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In recentyears, supercritical carbon dioxide (seCkas proven to beraefficient and green
medium to produce block copolymer microparticles with internal nanostructsir&Vhen
conducting controlled radicalispersion polymerisationshé uniquephysicalproperties of
scCQallow for spontaneous selissembly of thélock copolymers within the confines of the
stabilisedmicroparticles Thishas successfullyielded highly purehierarchicallystructured
polymesin a single reaction procedureithout the need for any nomenewableor toxic
solvents. Moreoverpreliminarytests show that when a polyfdinylpyridine) (P4VP) block
incorporated into the polymerthe resulting microparticlesan becapableof directing the
formation of inorganic materialsSelective association of inorganic components to the
pyridinyl nitrogen moietie®f the P4VRan allow the polymer materials to act asuctural

templatesto fabricate nangcale functional materials

However utilisation of these P4VP based block copolymgrsianofabricatiorhas thus far
been underexploredThe main aim of this thesis is to demonstratee versatility of these
block copolymersn templatingvarious functional material&ith good control ovethe end
nanoscale morphologyNew synthetic strategiesvere exploredto alter both the size and
shape of theP4VP templatesallowing the end product to be intricately tailorefbr its final
application The nanofabrication of several inorganic materiaés alsostudied toprovethe

breathof possible end applicatiortkat these polymeric templateare suitablefor.

SpecificallyChapter 3demonstrates thasimple modifications to the synthesis of P4VP block
copolymersn scCQallowsthe size of the templates to batered Size modificatio on both

the microscaleand nanoscalelimensiors were investigatedby controlling the size of the
microparticles formedn the dispersion polymerisatigandby adjusting the size of thghase
separated?4VRlomains.In addition this chapter alsstudiesthe nanofabrication ofLiFeP@

a common cathode materiébr rechargeable batteriedy applyinghe polymer templatesn

a sotgel synthéic procedure The effect of the template microparticle sim@asinvestigated

by examining the morphology, surface area atectrochemical properties of thiabricated

battery materials.



Chapter 4highlightsa new approachto changethe shape of the P4Vilaorphologyin scCQ
without needing to alter theratio of P4VP in the copolyme@omplex P4VP morphologies
were obtainedby synthesisind\BCtriblock copolymersn scCQ@ allowingthe selfassembly
dynamics to becontrolled by changpg the ratio of the other two constituent block$hese
three-phase morphologiewere studied throughmicroscopy and-Xay scatteringechniques.
The new P4VP morphologwas thenused to template Tig) an already welstudied inorganic
material that has potential application as a photocataly3the nanostructure and
photocatalytic activity of theriblock templated TiQ was then studied and compared &
equivalent materialtemplated using the spherical morphology of a simple diblockAP4

copolymer.

Finally,Chapter 5detailsa method to combinéoth the polymer synthesis and inorganic
templating into a singlegreen processn scC@ Polymerisation of the P4VP block of the
copolymerwas performed whilesimultaneouslysynthesising silver nanoparticles (AgNBs)
thermal degradation of a precursor compléXhemical associatioof the silverto the 4VP
monomers led to the synthesis bbmogeneous composites materials with AgNPs distributed
throughout the block copolymer grticles. Furthermorea CQ extraction procedure was
performedon the materialgpost-synthesisremovingthe residualunreacted monomer and
precursorto yield clearand nontoxic compositesThe ¢eaned materialsvere assesd for
their potential use in medical applications byevaluating their biocompatibility and
antimicrobial activityThe composites ere also exploitedf 2 NJ dza S | a | yinlk yiA YA
selective laser sintering (SLE) printing yielding small solid objectsontainingan even

distribution of AgNPs.

Overallanumber of new strategieare presentedo modify themicroparticle size, nanoscale
dimensionsand morphologyof P4VFoased block copolymers in sc&£®hisalsoincludes a
method to combine the template synthesis and inorge structuredirecting into one
environmentally benigiprocess. The P4VP templates are applied tdfdheicationof several
functionalinorganicmaterials withmultiple end applicatiors investigated Potential use for
the templated materials in bothhe energy and healthcare sectopsoves thevalue and

versatilityof theseP4VRoolymers, withevenfurther applications still to benvestigated.

Vi
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1.1. Overview

This chapter aims to introduce the reader to some of the key topics that will be discussed
throughout this thesis. The chapter begins by exploring the important advances in polymer
science that have been achieved by diverse polymer architectures, in yartiblock

copolymers. The physical behaviour and some of the synthetic routes to block copolymers are
detailed, with a specific focus on the use of controlled radical methods and heterogeneous

processes.

The use of supercritical carbon dioxide in greetymer synthesis is outlined, including the
unique effects this can have of polymer properties. A general overview of nanomaterial
fabrication is also given, as well as the beneficial use of block copolymers in this application.

Finally, the current statef-the-art is summarised and the key aims of this thesis are outlined.
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1.2. Polymer Chemistry

1.2.1. Modern Polymer Chemistry

As the world celebrates the recent I0@nniversary of the beginning of polymer science,
polymerbased products can now be fod ubiquitously in our everyday livéAs of 2015,

the majority of polymers produced were used for simple applications such as packaging (42%)
and in construction (19%)However, advances in polymer research have also allowed
polymeric materials to be @sl in more advanced bespoke applications such as sefsors,

biomedical devicésand electrochemical storagetpo name a few.

Despite these many innovations, polymer science still faces many growing challenges. Most
prominent of these are the environmentaloecerns around polymers, regarding their
sourcing, biodegradability and the synthetic procedures employed. With over 90% of
polymers being derived from nerenewable sources and most being nbimdegradable,

there is now a tremendous push to move the inttygowards a more closetbop economy?

hiKSNJ LINPAINBaadaAzya G2 YIF]1S LBRfe&YSN LINRPRdAzOG A

polymerisations in various new environmentally benign and renewable solVénts.

