viability of the polymer and 2D nanoparticles synthesised in this chapter was assessed
using a mouse embryonic fibroblast cell line, NIH 3T3, in cell-culture Dulbecco’s Modified
Eagle’s medium (DMEM) with the addition of 10% fetal bovine serum (FBS), 1% L-glutamine

(GlutaMAX) and 1% penicillin/streptomycin.

52421 Cytocompatibility of PDMA-b-PCL-co-PACL block copolymer

Cell viability studies were performed in 12-well plates after seeding 25,000 cells/well. After
24 h of incubation at 37 °C and 5% CO; with saturating humidity, the fibroblasts had adhered
to the bottom of the well. Next, 1 mL of the polymer solution (PDMAgas-b-PCLas-co-PACLs)
suspended in cell media at various concentrations (0 to 2 mg mL™) was added to the cells. To
avoid chemical cross-contamination, the polymer was dialysed into water followed by freeze-
drying before its use. The cytotoxicity of the polymer was then measured after 24 and 72 h
through the addition of 500 uL of PrestoBlue solution, after removing the polymer solution
and washing cells thoroughly with phosphate-buffered saline (PBS) solution. This phenoxazine
dye (i.e. PrestoBlue) gets modified by the reducing environment of living cells, which triggers
a change in colour from blue to fluorescent pink, allowing the quantification of viable cells.
After 1 to 4 h of incubation with the PrestoBlue solution, changes in absorbance in different
wells were analysed in triplicate using a microplate reader. Cell viability was found to be 91%
and 87% after 24 and 72 h, respectively, with the highest concentration of polymer we tested
(2 mg mL™). This suggests our functional PCL system is highly biocompatible with live cells,
and therefore, could potentially be used for biological applications, such as drug delivery

(Figure 5.21).
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Figure 5.21. Cell viability at 24 and 72 h of NIH 3T3 cell using concentrations of PDMAgs-b-
PCLas-co-PACL3 from O to 2 mg mL™2.

5.2.4.2.2 Cytocompatibility of PDMA-b-PCL-co-PACL 2D platelets

After the promising results obtained for the polymer, the cytocompatibility of PDMAgs-b-PCLaas-
co-PACL3 2D platelets with mynimer/Mseed ratios = 5 and 10 was investigated. These platelets
were transferred to cell media by drying the ethanol with pressurised air for 24 h and
resuspended in 7 mL of DMEM medium to achieve stock solutions of platelets with ratios 5
and 10 with a final concentration of 6.1 and 5.5 mg mL™ respectively. From these stock
solutions, nanoparticle solutions with concentrations ranging from 0.5 to 2 mg mL™! were
prepared and added to seeded 12-well plates. Cells were seeded following the procedure
previously reported for the polymer cytocompatibility studies. After 24 and 72 h in contact
with the particles, the cell viability was measured through adding PrestoBlue solution.
However, a sharp decrease in cell viability was observed for both types of platelets, even at

the lowest concentrations (0.5 mg mL, 30% viability after 24 h) (Figure 5.22).
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Figure 5.22. Cell viability percentages at 24 and 72 h of NIH 3T3 using platelet particles with
(A) Munimer/Mseeds ratio 5 and (B) ratio 10 at concentrations ranging from 0 to 2 mg mL™! after
24 h drying.

It was hypothesised that the low cell viability observed could result from some remaining
ethanol present in the solution. Any excess ethanol could, independent of the platelets, also
effect the cell metabolism or even cell death. For this reason, experiments were repeated after
drying the nanoparticle solution for 5 days instead of 24 h, following the same procedure
previously described. Analysis of PrestoBlue solutions showed a slightly enhanced viability
after 24 and 27 h for both particle solutions. However, the viability values are still very far from
those obtained with the polymer solution. Remarkably, platelets with unimer/seed ratio 10
exhibited considerably higher viability values than particles with a targeted ratio of 5 after both
24 and 72 h (Figure 5.23 A-B). To explore this further, lower nanoparticle concentrations of
small platelets (munimer/Mseed ratio of 5) were investigated. As expected, higher cell viabilities
were observed when the platelet concentration was decreased. After 24 h and 72 h, the
percentage of viable cells ranged from 91% to 21% and 63% to 7%, with nanoparticle
concentrations between 0.1 to 0.4 mg mL™, respectively (Figure 5.23C). These results

indicated that: 1) the small amount of residual ethanol was not the cause of the poor cell

236



Chapter 5. Understanding the living CDSA and biological performance of PDMA-b-
(PMMA20)-b-PCLx-co-PACL, copolymers.

viability observed. 2) Platelets with Munimer/Mseed ratio = 5 are more cytotoxic than those with
a ratio 10. This could result from larger particle agglomerations formed upon resuspension in
cell media, which could potentially damage cells. This hypothesis was further investigated by
assessing the cytocompatibility of cells added onto the nanoparticles. For this study, 500 pL of
platelets with Munimer/Mseed ratio = 10 at concentrations ranging from 1 to 4 mg mL™* were first
added into the 12-well plates. After a 24 h incubation to ensure the structures had been
deposited in the bottom of the wells, 500 pL of NIH 3T3 cell stock solution was incorporated
to achieve a total of 25,000 cell per well. Cell viability was analysed after 24 and 72 h by adding
PrestoBlue reagent, revealing higher cytocompatibility across all concentrations than those
found when 12-well plates were initially seeded with cells (Figure 5.23D). However, the
viability values obtained appeared significantly lower compared to those obtained with the
polymer solution (23.5% vs. 87.0% after 72 h at a conc. = 2 mg mL™). It is believed that the
stability of polymeric particles in cell culture media differs from that in water, leading to
platelet agglomeration and precipitation in the bottom of wells. As a result, the surface area
available for cells to adhere would be decreased, hindering cell growth but not necessarily
increasing cytotoxicity. To prove this hypothesis, future studies should include DLS or static
light scattering (SLS) analyses in ethanol, water, and DMEM, which could give valuable
information regarding changes in particle size and morphology in different solvent
environments. Moreover, polymerase chain reaction (PCR) analyses could elucidate the exact