As we now move into the second century of polynsefence, many new developments
continue to emerge around how we can source, synthesise and utilise polymers. The
popularity of green polymer research remains ever growing, finding new ways to further a
path towards a green polymer econonfiiThough much ofhe work presented in this thesis
does not directly focus on discovering new green polymer alternatives, the work is conducted
with environmental sustainability as a crucial considerati®his isrealised primarily by
omitting the use of norenewablesdvents, however, polymers deridefrom oil feedstocks

are still required taachievethe thesis aims.

1.2.2. Polymer Architectures

The wide range of applications available to polymers is undoubtedly a result of the ease at
which polymer properties can baodified. This is achieved simply by altering the chemistry
of the fundamental building blocks, monomers. Polymers with different monomers can have
vastly different physical and chemical properties. Furthermore, though a combination of
multiple different nonomers in a polymer chain, materials with hybrid properties of the

corresponding homopolymers can be produdéd.he properties of these copolymers are
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highly dependent on not only the proportion of constituents used but also their respective

architectures in the polymer chains.

Major advancements in polymer synthesis now allow for much greater control over the
desired architecture of copolymers. Precise chemical functionalities are able to be placed
essentially anywhere along a polymer ch&nAdditionaly, architectures beyond the
conventional linear chains can be achieved via methods such as branching, grafting and cross
linking. Each case leading to further unigue physical propetti®sA few examples of

possible architectures are shown beloiduie 1.1).

Homopolymer

0000090000,

Random Copolymer

m Comb Polymer Star Polymer

Diblock Copolymer

0000000 _

Triblock Terpolymer

Brush Polymer Ring Block Polymer

Cross-linked Polymer

Figure 1.1:Some examples of basic copolymer architectures.

Of the possible architectures presented, block copolymers have been some of the most widely
studied. This is owed to the ability to place contrasting chemical functionalities at opposing

ends of a single macromolecule, creating polymers of an amphiphilic nature. This distinctive
physical property gives rise to unique phase behaviour that can be exploited for a range of

potential applicationg®
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1.3. Block Copolymers

Blockcopolymers are a class of copolymer containing distinct regions (or blocks) of individual
homopolymer, linked together by covalent bonds. Synthesis of the block copolymer
architecture was first demonstrated in the 1950s using anionic polymerisation taotsti¢

Since then they have become a huge topic of academic interest and have seen use in various

industrial applicationg?®

Anionic polymerisation provided an initial route to study the fundamental behaviour of these
copolymers and is still used when higtpure and monodisperse polymers are required.
However, the introduction of controlled radical synthesis techniques has now allowed an
extensive range of block copolymer chemistries to be prodd@dfadical chain growth

techniques used to synthesise bkocopolymers are discussed later in this chapter.

1.3.1. SeHAssembly

The phase behaviour of block copolymers is a unique phenomenon that has driven much of
the research in this field. When the individual blocks of a block copolymer become immiscible
in one another, the macroscopic phase separation of the blocks remains impossible, due to
their covalent linkage. Instead, a sasembly process known as microphase separation
occurs?® The process forms various structural morphologies depending on the Iyirfer
physical properties of the copolymer and the surrounding environmi&mhe morphologies
formed from this are seen at a length scale relative to the length of the copolymer chains

(approx. 5500 nm)?2

The microphase separation of dibloc&polymers is the simplest case and has been the subject
of many theoretical and experimental studies over the past few decades. Thus, this process is well
understood. Selassembly of a diblock copolymer is a reversible change of state that transforms
the polymer from a homogenous mixture into a regular ordered strucfdr€his can occur in
either the bulk copolymer or when the copolymer is in the presence of a solvent, each case leading
to different morphologiesKigure 1.2. If a solvent is used andaseferential to one polymer block,
surfactantlike behaviour is observed and nanoparticulate structures such as micelles and vesicles
are produced®® ?°Due to its relevance to this thesis, only the bulk -ssembly case will be

focussed on in this sdon.
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Self-Assembly in Bulk Disordered Self-Assembly in Solvent
SVAYEAVAY A AVA% Solvent
\/\/\ — /\/\/ _
’\/\\//\/\ VA ,\/\/

Figure 1.21llustration of the process of selssembly in bulk block copolymers (left) and in the

presence of a selective solvent (right).

For microphase separation to occur in a bulk diblock copolymer, several criteria must be met.
The seHassenbly will only be thermodynamically favourable if the enthalpy reduction from
separating immiscible blocks outweighs the decrease in entropy when the ordered state is
formed. Studies have concluded that in order for this thermodynamic favourability to lbe me
the copolymer must satisfy the expression giverEmuation 1.122 The value given is the
product of the FloryHuggins interaction parameter.) and the total degree of polymerisation

in the copolymer chainN).

.0 p® (Equation 1.1)

The interaction parameter. is unique to each pair of polymer blocks based on their relative
interactions with one another. The value can be seen as a pohpalgmer incompatibility
factor, with larger interactions giving more immiscibility and a highkance for self
assembly. The parameter is also dependent on temperakwmethevastmajority ofsystems,

an increase inemperature lowers the interaction parametgthough ®me polymer mixtures
have also beeishown toexhibit a further increasén the parameter at high temperatures.
Hence, in most caseelfassembly often occurs upon the cooling of the copolymer from an

elevated temperatures®

The final criteria for microphase separation to occur is that the copolymer chains must have
sufficient mobiliy to arrange themselves into the new ordered state. This mobility can be
provided by solvation, or in the bulk case, by heating the copolymer above the glass transition

temperature (). This step is typically referred to as an annealing $tep.
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The exactmorphology produced during microphase separation is dictated by what
orientation of the copolymer chains gives the minimal interfacial surface area between the
two distinctblocks. Limiting this contact area is the thermodynamic driving force to minimise
the unfavourable enthalpic interactiorf$. The most favourable equilibrium morphology is
determined by the volume fractiorf)(taken up by each block. In diblock copolymers, when
these fractions are similar, flat surfaces are preferable. As one fractioonbes larger and
outweighs the other, it becomes more favourable to curve the surface, forming various other

shaped morphologie¥

The morphologies often seen in diblock copolymers, going from equal to more inequivalent
volume fractions, are: lamellar (M, bicontinuous cubic gyroid (GYR), hexagoradigked
cylinders (CYL) and spheres (SHitjue 1.3.22 The GYR configuration is only seen over a
narrow range of block fractions and has been reported in other metastable configurations,
such as a doubldiamond structure or hexagonally perforated lamellar. The SPH morphology
is often characterised as a bodgntred cubic orientation, though some reports of face

centred cubic orientations have also been shd#n.

= fRED

_ fBLUE

Figure 1.3The most commonly observed morphologies seen in diblock copolymers, with changing

block volume fractions: Spherical (SPH), Cylindrical (CYL), Gyroidal (GYR) and Lamellar (LAM). Figure

adapted from literature’®

The boundaries between these saésembled rarphologies can be constructed as a phase
diagram, with block incompatibility.p 0 LJX 20 GSR 3+ Ay aid.Thisocaf 201 Qa
be plotted experimentally by synthesising and characterising a series of copofynmrs
theoretically using sel€onsstent field theory3? The selfassemblyphase diagranfor a linear

diblock copolymer systemwas firstderived by Bates and Fredricksand typicallytakes the

form depicted belowFigure 1.3.23
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Figure 1.4 A depiction of the theoretical phase diagram &diblock copolymer, showing the

boundaries between sefissembled morphologies and the disordered states.

More recently is has been shown that some other phases can also be produced in diblock
copolymers. This can be done by controlling the spatialiocenfent of the copolymer, in a

variable number of dimensior®$.This concept is reviewed further @hapter 3

Here we have covered the simple case of -asembly inlinear architecture diblock
copolymer systems. The sel§sembly behaviour of diblocks is also found to be mostly similar
to the behaviour seen in triblock copolymers containing only 2 distinct blocks, often referred
to as ABA triblock copolymers. With the same morpholobiisag produced* However, a
great number of additional morphologies become accessible whenever additional contrasting
blocks are added to the chain, such as in the -B€ triblock copolymef® Due to the
increased number of interaction variables, thieafly increases the complexity of the self

assembly process. This topic is reviewed in deptbhapter 4

1.3.2. Applications

Due to the unique behaviour of block copolymers in comparison to homopolymers, they have
been widely exploited for commercial @&isMost prominently, block copolymers are used as
thermoplastic elastomers for a variety of applications including adhesives, coatings and

sealants®® A common example of this type of material is the ABA triblock copolymer of
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poly(styrene) (PS) and poly(adiene) (PB). The REPBb-PS copolymer utilises the hard PS
blocks and the soft PB block to give a material with the physical properties of an elastomer,
while also behaving as a thermoplastic. When set, the blocks are microphase separated giving
the sdt rubber-like PB component periodic hard regions of PS that behave like-lonésgo

give elastomeric behaviouFigure 1.3. However, when heated, the hard PS components also
become rubbetlike, allowing the material to be easily processed and reusedd typical
thermoplastic. In contrast, most other rubbers are thermoset by chemical drdssg,

preventing them from being reshapéd.®

PS-b-PB-b-PS

O\

Hard domains
Rubber matrix

-

@ -

Figure 1.5Physical structure of a REPBb-PS thermoplastic elastomer. The hard spherical regions

of PSact as crosdinks to give elastomeric behaviour.

Another popular type of commercial block copolymer are poloxamers often referred to as

Wt f dZNRPYyAO&Qd t2f2El YSNE FNB Fy20KSNI ! .1 (NJ
poly(ethylene oxide) (PEO) blaclith a hydrophobic poly(propylene oxide) (PPO) central

block. The amphiphilic nature of poloxamers is highly tuneable based on their block lengths.

As such, the controllable neonic surfactant behaviour has been utilised in various

applications such da cosmetics, detergents and drug delivéfy*°

Block copolymers have been extensively investigated for use as drug carriers in the body, in
most part due to their amphiphilic naturé. The polymers can easily assemble around a

hydrophobic drug, forming/ I y2a Ol £ S @SKAOf Sa GKIFG |NBE avlf

8



Chapter I¢ Introduction

immune responsé? 43 This interest has grown over time as the synthetic techniques used to
make block copolymers have become more sophisticated. Drug delivery polymers can now
be synthesisewith functional designs to allow them to target specific ¢éJlmodify the drug
release profilé® or react to particular stimuli, such as gHThese features can be particularly
useful when targeting drug delivery to cancer tumours, which have a loWethpn normal

tissue.

Cell targeting Hydrophobic
griup j Self-assemble _7_
\ in solvent
Hydrophilic

@
¢ «

Drug-loaded delivery vehicles

Figure 1.6Schematic of the assembly of amphiphilic block copolymer micelles used for targeted

drug-delivery.