number of cells and surviving cells before and after contact with the nanoparticle solution.
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Figure 5.23. (A-B) Cell viability percentages at 24 and 72 h using platelet with mMunimer/Mseeds
ratios 5 and 10 at concentrations ranging from 0 to 2 mg mL™* after 5 days drying. (C) Cell
viability percentages at 24 and 72 h using platelet with ratio 5 at concentrations ranging from
0to 0.4 mg mL™* after 5 days drying. (D) Cell viability percentages over 24 and 72 h after placing
cells on top of platelet solutions from 0.5 to 2 mg mL™.

5.2.4.3 Cell internalisation studies

Preliminary internalisation studies were conducted to explore how anisotropic nanoparticles
interact with cells. For this reason, we exposed the NIH 3T3 cell line to BODIPY-functionalised
PDMA156-b-PMMA0-b-PCLsa-co-PACLs (BODIPY-P7) platelets with @ Munimer/Mseeds ratio of 10
(Ln = 594 nm and W, = 244 nm) at a concentration of 1 mg mL™* for 24 h in an incubator at
37 °C. Before testing, to ensure the removal of any free dye remaining in solution, the particles

were dialysed in ethanol before drying via evaporation for one week. Confocal microscopy of
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the treated cells showed the presence of particle agglomerates of multiple sizes, potentially
due to the platelet drying process. Some particle internalisation was observed in the
fluorescent field (A = 503-512 nm) after applying a z-stack scan to obtain a three-dimensional
visual (Figure S5.30). To enhance cell visualisation, both the control group (not exposed to
platelets) and nanoparticle-treated group were washed with PBS, to remove the excess of
nanoparticles that were not uptaken by the cell. Two drops of a nuclear stain (NucRed Live 647,
12.5X) was added to the cell media to determine the cell nucleus localisation (Figure S5.31).
Confocal imaging after washing and staining cells allowed precise visualisation of nanoparticle
uptake by NIH 3T3 cells (Figures 5.24 and S5.32). While some non-internalised nanoparticles
could be observed in the background, a significant concentration of nanoparticles was found
distributed within the cytoplasm of the cells but not covering the nuclei. By contrast, the
control or untreated group showed no fluorescence in the BODIPY emission region. These
preliminary studies demonstrated that functional 2D nanoplatelets are efficiently taken up by
NIH 3T3 cells after incubation for 24 h. However, further studies are needed to elucidate the
impact of nanoparticle morphology during cell uptake as well as the cell internalisation

pathway.
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Fluorescent field Fluorescent field
NucRed tracker (500 nm)

Merged

Control

BODIPY-Platelets

Figure 5.24. Confocal imaging of NIH 3T3 after 24 h of incubation with BODIPY-Platelets
(1 mg mL™). Cells were washed with PBS and cell tracker (NucRed) was added before imaging.
Showing fluorescent fields at A = 647-665 nm (NucRed) and A = 503-512 nm (BODIPY), and
merged fields. Scale bar =20 um.

240



Chapter 5. Understanding the living CDSA and biological performance of PDMA-b-
(PMMA20)-b-PCLx-co-PACL, copolymers.

5.3 Conclusions

In summary, we have reported the preparation of well-defined PCL-based cylinders and
platelets containing functionalities in the core-forming block, using living crystallization-driven
self-assembly. For this, amphiphilic semicrystalline block copolymers with allyl functionalities
were first synthesised. A fluorescent dye was then attached to the PCL-core via thiol-ene
addition without disrupting the semicrystalline nature of PCL. Self-assembly of these
functional polymers in ethanol resulted in fluorescent 1D and 2D nanoparticles with controlled
dimensions and shape that can be transferred to aqueous solution. Uniform cylindrical
micelles with varying lengths, as well as platelet-shaped micelles containing a thiol-BODIPY
molecule inside, were obtained and characterized by TEM and confocal microscopy. Doubled-
layered platelets with diverse core block chemistries were accessed by selective sequential
addition of non-fluorescent and fluorescent-conjugated PCL-based copolymers together with
PCL homopolymer. These platelet structures comprise two separate regions that respond
differently to light stimuli. Moreover, cell viability studies showed excellent compatibility of
the block copolymer and acceptable levels of toxicity at nanoparticle concentrations 0.1 — 2
mg mL™%. Cell internalization studies demonstrated NIH 3T3 cells were able to efficiently
internalise BODIPY-functionalised platelets, which were distributed in the cellular cytoplasm.
These promising results open the possibility of attaching key biomolecules inside of non-
spherical particles. This work highlights the incredible biological potential for stable non-

spherical particles using CDSA.
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5.4 Experimental section

5.4.1 Materials

All solvents and chemicals were purchased from Sigma-Aldrich, Fisher Scientific, Alfa Aesar, or
VWR International and used without further purification unless otherwise stated. 2,2'-
Azobis(isobutyronitrile) (AIBN) was recrystallised from methanol and was stored at 4 °C. The
monomers dimethyl acrylamide (DMA) and methyl methacrylate (MMA) were filtered through
a plug of basic alumina before use. For DMA polymerisation, solutions were degassed by
bubbling N; gas into the reaction vessel for 40 min. For MMA polymerisation, solutions were
degassed via freeze pump thaw cycles. All solvents used in CDSA were filtered prior to use
through a 0.45 um syringe filter. Fetal Bovine Serum (FBS) was purchased from Merk Life
Science. GlutaMAX, DMEM cell culture media and Dulbecco’s Modified Phosphate buffer
solution (DPBS) were purchased from Fisher Scientific. Penicillin/streptomycin solution was
purchased from Corning. NIH 3T3 cells with a passage number of 4 were thawed from -80 °C

freezer.