Bulk selfassembled block copolymers are also being explored for use in various non
mechanical applications. For exammeplication in photonic¥ and optical metamaterial&®

The regular nanoscale morphologies created by block copolymers are ideal for forming
periodic dielectric structures for manipulating visible light. The path length of the periodic
structures forms a photonic band gap for photons of the matching wavelenigiis causing
them to be reflected constructively. This manipulation of light flow has many desirable uses
in high reflective coatings and optical filtefBy creating this kind of material from soft block
copolymers, there is also an opportunity toalthe size of the photonic band gap by applying
stimuli to increase the size of the nanostructures, for example by introducing a solvent to

swell the polymef?
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Finally, bulk seldssembled block copolymers can be utilised to fabricate an array of
functional nanomaterials. The unique nanostructures of block copolymers are highly
desirable for many inorganic functional materiéglsThe interesting patterning and high
surface areas of these morphologies can lead to enhanced functionality in existing iesrgani
or can provide entirely new properties. Block copolymers can be used as templates to
fabricate these nanomaterials, using both tdpwn and bottomup methodologie$? These

processes are described in detail later in this chapter.

10
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1.4. Polymer Synthes

Methods of polymerisation are generally classified by the mechanism of the polymer growth,
either chaingrowth or stepgrowth®® In stepgrowth methods, bifunctional or
multifunctional monomers are reacted together, linking the functional groups to form
oligomers firstand then eventuallylonger chain polymers.An exampleof this isthe
polycondensation reaction between the amine and carbonyl function groups to produce
polyamides, generating water in the procéésdowever, the nature of this type of poher

growth makes it very inaccessible to synthesising block copolymers.

Chainrgrowth methods involve the sequential addition of monomers to a propagating chain
through a reactive functionality, often a vinyl functional group. Each added monomer
becomes tle reactive centre for the polymer chain and goes on to react with a sequent
monomer. When the process is controlled, the monomer feedstock can be easily switched
during propagation, to allow the growing polymer to add a new series of monomers to the
chain,forming block copolymers. There are several ways to polymerise a vinyl monomer in
this way, including anionic, cationic and radical mechanisms to activate the doublebond.

Due to its relevance in this thesis, only the radical mechanism will be discnsdetil.

1.4.1. FreeRadical Polymerisation

Freeradical polymerisation (FRP) is possibly the most common form of polymerisation, with
around 50% of industrially manufactured plastics predicted to be synthesised through this
mechanisn?® This is arguaBl RdzS G2 GKS YSUiK2RQa KA3IK
functionality, making it suitable for a wide range of monomers and solvents. This also allows
the reactions to be much more forgiving to chemical impurities, a major advantage over the

other ionic methals of chairgrowth 5’

The FRP mechanism occurs in four keys steguie 1.7. Firstly, an initiator molecule is
broken down to produce active radical species, usually by exposure to heat or light. The
radical then goes on to react with the monomer, iaiing it into an active propagating
molecule. This then reacts sequentially with additional monomers to propagate the chain,
rapidly forming a high molecular weight macromolecule. The active radical then eventually
terminates by reacting with another acévradical species. This can occur either by

combination of the two chains into one higher molecular weight chain or by

11

a2



Chapter I¢ Introduction

disproportionation where a hydrogen atom is radically abstracted to form oteridinated
chain and one vinyl terminated chain. The ereéd method of termination depends on the

chemical structure of the monomer being polymeriséd.

LI AL (Initiator Decomposition’

“c a P La (Initiation)
IM®b Yy anifb t (Propagation)
P+ Rn®TH nkm (Combination)
P+ Bn®Th nt+ B (Disproportionation)

Figure 1.7The mechanism of FRP showing the four key steps, including both methods of radical

termination. | represents the initiator, M is the monomer and P is the polymer.

The propagating step in the FRP mechanism occurs rapidliodhe high reactivity of radical

species. During the reaction a quick sharp increase in the average polymer molecular weight

is observed as chains propagate. This molecular weight growth then slows as the monomer
concentration decreases and terminatioeactions begin to dominate. The typical plots of
molecular weight growth against monomer conversion for the chain and-gtewth
mechanisms can be seen belofiqure 1.8 ® ¢ KS LJX 203G I f a2 akKz2ga GKS
trend where no termination reactions occur and molecular weight always proceeds linearly

with respect to the reaction conversion. This is seen more in ionic @raith mechanisms

where propagating chainsannot terminate by reacting with other growing chafis.
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Figure 1.8A representative plot of the average polymer molecular weight against monomer

conversion for the chain growth, step growth and living polymerisation mechanisms.
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1.4.2.Controlled Radical Polymerisation

The major disadvantage of the FRP method is the uncontrolled nature of the termination
reactions. These reactions can occur at any time during the propagation stage of the reaction

and result in the polymer product contang a large distribution of chain lengths. This
RAAGNRAOdzAA2Y Aad ljdzl yUAPNVNSR adzZOVYE D di | R 5 RLISNE X
weight average molecular weightl(,) and number average molecular weight+) (Equation

1.2). Uncontrolled FRPredc2 y & Ge@ LA Ol ftt & 3IAPS RAALISNERAGASA
often leaves polymer chains inactive towards any further propagation with a secondary
monomer species. These limitations prevent any reasonable control over the desired polymer
architectue and potential sefassembly.

0

M (Equation 1.2)

It is because of these constraints that more sophisticated forms of radical polymerisations
have been developed, allowing more complex architectures to be attained. These techniques
are referredto as controlled radical polymerisation (CRP) meth§€3RP methods utilise an
additional step in the fregadical mechanism, radical chain transfer. In this step the active
radical of a propagating polymer chain is transferred onto a supplementary redigga step

can sometimes occur during the usual FRP method by transferring onto another molecule
such as a solvent or impurity. This is usually undesirable, leading to even less control in the
polymerisation kinetics. However, a carefully designed chainsfer agent can provide an

opportunity to capture and control the growing radical chaihs.