5.4.2 Characterisation technigues

54.2.1 Nuclear magnetic resonance (NMR) spectroscopy

Diffusion-ordered spectroscopy (DOSY) proton (*H) and carbon (*3C) resonance spectra were
recorded on a Bruker 101 MHz, 300 MHZ, or 500 MHz spectrometers at 298 K. Chemical shifts
were reported as 6 in parts per million (ppm) and referenced to the residual solvent signals
(CDCls, *H: 6 = 7.26 ppm, 3C: § = 77.16 ppm). The multiplicities were reported as s = singlet,

d =doublet, dd = doublet in doublet, ddt = double of doublet of triplet, t = triplet, tdd = triplets
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of doublet of doublets, gq=quadruplet, p = pentaplet, pd = pentaplet of doublets and
m = multiplet. The coupling constant (J) was recorded in Hertz [Hz]. The obtained data were

processed and analysed using MestReNova 12.0.3 software.

54.2.2 Size exclusion chromatography (SEC)

SEC analyses were performed on an Agilent 1260 Infinity Il Multi-Detector GPC/SEC System
fitted with Rl and ultraviolet (UV, A = 309 and 500 nm), and viscosimeter detectors. The
instrument is equipped with an Agilent guard column PLGel 3 um (50 x 7.5 mm) and two
Agilent mixed-C columns PLGel 5 um (300 x 7.5 mm) using CHCls (buffered 0.5% Et3N) as the
mobile phase (eluent). Number average molecular weights (M.), weight average molecular
weights (M\) and dispersities (Pm = Mw/M:) were determined using Agilent GPC/SEC software
(vA.02.01) against a 15-point calibration curve (M, = 162 — 3,187,000 g mol?) based on
poly(styrene) standards or a 12-point calibration curve (M, = 550 — 2,210,000 g mol) based
on poly(methyl methacrylate) standards. Molecular weights (M,), weight average molecular

weights (M) are given in (g mol™?).

54.2.3 Differential scanning calorimeter (DSC)

Determination of the DSC curves was carried out using a STARe system DSC3 with an auto-
sampler (Mettler Toledo). The samples (1 — 10 mg of polymer) were placed into aluminium
pans measuring 5 mm in diameter and 0.4 — 0.6 mm in thickness. Thermograms obtained with
a heating rate of 10 °C min~! were recorded from -100 to 100 °C with a 10 °C min™! heating and

cooling rate over two cycles.
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54.2.4 Nano differential scanning calorimetry (nano-DSC)

Nano differential scanning calorimetry (Nano-DSC) was performed on a TA Nano DSC. For
analysis, 800 uL of the nanoparticle solutions were introduced in the instrument and run from
0 °C to 100 °C at a heating or cooling ramp of 1 °C min in triplicate under a constant
atmosphere pressure. T. and T were obtained using the first run and were taken as the

midpoint of the inflection tangent.

5.4.2.5 Dynamic light scattering (DLS)

Dynamic light scattering (DLS) analyses of cylindrical micelles were conducted using a Malvern
Zetasizer Nano instrument equipped with a 4 mW He-Ne 633 nm laser module at 25 °C, with
data analysis using Malvern DTS 6.20 software. Measurements were carried out at a detection
angle of 173° (back scattering). All determinations were made in triplicate, with 10

measurements recorded for each run.

54.2.6 Transmission electron microscopy (TEM)

Transmission electron microscopy (TEM) was performed using a JEOL 1400 microscope
operating at an acceleration voltage of 80 kV. TEM samples were prepared by depositing 8 pL
of sample solution (5 mg mL™) on a formvar/carbon (300 mesh copper) film TEM grid and left
air drying. Afterwards, 8 uL of uranyl acetate solution (UA, 1% in water) was then dropped on
the grid and left for 60 seconds before blotting. The sample was kept in a desiccator overnight

before characterisation.

To analyse the particle length, width, and area, 2 100 particles were traced manually using the
Imagel) software package (NIH, US). The number average micelle length (L,) and weight

average micelle length (Lw) were calculated using the following equations:
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L = i=1 NiL;
" =1 N;
L = Ly NiLE
v e Ni Ly

where N; is the number of micelles of length L;, and n is the number of micelles examined in

each sample. The distribution of micelle lengths is characterised by Lw/Ln.

The distribution of micelle width and area (Ww/W, and Aw/An) were calculated similarly after

measuring the widths and areas of a minimum of 100 nanoparticles.

5.4.2.7 Confocal Laser Scanning Microscopy (CLSM)

BODIPY-conjugated particles were imaged using Leica TCS SP8 STED 3X microsystem confocal
fluorescence microscope. The fluorescence signal was detected by a Hybrid Detector (HyD,
Standard mode, with an observation window of 503— 512 nm) after passing through an
Acousto-Optical Beam Splitter (AOBS). Some images of platelet micelles were performed by

Mr. Tianlai Xia.