In CRP methods a chain transfer agent is used to limit the concentration of actively
propagating radical chains. By reducing this concentrationteimaination reactions become
much less favourable as their rate depends o]fPThe result in a lower but more constant
concentration of propagating radicals throughout the reaction; hence the molecular weight
of the chains increases more linearly witlonomer conversion. This generates a kinetic
profile more akin to the living reaction method. Though, termination reactions are not
completely eliminated so this is not exactly equivalent. The additional chain transfer agent
also forms a functionalised gup at the end of the synthesised polymer chains. This group

can be removed or reeacted to allow further polymerisation to take plage.

13
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Various CRP mechanisms have now been developed and used to create complex polymer
architectures, including block copgmhers® The most common forms are stable fresdical
polymerisation (SFRP), atom transfer radical polymerisation (ATRP) and reversible addition
fragmentation chain transfer polymerisation (RAFT). In each CRP technique, reagents are
added to achieve an edjibrium between active propagating chains and a dormant captured
species. The equilibrium is favoured towards the dormant species to ensure the concentration

of propagating radicals always remains I&w.

In SFRP, a stable radical speciesilised as a capping agent to deactivate propagating chains
(Figure 1.9. This radical species is not capable of initiating its own polymer chains and will
degrade back to the original radical species when exposed to high temperatures. The most
common caping agents are alkoxyamines. When these are used the method is referred to as
nitroxide-mediated polymerisation (NMP}.
o} R
e o ==
U N N

+M

Figure 1.9The key mechanistic step in the NMP technigue, showing reversible termination of the

propagating polymer chain.

ATRP uss similar principals to SFRP. Propagating radical chains are deactivated by capping
with a halogen atom, which is supplied by a transition metal catafygti(e 1.10. The metal
catalyst originally activates an alkyl halide molecule through aad@etron process, initiating

the polymerisation. The oxidised catalyst then reverses the process, capping a radical chain
with the halogen atom and then quickly forms an equilibrium between dormant and active

radicals®?

R—X + Cu()X/L, —m——— o+ cu(ihXy /L,

+M

- T

P,—X +  Cu(hX/L, -

—_— +  Cu(inX,/L,

(.~

Figure 1.10The key mechanistic stegs the ATRP technique using a copper catalyst. X is a halide

atom and kis the ligand(s) for the copper complex.

14
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The RAFT technique is the CRP method employed in this thesis and has been reviewed in

greater detail than the other methods.

1.4.3. Reversibl&ddition-Fragmentation Chain Transfer Polymerisation

RAFT polymerisation was first developed in 1998 by Graeme Moad, Ezio Rizzardo and San
Thang at the Commonwealth Scientific and Industrial Research Organisation (CSIRO) in
Australia® This CRP method s thiocarbonyl compounds as reversible chain transfer agents

in the radical reaction. The process creates a kinetic equilibrium in the chain propagation,
causing all chains to grow at a statistical rate. The generic structure of the RAFTFagamat (

1.11) contains two variable R and Z groups that are modified to determine the reagents
compatibility with different monomer classes. This variability is one of the key advantages
over other CRP techniques, allowing RAFT to be highly versatile and tolesawidg range

of functionality in monomers and solvents, including in aqueous systems.

S

NN

S z
Figure 1.11General structure of a RAFT agent.

The complete mechanism of this CRP technique is detailed bEigwré 1.12. The initiator

first decomposes andbegins chain propagation of the monomer, as in normal FRP. The
propagating chain is then captured by the RAFT agent to form the relatively stable
thiocarbonyl radical species. The species then fragments to release’t@uip. This then

goes on to initia@é the propagation of another polymer chain. The new chain can then be
recaptured by the RAFT agent and the previous chain released, creating an equilibrium
between all growing chains. As with the fresdical mechanism, termination can occur
between two popagating chains by either combination or disproportionation to give a dead
polymer chain. However, the RAFT equilibrium ensures that the concentration of propagating

radicals in the system is always low, reducing the probability of this step occéftring.

15
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Decomposition & Initiation:
+M R
,—21 —> Pn:>+|v|

Chain transfer to RAFT agent:

Reinitiation:

R. + M e Pm.D +M

RAFT equilibrium:
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Z

Termination:

S—P, P

. m——S S .
Y \f N Pn D+M
YA z

P, + P, — Dead Chain
Figure 1.12The full mechanism for the RAFT polymerisation technique.

The specific reactivity of each RAFT agent is tailored by modifying the R and Z groups of the
compound. The Z group determines the reactivity of the C=S bond which will influence the
stability of the thiocarbonyl radical intermediate in the reaction. The R group must provide a
sufficiently weak FS bond that can be homolytically cleaved to produce a radical leaving

species. This radical must then also be capable of reinitiating theechmonome®

If it is assumed that all polymer chains undergo the RAFT mechanism, a particular molecular
weight for the final polymer can be targeteBquation 1.3. The target molecular weighii

Targey Can be calculated by using the concentratiorR&FT agent ([RAFT]), monomer at the
start of the reaction ([MJ) and monomer at the end of the reaction ([(M][The proportion of

the converted monomer to the RAFT agent gives the average degree of polymerisation. This
is then multiplied by thenonomer massNlr monome) and added to the mass of the RAFT end
group M rar) to give the theoretical average polymer mass. The target calculation assumes
the polymerisation is fully living and no termination reactions occur and so is only an

approximaton.54

16
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0 L S 0 (Equation 1.3)

2! &4
Another consequence of using the RAFT control mechanism over the standard FRP one is that
synthesised polymer chains retain a RAFT group moiety at thefealbchains grown via the
living mechanism. For some applications this can be troublesome as another synthetic step is
required to remove the end groups and obtain the pure polymer product. However, the RAFT
end groups also allow the polymer to beiratiated and grown with an additional monomer,
making the technigue highly accessible to synthesising block copolyRigts€ 1.13.56 The
pre-synthesised polymer essentially acts as the RAFT agent in the mechanism for the next
monomer, with the R group noweing the first homopolymer block. A polymer used in this

way is commonly referred to as a madRAFT agerft.