5.4.3 Experimental procedures

54.3.1 Synthesis of PCL-b-PACL copolymers

Refer to Chapter 3, Section 3.4.3.4 for the synthetic protocols and characterisation.

5.4.3.2 Synthesis of PDMA-b-PCL-co-PACL and PDMA-b-PMMA-b-PCL-co-
PACL block copolymers.

Refer to Chapter 4, Section 4.4.3.2 for the synthetic protocols and characterisation.
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5.4.3.3 Synthesis of 4,4-difluoro-1,3,5,7-tetramethyl-8-[(10-mercapto)]-4-
bora-3a,4a-diaza-s-indacene (BODIPY-C10-SH)

The synthesis of BODIPY-C10-SH (S7) was adapted from literature.®® It was performed as

indicated in the following scheme:

: .
)1\’(0 1. EtN

Cl N
/\/\/\/\/\/?J\ $2 o /\/\/\/\/\/?J\ i ek i B
Br OH ~— S noue . Br cl

N,N-DMF DCM, Reflux ~ Toluene, 80 °C
s1-2g Dry DCM, N, atm 3 N, atm N, atm

S5-1g(28%)
o
PN
SK | Reflux
Acetone

HS
K,CO.
253 S

-—
Dry EtOH, 30 C°
N; atm

o

$7-0.75g (83%) $6—0.97 g (95%)

In a dry two-necked round bottom flask, 2.0 grams of 11-bromoundecanoic acid S1
(7.54 mmol, 1.0 equiv.) were combined with 2 drops of N,N-dimethylformamide in 40 mL of
dichloromethane dried over 3 A molecular sieves under N; inert atmosphere. Oxalyl chloride
S$2 (1.0 g, 7.88 mmol, 1.05 equiv.) was dissolved in 5.0 mL of anhydrous dichloromethane and
added dropwise. The reaction mixture was stirred for one hour, then the crude mixture was
concentrated on the schlenk line, using a second trap to remove any unreacted oxalyl chloride,
and dried on a vacuum overnight. The resulting acid chloride $3 was dissolved in 50 mL of
dichloromethane, followed by the addition of 2,4-dimethylpyrrole S4 (0.772 mL, 7.50 mmol,
0.99 equiv.) in 5.0 mL of dichloromethane. The resulting reaction mixture was heated to reflux
for 3 hours under a nitrogen atmosphere, during which time the mixture became dark red.
After three hours, the reaction mixture was cooled to room temperature, and the solvent was
removed from the rotary evaporator until approximately 5.0 mL of the dichloromethane
solution remained. Then, 200 mL of n-hexanes were added to the flask, and the mixture was

cooled overnight in the freezer at —20 °C. The hexanes were decanted from the insoluble oil
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and precipitated. The resulting crude product was dissolved in 75 mL of toluene under inert
conditions, followed by the addition of 1.0 mL of triethylamine (EtsN, 7.17 mmol, 0.95 equiv.)
and 1.0 mL of boron trifluoride etherate (BF3-OEt;, 8.10 mmol, 1.07 equiv.) while stirring. The
reaction mixture was then heated to 80 °C for 30 minutes, during which time the colour of the
mixture darkened and became fluorescent. The reaction mixture was cooled to room
temperature, and the product was extracted 3 times with brine (50 mL each time). The organic
layer was dried over magnesium sulphate, filtered, and concentrated. The crude product was
purified by flash chromatography (1:1 dichloromethane: hexanes) to yield 4,4-difluoro-1,3,5,7-
tetramethyl-8-[(10-bromodecyl)]-4-bora-3a,4a-diaza- s-indacene (S5) in 28% yield (1 g) with
spectroscopic data in accordance with the literature. *H NMR (300 MHz, CDCl3): 6/ppm = 6.05
(s, 2H), 3.41 (t, J = 6.8 Hz, 2H), 3.01 — 2.84 (m, 2H), 2.51 (d, J = 1.3 Hz, 6H), 2.41 (s, 6H), 1.85

(dt, J = 14.4, 6.8 Hz, 2H), 1.70 — 1.56 (m, 2H), 1.52 — 1.23 (m, 10H).

The bromide S5 (0.96 g, 2.07 mmol, 1.0 equiv.) and potassium thioacetate (0.27 g, 2.36 mmol,
1.1 equiv.) were dissolved in 50 mL of acetone. The reaction mixture was heated to reflux for
two hours. After two hours, the reaction mixture was cooled to room temperature, acetone
was removed in-vacuo, and the crude solid was redissolved in dichloromethane and washed
with water. The organic extract was dried over magnesium sulphate, filtered, and concentrated
to yield compound S6 in 95% yield (0.97 g) with spectroscopic data in accordance with the
literature. *H NMR (400 MHz, CDCls): 6/ppm = 6.05 (s, 2H), 2.98 — 2.89 (m, 2H), 2.86 (t,
J=7.4Hz, 2H), 2.51 (s, 6H), 2.41 (s, 6H), 2.32 (d, J = 1.6 Hz, 3H), 1.68 — 1.45 (m, 28H), 1.31 (d,

J=23.8 Hz, 11H).

The resultant thioacetate compound S6 (0.9 grams, 1.94 mmol, 1.0 equiv.) was dissolved in

150 mL of anhydrous ethanol under N inert atmosphere. Potassium carbonate (0.4 g, 2.91
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mmol, 1.5 equiv.) was added, and the reaction mixture was warmed to 30 °C for 4 hours while
stirring. After this time, 40 mL of aqueous saturated ammonium chloride were poured over
the contents of the flask, at this point, the solution turned bright orange, and a bright orange
precipitate was formed. The product was dried in the rotary evaporator, redissolved in 50 mL
of dichloromethane, and washed several times with water until no green fluorescence
appeared in the aqueous phase). The organic layer was dried over magnesium sulphate,
filtered, and concentrated. The product was purified via flash chromatography (1:1

dichloromethane: hexanes) to vyield 4,4-difluoro-1,3,5,7-tetramethyl-8-[(10-mercapto)]-4-

bora-3a,4a-diaza-s-indacene (BODIPY-C10-SH, S7) in 83% yield (0.75 g) as a bright orange solid.

1H NMR (400 MHz, CDCls): 6/ppm = 6.05 (s, 2H, CH=C(CH3)N), 2.98 — 2.89 (m, 2H, CH,SH), 2.60
—2.47 (m, 8H, CH,CH=C and CH=C(CH3)N), 2.41 (s, 6H, CH=C(CH3)N), 1.62 (ddt, J = 14.9, 11.9,
7.5 Hz, 2H, CH2CH,SH), 1.53 — 1.43 (m, 2H, CH,CH,CH=C), 1.41 — 1.17 (m, 11H, intermediate
CH,CH; chain). 13C NMR (101 MHz, CDCls) 6/ppm = 154.37, 148.08, 140.26, 131.10, 120.90,
34.13, 32.06, 30.99, 30.53, 29.62, 29.57, 29.18, 28.65, 28.47, 24.78, 16.53, 14.02. HRMS (ESI-

TOF) m/z: [M + Na]* Calc. for BODIPYC10SH 420.41; Found 420.2582.

5.43.4 Thermo-initiated thiol-ene addition

Amphiphilic block copolymers (0.45 g, 0.018 mmol, 1 equiv.) were dissolved in 4.0 mL of
toluene. BODIPY-C10-SH (0.095 mmol, 2 equiv. per olefin) and AIBN (0.1 mmol % of thiol)
dissolved in 0.5 mL of toluene were added to the polymer solution. The solution mixture was
purged with N; gas for 20 min before placing it into an oil bath at 80 °C. After 24 h, the solution
was precipitated three times into ice-cold diethyl ether and dried under vacuum to obtain

0.43 g of BODIPY-functionalised PCL-based copolymer as an orange solid.
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1H and 3C NMR: No visible changes from spectra obtained with non-conjugated block
copolymers.

SEC: Absorbance signal at A = 309 and 500 nm.

5.4.3.5 General procedure for crystallization-driven self-assembly of
amphiphilic PCL-based block copolymers

All amphiphilic copolymers were assembled in ethanol using the following general protocol

described in Chapter 4, Section 4.4.3.4. The assembly solutions were aged for 5 — 10 days at

ambient temperature in a sealed vial.

5.4.3.6 Preparation of crystalline seed solution

The polydisperse cylindrical assemblies (5 mg mL™) were sonicated using a Bandelin Sonopuls
sonication probe in a dry ice/acetone bath (-78 °C) for 40 min. The polymer solution was
fractured for 120 cycles of 20 s sonication, each with an interval of 100 s to yield short

crystalline cylinders (seeds).

5.4.3.7 Living CDSA: 1D Epitaxial growth

Various aliquots (25 plL) of a solution of BCP (unimer) in THF, at a concentration of
50 mg/500 pL, were added to 500 pL of crystalline seeds (2.5 mg mL™), depending on their
targeted Munimer/Mseed ratios as indicated in the Table below. Intervals of 2 h between additions
were required to not oversaturate the solution. After addition of unimer solution, the assembly

solutions were left to age at ambient temperature for 1 to 8 weeks.
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Targeted Ne of aliquots (25 pL of a
. Polymer to add (mg) .
Munimer/ Mseed ratio 50 mg/500 pL polymer solution
2 2.5 1
4 5 2
6 7.5 3
8 10 4

5.4.3.8 Living CDSA: 2D Epitaxial growth

The protocols to form mono-layered and doubled-layered 2D platelets micelles were adapted

from literature.®!

A solution of PDMA-b-PCL-co-PACL or PDMA-b-PMMA-b-PCL-co-PACL and PCL (homopolymer)
in chloroform, with a molar ratio = 1:1 and concentrations ranging from 10 mg mL™ to
45 mg mL™? (depending on the Munimer/Mseed targeted) was added to a 1 mL dispersion of
crystalline seeds (0.01 mg mL?) in a screw cap vial. After shaking the vials for 30 s, the solution
was aged for 2 days at room temperature. The unimer/seed ratio was altered by adding
different volumes of unimer solution (homopolymer + block copolymer) concentrations to the
dispersion of seed. The number average length (L,), width (Wn) and area (An) were measured

from TEM images.

The methodology to form 2D platelets on a larger scale is the same but fixing the
concentrations of PCL/BCPs to the new volume. The unimer solution was added to seed
solution at 30 °C while stirring vigorously to achieve a homogeneous distribution of unimer to

seeds.
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5.4.3.8.1  Sequential growth of multilayered 2D platelets

A solution of PDMA-b-PCL-co-PACL or PDMA-b-PMMA-b-PCL-co-PACL and PCL in chloroform
(10 mg mL™* and a molar ratio = 1:1) was added to a dispersion of already prepared platelets,

which act as crystalline seeds. Assemblies were aged for 2 days before TEM analysis.