ﬁ ﬁ
s Ns s /l/\rw,s s
X Y
Y — Y
R
s z
X z X Y z
Figure 1.13Reaction scheme for polymerising vinyl monomer X with a generic RAFT agent, then

using the subsequent macRAFT to polymerisenyil monomer Y, forming a block copolymer.

The RAFT polymerisation technique has been used to synthesise a diverse range of polymer
architectures beyond block copolymers. For example, chain transfer agents with multiple
RAFT moieties have been used to systke star polymer¥ Also, RAFT agents with multiple
functionalities can be used in combination with other polymerisation techniques, including

ATRP and ring opening polymerisation, to produce architectures such as bottle bttishes.

It is clear the RAREchnique offers many advantages over other CRP techniques in terms of
its versatility towards monomer types and final polymer architecti¥éEhe technique also
avoids the use of high temperature conditions used for SFRP, generally making it more energy
efficient and industrially applicable. Finally, RAFT does not use any metal catalysts unlike in
ATRP, a major advantage if the polymer product is to be used in applications involving human

contact®°®

However, RAFT does suffer some undesirable aspeatsafdyi, the unwanted discolouration

of the final product caused by the RAFT chromophores, which can be difficult to completely

17
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remove. Also, the synthesis of RAFT agents is often complex, expensive acdnsaening,

requiring the use of toxic reagents@uas carbon disulfidé.

18
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1.5. Polymer Processes

Alongside the various reaction techniques used to synthesise polymers, polymerisations can
also be categorised into several different processes. These processes are defined as either
homogeneous or heterogeneous depending on whether the polymerisation occurs in the
same phase as the solvent or not. Homogeneous polymerisations are conducted in either the
bulk (monomer only) or a solvent where both monomer and polymer are fully soltbése
processes are relatively straightforward with minimal reaction components and are the
easiest to understand in terms of kineti€sThetypesof heterogeneous processes are more

extensiveand are thekind used exclusively in this thesis.

1.5.1. Hetengeneous Polymerisation

Any polymerisation process that forms a polymer product which is insoluble in the reaction
solvent (the continuous phase) can be considered heterogeneous. The reaction kinetics of
these processes are more complex than homogenoussoag most if not all of the
polymerisation occurs independently from the continuous phase. However, this does vyield
several benefits that have made these processes more suitable for use at the industrial scale.
These include generally faster reactions kiog improved heat dissipation and ability to
replace organic solvents with more environmentally friendly alternatives (e.g. w&ter).
Heterogeneous processes fall into one of four common categories: precipitation, suspension,

emulsion and dispersion.

Precipitation polymerisation begins as a homogeneous system, with both monomer and
initiator soluble in the solvent. As polymerisation begins, the propagating polymer chains
become insoluble in the continuous phase and precipitate. Polymerisation then ceatinu

predominantly around the surface of the flocculated polymer particles as monomer is
absorbed into the polymer phase. This typically yields large particles with irregular and

inconsistent morphologie&

In suspension polymerisation, the monomer andiaidr are both insoluble in the reaction
solvent. The immiscible components are mechanically agitated to form droplets that are
stabilised using a surfactant. The polymerisation then takes place only within the monomer
droplets, to form polymer particlesfap to 100s of microns in size. The process is commonly

used in industry to synthesise poly(vinyl chloride) (PVC) and PS pditicles.
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Emulsion polymerisation is probably the most widely used heterogeneous process, being
used industrially to make variousints, adhesives and rubbefsThe continuous phase in

this process is usually water. The water solvent contains a waeriscible monomer and
water-soluble initiator, along with a surfactant. The polymerisation then proceeds in three

distinct stagesKigure 1.14.7°

Stagel Stage2 Stage 3
() 5 (A N~ N
AR i g %
| I e |
M — y —
S0 .y érJ‘J .y érJ‘J
! ,\,'\é'\/ Towm 2/ T 7:\_/
N SN AN /
M : Monomer I :Initiator P : Polymer /v :Surfactant

Figure 1.14Schematic of the stages involved in a typical emulsion polymerisation process.

In the first stage, most monomer exists in large, stabilised droplets, with some surfactant
micelles swollen with additional monomer. Initiation acs in the continuous aqueous phase

to form short chain insoluble oligomers, which then diffuse into the monomer micelles to
continue propagating. This first stage is known as particle nucleation. The next stage then
sees additional monomer continually fadto the propagating particles from the large
monomer droplets, allowing for a continuous rate of polymerisation. In the final stage,
polymerisation rate decreases as the monomer concentration becomes low. This continues

until all the monomer is depletedprming the final latex product®

Emulsion polymerisation can also be divided into-sategories. The basic form described
above is known aab initio and typically produces polymer particles of 100s of nm. Other
variants include seeded emulsion, miniemulsion and microemulsion. Seeded emulsion works
in the same way as thab initiomethod, except a previously prepared latex is added to the
mixture to omt the nucleation stagé’ Miniemulsion uses an additional surfactant along

with high mechanical shear to prevent large monomer droplets forming. This in turn forms

smaller polymer particles, up to as small as around 50hklicroemulsion also uses a-o
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surfactant as well as a very high overall surfactant concentration to achieve particles of <50

nm. In some cases, growing particles can consist of only a single propagatiné’chain.