5.4.3.9 Cell viability studies

For biocompatibility studies, NIH 3T3 cells were seeded on 12 well plates at 25,000 cells/well
and left to adhere to the bottom of the wells for 24 h. Polymer and platelet concentrations
from 0 to 2 mg mL™! were then prepared in culture medium and cells were incubated with the
polymer for 24 and 72 h. PrestoBlue metabolic assay was then used to assess cell viability.
Fluorescence was measured using a Biotek plate reader, with Ex. =530 nm and Em. = 590 nm.
Experiments were done in triplicate. Cell viability is express as a percentage related to the

control sample (0 mg/mL of polymer or nanoparticle).
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5.6  Supporting figures

b
a CN c e g o k
L o e
g SX/\/ (T(\d/\f/\o N )EH
o n| m c,h,m
P1 °
d,elij
f, k
CHCl,
b
o a
.\ |
oAb A)M.n_zh. AM.
g s e e P g
3 3 S - ¥ 3 ot N g
[} o ™M ~ — (o'} a - o~
7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0
ppm
Figure S5.1. 'H NMR spectrum of PCLss-co-PACLs (P1), 300 MHz, 298 K, CDCls.
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Figure $5.2. *H NMR spectrum of PDMAgs-b-PCL3g-co-PACL3 (P5), 300 MHz, 298 K, CDCls.
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Figure $5.3. 'H NMR spectrum PCLas-co-PACLs (P2), 300 MHz, 298 K, CDCls.
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Figure S5.4. 'H NMR spectrum of PDMAgs-b-PClss-co-PACL3 (P6), 300 MHz, 298 K, CDCls.
* Correspond to diethyl ether peaks.
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Figure $5.5. *H NMR spectrum PCLss-co-PACLs3 (P3), 300 MHz, 298 K, CDCls.
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Figure S5.6. 'H NMR spectrum of PMMA20-b-PCLss-co-PACL3 (P4), 300 MHz, 298 K, CDCls.
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Figure S5.7. *H NMR spectrum of PDMA156-b-PMMA0-b-PCLsa-co-PACL3 (P7), 300 MHz, 298 K,
CDCls. * Correspond to acetone peak.
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Figure $5.9. 'H NMR spectrum (300 MHz, 298 K, CDCl3) of PDMAss-b-PCLzg-co-PACL; (P5) after
photo-initiated thiol-ene addition in chloroform (DMPA, 320-500 nm, 20 min). * Correspond
to diethyl ether peaks. ** Correspond to acetone peak.
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Figure $5.10. 'H NMR spectrum (300 MHz, 298 K, CDCls) of PDMAgg-b-PCL3s-co-PACL3 (P5)
after photo-initiated thiol-ene addition in THF (DMPA, 320-500 nm, 30 min). * Correspond to
diethyl ether peaks. ** Correspond to acetone peak.
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Figure $5.11. 'H NMR spectrum (300 MHz, 298 K, CDCls) of PDMAg7-b-PCLa7-co-PACL7 after
photo-initiated thiol-ene addition in chloroform (Irgacure 918, 405 nm, 180 min).
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Figure $5.12. Stacked *H NMR spectra (300 MHz, 298 K, CDCl3) of photo-initiated thiol-ene
addition in chloroform (Irgacure 918, 405 nm) of PDMA143-b-PCLs7-co-PACL; in the presence
of TCEP.
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Figure $5.13. TEM images of cylindrical micelles obtained from the CDSA in ethanol of PDMAgs-
b-PClso-co-PACL;s block copolymer (P5) after 3 weeks of aging at room temperature. Samples
were negatively stained using uranyl acetate (0.5 wt %).

Figure S5.14. TEM images of cylindrical micelles obtained from the CDSA in ethanol of BODIPY-
conjugated PDMAgg-b-PCL3g-co-PACLs block copolymer (BODIPY-P5) after 3 weeks of aging at
room temperature. Samples were negatively stained using uranyl acetate (0.5 wt.%).
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Figure S5.15. TEM micrographs of cylindrical micelles obtained from the CDSA in ethanol of
PDMA156-b-PMMA0-b-PCLsa-co-PACL3 block copolymer (P7) after 1 week of aging at room
temperature. Samples were negatively stained using uranyl acetate (0.5 wt %).

Figure $5.16. TEM micrographs of cylindrical micelles obtained from the CDSA of PDMA156-b-
PMMA0-b-PCLsa-co-PACLs block copolymer (P7) after dialysis to water. Samples were
negatively stained using uranyl acetate (0.5 wt %).
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Figure S5.17. Number length average (Ln) plots, calculated from particle analysis-based TEM
images, for the polymer seeds after sonication for 4 h (20 s — ON; 100 s — OFF). A) PDMA117-b-
PCLsg seed solution. B) PDMA1s4-b-PClss seed solution. C) of PDMAga-b-PCL4s-co-PACL;3 seed

solution. D) of PDMA112-b-PCLs3-co-PACL; seed solution.
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Figure S5.18. Number length average (Ln) plots, calculated from particle analysis-based TEM

images, for the 1D epitaxial growth of PDMAgs-b-PClLas-co-PACLs (P6) block copolymer

(A) munimer/mseed =2; (B) munimer/mseed =4, (C) munimer/mseed = 6; (D) munimer/mseed = 8; using
PDMA154-b-PClL4g seeds.
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Figure S5.19. A) Number length average (Ln) vs unimer/seed ratio, calculated from particle
analysis-based TEM images, for the 1D epitaxial growth of bodipy conjugated PDMA1s6-b-
PMMA0-b-PCLs4-co-PACL3 (Bodipy-P7) block copolymers using PDMA1s4-b-PClag seeds. B) Size
distribution averaged by intensity over the same time. Measured by dynamic light scattering
(DLS). Each sample was repeated three times.
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Figure S5.20. Number length average (Ln) plots, calculated from particle analysis-based TEM
images, for the 1D epitaxial growth of BODIPY-P7 block copolymers (A) Munimer/Mseed = 2;
(B) munimer/mseed = 4,' (C) munimer/mseed = 6; USIng PDMA154'b‘PCL48 SeedS.
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Figure S$5.21. TEM micrographs for the 1D epitaxial growth PDMAgs-b-PCLas-co-PACL3 (P6)
block copolymers using P6 crystalline seeds with unimer/seed ratios of 2, 4, and 6. Samples
were negatively stained using uranyl acetate (0.5 wt %).