The final heterogeneous category, dispersion, is utilised in this thesliss described in the

following section.

1.5.2. Dispersion Polymerisation
Dispersion polymerisation is very similar to the precipitation polymerisation process. It has
been utilised in industry to create various coatings, toners and packing materials for

chromatography column® The process can be divided into 4 key stagéguie 1.15.

Stage1l Stage 2
- N ™
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M
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? " iy | —_— ? M ? —1 M : monomer

| _ * M
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\ |—1 M/ \ . —1 /\_/'/ I:Stabiliser

\L. :oligomer
/ M \ \ @ : nucleated particle

!
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Stage 4 Stage 3

: stabilised particle

M

Figure 1.15Schematic illustrating the key stages of the dispersion polymerisation process.

The first stage is almost identical to the precipitation process, witmenter and initiator
soluble in the continuous phase. Dispersion differs by also adding a soluble polymeric
stabiliser into the mixture. In the next stage, polymerisation begins in the continuous phase
forming short chain propagating oligomers. Then, quieltter this stage, the oligomers reach

a critical molecular weight where they become insoluble in the continuous phase. The
insoluble oligomers aggregate to form the primary polymer particles for the dispersion. In the
final stage, the polymeric stabilisés adsorbed onto the surface of the nucleated particles,

covering them to form a stable heterogeneous mixture. The stabilisers used are typically steric

21



Chapter I¢ Introduction

stabilisers, creating a barrier of repulsive force between particles to overcome the van der
Waals atraction between the polymer particles. With further particle aggregation prevented,
the polymerisation continues solely by monomer diffusing into the polymer phase, continuing
the propagation and growing the size of the polymer particles. The proceszlypyields

highly uniform polymer particles in the size range of@.h 2.8 ©

Aside from filling in the size range of polymer particles left between the emulsion and
suspension processes, dispersion offers other unique benefits over emulsion systems.
Mechanistically, the process tends to be more facile than tymbainitio emulsions. The
process also requires less mechanical agitation and a much lower concentration of additional

stabiliser than miniemulsion, that can affect the end prodgct.

Despie these advantages, dispersion polymerisation is generally underexplored in
comparison to emulsion systems. A key factor in this is the relatively limited number of
solvents that are miscible with a monomer but in which the resulting polymer is insoluble.
The most common solvents utilised as the continuous phase are alkaniEnhol$* and

supercritical carbon dioxid®.

1.5.3. Heterogeneous RAFT Polymerisation

The CRP techniques introduced in the previous section of this chapter are a versatile and
desrable route to produce welllefined polymers for speciality applications. However, for
these products to be realised at the industrial scale, CRP techniques must be compatible with
the heterogeneous processes utilised by industry. Consequently, over gte2payears, a
significant amount of research has focused on addressing the challenges of integrating CRP
methods into heterogeneous systems. Investigations have covered all CRP techniques and has
been reviewed in detafl® 8 Here though, only the spe@f regarding the RAFT

polymerisation technique will be addressed.

The main issues with integrating RAFT techniques with heterogeneous processes stems from
the additional mechanistic complexity of this technique over traditional FRP. A key challenge
is mantaining the same degree of control over the radical propagation when compared to
the simpler homogeneous case. For this to be achieved, the RAFT chain transfer agent must

remain solely at the polymerisatidoci, i.e. the phase where polymerisation is ooing. It
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has been found that exit of the chain transfer species from the polymer phase can result in a
f2aa 2F O2yiUNRBf YR | adzoaS#dzSyid AyONBlIasS Ay

' Yy20KSNJ OKIFffSy3asS (2 2@SND2YS pdynerinuci€ation! C¢ Y
stage of heterogeneous processes. The slow initial rate of polymerisation in the RAFT
mechanism can delay the particle nucleation stage of the process. This in turn can cause
variations in the size of the final polymer partichsA laige increase in the particle size

distribution can have detrimental effects for the end application.

Several strategies have now been developed to successfully conduct RAFT polymerisation in
heterogeneous processes. A simple solution has been to perforsetbentrolled syntheses

in miniemulsion type systenf8.With all monomer converted directly into polymerisation
micelles, there is no risk of partitioning the fragmented RAFT species into the large inactive
monomer droplets. Other strategies have includesing a preformed latex to seed particles

for RAFT polymerisatiot eliminating the complexities involved with the particle formation.

Or using amphiphilic maciBAFT in place of the usual surfactant used to create the
polymerisation micelles, ensuring éhchain transfer agent remains at the polymerisation
loci®2. The reader is directed to several review articles that describe these latest

developments in more detaff, 87: 93,94

Concerning the case of RAFT polymerisation in dispersion type heterogesgstems, one
particular approach has proven to be highly popular to produce block copolymers. The
process involves using a fully soluble maR#FT agent with a solventiscible monomer that

goes on to form an insoluble polymer. The reaction beginssample homogeneous system

and then as the solvophobic polymer block grows in molecular weight, unfavourable solvent
interactions induce selissembly of the propagating polymers into nanoscale objects.
Polymerisation then continues in the newly formed pobr phase by diffusion of the
remaining monomer. The process was coined polymerisatidnced seHassembly (PISA)

and has been shown to produce a variety of nanoscale morphologies depending on the
reaction parameters, including micelles, vesicles andmedP Such materials are currently

being researched for application predominantly in the biomedical fieR.
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RAFT dispersion polymerisation has also been conducted without the use of-RAED
stabilisers, instead employing the uniqyeoperties of unconventional solvents such as

supercritical carbon dioxid®.
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1.6. Supercritical Carbon Dioxide