268



Chapter 5. Understanding the living CDSA and biological performance of PDMA-b-
(PMMA0)-b-PCLx-co-PACL, copolymers.

Unimer/seed ratio= 2 Unimer/seed ratio= 4

40
301 —
35
25 | I \\ // \\
O 30 i s
20 | i | 25 ; |
a ; \ L =157 nm - ) \ _
g 7 | L.:,JL =1.04 5 204 | L,= 387 nm
8§ 15 . : n 8 ] LJL,=103
i \l 15
10 '
; " 10
5 ’7 ‘, 5
0 - ‘ I ) S B . 0
0 50 100 150 200 250 300 350 400
Length (nm) Length (nm)
Unimer/seed ratio=6
25
20 7 -
g \ Unimer/seed L, L, L
) v ratio (nm) (nm) wien
154 [ Y I e L,=483 nm
= , ; LJL=1.08 2 156.9 163.2 1.04
] 1 :
o 104 g % 4 397.0 409.9 1.03
’ A
) . 6 483.2 511.5 1.06
5 K )
0 100 200 300 400 500 600 700 800 900 1000

Length (nm)

Figure S5.22. Number length average (Ln) plots, calculated from particle analysis-based TEM
images, for the 1D epitaxial growth PDMAgs-b-PCLaa-co-PACLs (P6) block copolymers using P6
crystalline seeds with unimer/seed ratios of 2, 4, and 6. Table summary with lengths.
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Figure S5.23. A) Number length average (Ln) vs. unimer/seed ratio, calculated from particle
analysis-based TEM images, for the 1D epitaxial growth of PDMAga-b-PCLaa-co-PACLs (P6) block
copolymers using P6 crystalline seeds with unimer/seed ratios of 2, 4, and 6. B) Size

distribution averaged by intensity over the same time. Measured by dynamic light scattering
(DLS). Each sample was repeated three times.
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Figure S5.24. TEM micrographs for the 2D epitaxial growth of PDMAgs-b-PCLas-co-PACLs (P6)
block copolymers using PDMA1s4-b-PClLag seeds with different unimer/seed ratios. Samples
were negatively stained using uranyl acetate (0.5 wt %).
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Figure $5.25. Number area average (An) vs. unimer/seed ratio, for the 2D epitaxial growth of
PDMAGg4-b-PCLas-co-PACL3 (P6) block copolymers using PDMA1s4-b-PClag seeds, calculated from
particle analysis-based TEM images. Table summary with particle dimensions.

Table S5.1. Summary for 2D uniform multilayered platelets.

A I h (L A idth (W A A
Block copolymers veragl(enz:;gt (L) veragt-:(r\‘n:‘;()!t (Wo) vera?:r::a (4:)
PDMA,,,-b-PCL,; + PDMA ,-b-PCL,,-co-PACL, - 1949 574 966303
PDMA, ,,-b-PCL,, + bodipy conjugated -
PDMA . ,-B-PMMA ,-b-PCL, ,-co-PACL, 2001 647 1314025
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Figure $5.26. TEM micrographs of 2D multilayered platelets described in Table S5.1. Samples
were negatively stained using uranyl acetate (0.5 wt %).

Figure S5.27. Confocal images of PDMA1,7-b-PCLsg + BODIPY-conjugated conjugated PDMA1s6-
b-PMMA;o-b-PCLss-co-PACLs multilayered platelets, sowing the fluorescence field. Image taken
by Mr. Tianlai Xia.
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Figure $5.28. Number length average (L») and number witdh average (W) of 2D platelets used

in biological studies of PDMAgs-b-PCLas-co-PACLs unimer co-crystallized with PClag
homopolymer onto seeds of PDMA154-b-PCLag With Munimer/Mseeds ratios 5 and 10.
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Figure S5.29. 2D platelets used in biological studies A) TEM micrographs of 2D living growth
solutions of BODIPY-conjugated PDMA1s6-b-PMMA0-b-PCLsa-co-PACL3 (BODIPY-P7) unimer co-
crystallized with PCLag homopolymer onto seeds of PDMA1s4-b-PCLag Where mpcias/ Munimer = 1,

With Munimer/Mseeds ratio 10. (B) Number length average (Ln) and (C) Number witdh average
(Wh) of respective particles.
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Figure $5.30. Confocal imaging NIH 3T3 + BODIPY-Platelets (1 mg mL™) before washing the
excess of nanoparticle aggregates with PBS (Z-scan slides). Showing bright, fluorescent (A = 503

BODIPY-Platelets (1 mg/mL) - unwashed

-512 nm), and merged fields. Scale bar = 20 um.

Fluorescent field
NucRed tracker

Bright field

Merged

Figure S5.31. Confocal imaging of NIH 3T3 control group during internalisation studies after
addition of NucRed Live 647, showing the bight, fluorescent (A = 647 — 665 nm), and merged
fields. Scale bar = 20 um.
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Figure S5.32. Confocal imaging NIH 3T3 + BODIPY-Platelets (1 mg mL™) after washing the with
PBS and adding cell tracker (NucRed Live 647). Showing fluorescent fields at A = 647 — 665 nm
(NucRed) and A =503 — 512 nm (BODIPY), and merged fields. Scale bar = 20 um.
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6 Conclusions and future perspectives

In this thesis well-defined anisotropic micro and nanoparticles with small molecules covalently
attached to their inner core were assessed by the combination of living ring-opening
polymerisation (ROP), RAFT polymerisation, click chemistry and crystallisation-driven self-
assembly (CDSA) techniques. In order to investigate the effect of polymer composition on
crystallinity, materials were designed using two different strategies that were focused on the
organocatalytic ROP of substituted e-caprolactones. In Chapter 2, highly stereoregular poly(e-
allyl-e-caprolactones) (PACLs) were prepared by polymerising enantioenriched e€-allyl-e-
caprolactone (€ACL) using diphenyl phosphate and stereoselective TRIP BINOL as catalysts.
Despite the use of monomers with high stereocontrol in their composition, only amorphous
polymers with low T values (Tg = -54.5 to -68.0 °C) were obtained. Alternatively, a new
approach based on copolymerisation strategies of e-caprolactone (eCL) and €ACL via ring-
opening copolymerisation was presented in Chapter 3. PCL-based copolymers with allyl
incorporations ranging from 6 to 40 wt.% presented predictable molecular weights and narrow
dispersities (M =11.6-21.3 kDa and Puv = 1.45-1.08). Reaction kinetics and spectroscopy
analysis revealed the formation of statistical PCL-co-PACL copolymers, in which the crystallinity
of the copolymer was strongly related to the amount of allyl monomer incorporated. While
copolymers with allyl incorporation up to 26 wt.% exhibited semicrystalline properties, higher

functionalisation led to disruption of the crystallinity.

In Chapter 4, amphiphilic block copolymers containing a semicrystalline allyl-functional PCL-
block were prepared via RAFT polymerisation. The addition of an excess of RAFT monomers
was found to be crucial to achieve amphiphilic block polymers with controlled molecular

weight and dispersity (Pm < 1.3). Following this, post-polymerisation modification was
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performed for the addition of small thiols into the available allyl groups from PACL via thiol-
ene click chemistry. Selected modified and non-modified copolymers were then assembled in
different polar solvents via crystallisation-driven self-assembly (CDSA) to vyield core-
functionalised anisotropic micro- and nanostructures, whose final morphology could be
predicted depending on the corona-core ratio and % of allyl-monomer incorporation.
Moreover, parameters such as temperature, aging, percentage of thiol modification, and
solvent conditions strongly affected the final morphology of the nanostructures. Finally, in
Chapter 5, well-defined 1D cylindrical micelles and 2D single or double-layered platelets
containing a small fluorescent BODIPY dye in the PCL core-forming block were accessed in
various lengths by living CDSA. The nanostructures showed good stability in biologically
relevant solvents as well as excellent biocompatibility in NIH 3T3 cells. Moreover, preliminary
cell internalisation studies demonstrated that BODIPY-functionalised 2D single platelets were
efficiently taken up to the cellular cytoplasm, proving the great potential of our system for drug

delivery applications.

Overall, the preparation via crystallisation-driven self-assembly of biocompatible non-
spherical nanoparticles with small molecules attached to the semicrystalline core-forming
block was reported for the first time. In this work, copolymerisation studies demonstrated the
formation of statistical PCL-co-PACL copolymers, in which the crystallinity was closely related
to the allyl-monomer incorporation. However, the monomer sequencing, which has a great
impact on the crystallisation process, was not fully investigated. Therefore, the calculation of
monomer reactivity ratios could provide useful information to elucidate the structure of PCL-
co-PACL copolymers and further insights into how the copolymer crystallises during self-
assembly. Furthermore, initial cell studies with polymer solution and 2D nanoparticles

demonstrated good biocompatibility and substantial nanoparticle internalisation.
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Nevertheless, the significant difference in cell viability values between the polymer solution
and 2D nanoparticles highlighted the need to further investigate the nanoparticles’ stability in
cell culture media. Additionally, the use of a quantitative methodology, which enables precise
cell analysis, such as PCR techniques or flow cytometry, in combination with traditional
viability essays would provide a valuable insight into the nanoparticles’ cytotoxicity. On the
other hand, further internalisation studies are required to determine the cell uptake pathway
as well as the different biological responses for 1D and 2D micelles. Finally, exploring
alternative click chemistry strategies to attach other small molecules or drugs into the
nanoparticle core, as well as degradation studies and drug release kinetics would be of great

importance to optimise the efficacy of the system for controlled release.

The true potential of this work lies in its versatility with respect to chemical handles that can
be added within the polymer backbone without affecting its crystallisation. For example, the
preparation of 2D multi-layered platelets or 1D patchy comicelles using block copolymers with
various molecules attached to the core-block could lead to the design of multicompartmental
delivery systems, in which each segment or layer of the nanoparticle has a different active
principle. This would allow the development of tailored therapies with potential sustained or
controlled drug release. Moreover, small molecules such as proteins, antibodies, or active
metabolites can be added to the corona-block post-polymerisation, which could provide
numerous recognition sites on the nanoparticle surface to promote active targeting of specific
cell types. Therefore, the work presented in this thesis opens a new pathway to design
functional 1D and 2D nanostructures that can be further investigated and translated into

biomedical delivery systems.
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