1.6.1. Physical Properties

A supercritical fluid is a physical state of matter that can be obtained in many chemical
species. A substance &id to be in a supercritical state when it exceeds a particular
temperature and pressure, the critical point. At this point, the species changes from having a
distinct liquid and vapour phase to having a single supercritical phase, with mixed physical
properties of both the liquid and gas states. The fluid has a liikeddensity yet possesses

the viscosity and diffusivity of a gas. Tuning the pressure and temperature of the fluid also
allows the solvation properties to be changed, something not possiidie conventional

liquid solvents?®

The supercritical state for carbon dioxide (seCi© relatively easy to obtain, with a critical
point at 31.1 °C and 73.8 bdfigure 1.16, making it desirable for industrial scale use. Other
benefits include its alndance from waste streams, chemical inertness and that it is a non
flammable solvent. Characteristic that adhere to several of the principals of green chemistry.
These attributes, combined with the tunealdelvent powerand ease of separation from

other chemical species at ambient pressure, have led to sd@g utilised in a variety of
chemical processes. Examples include the synthesis many organic, inorganic and polymeric

species; chemical extractions, polymer processing and the fabrication of elesttéh

»
1
|
1
I  Supercritical
Solid :
Liquid !
o I ! =-=-=-==-
§ Critical Point
o
Q.
Triple Point
Gas
>
Temperature

Figure 1.161llustration of the phase diagram of pure £0he triple point is indicated &#6.4 °C and
5.2 bar. The critical point is indicated at 31.1 °C and 73.8 bar
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The main limitation of scG@or these applications is the poor solubility polar molecules
and high molecular weight substances. However, this does make sac§tfod candidate for

conducting heterogeneous polymerisations.

1.6.2. Polymers in scGO

Under moderate conditions, sce@ a poor solvent for most polymers. Notable exceptions
however include fluorinated and siloxat@sed polymerd®* As such, only a few examples of
homogenous solution polymerisations in se@Rist. The majority of polymer syntheses in
this solvent are prformed using precipitation and dispersion type processes, with some
limited examples of emulsion and suspension methddBispersion polymerisation is
reviewed extensively in the literature, due to the environmentally advantages of the solvent
and the eae of separating the polymer particles after the synthesis, simply by releasing the
pressure and venting the gaseousC®lost examples use fluorinated polymers such as

KrytoXMor siloxanes such as poly(dimethyl siloxane) (PDMS) as the polymeric sta¥ilise

Many reaction techniques have also been demonstrated in scl@€uding cationic, ring
opening and condensation polymerisatiof8FRP is a popular technigue used in sc&O
the CQ molecules are highly unreactive towards radical species. Thiesnakvanted radical
chain transfer to the solvent highly unlikely. However, it has been noted thatsEDGlter
radical initiator decomposition and FRP reaction rdf8&RP in scG@ a versatile technique
and has been applied to a range of monoménsluding several methacrylaté®, 194
styrenel% divinyl benzené? N,N-dimethyl acrylamide (DMAY and Nvinyl pyrrolidonet®

All cases yielding wellefined microparticles, indicating stable dispersions were formed.

Though C®may have a very poasolvating capacity for most polymers, it is still able to

undergo strong interactions with many polymers while in the liquid or supercritical state. The

CQ can penetrate into polymer matrices, intercalating between polymer chains and causing
themateriali 2 agSftfd 'a GKS LRfeYSNRaA AyiSNX2ft SOdz
more mobile, leading to a depression in the polymes ahd can also influence
crystallisation®® 10 The phenomenon is often exploited in polymer processing to foam
materiak by rapid release of pressudtéor to diffuse C@soluble species into the polymer

phase, such as druf8or nanoparticles!?
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The extent of the sorption of C@hto a polymer matrix depends on the physical interactions

of CQAgAGK (KS LI flatSGuEe interkdsYwittOdolymer chains by the

standard van der Waals interactions. These interactions are complex and can be difficult to
predict, largely owing to the large quadrupole moment o, €®Additionally, C®has been

shown to act as aelectron acceptor for polymers containing functional groups with lone

electron pairs, e.g. carbonyl groupd.¢ KSasS FI OG2NE | £LIKAR I DINRQY &

polymer and subsequently the extent of swelling caused by CO

1.6.3. CRP and Blo€kopolymers in scCO
A wide range of CRP techniques have also been attempted in dgpérsion polymerisation,
including ATRP® NMP16 and RAF with varying degrees of success. A more detailed

review of CRP techniques in se€@én be found elsewherg’

Many reports of CRP in the literature utilise control agents that also act as the stabiliser in the
dispersion process, occasionally referred to as inistab molecules. Examples include
macroligands in ATRP to solubilise the copper complex and stabédisecleated particles!®
polymeric alkoxyamines in NMP dispersitfand fluorinated macreRAFT agents®The vast
majority of these cases report relatively low dispersity values (<1.5) and good agreement
between the target and experimental molecularights, likely owing to control species
guaranteed to be at the polymerisatidaci. However, many also report highly agglomerated
particles or large particle size distributions, indicating a possible loss of stabilisation in the

dispersion.

RAFT dispersiopolymerisation in scGbas been explored extensively by the Howdle group.

Their first report demonstrates the synthesis of poly(methyl methacrylate) (PMMA) iroscCO

in the presence of a common RAFT agent and a monomethacrylate terminated PDMS (PDMS

MA) stabiliser?® The resulting polymers were shown to have the desired molecular weight,

f26 RAALISNBAOGE OXMPHU | YR ALIKSNROFf LI NIAOES
size distribution was broad due to a large inhibition period in particleleation.If particle

nucleation is allowedo occur over a long period dine, then stabiliser concentration tends

to be distributedunevenlyacross particles, with the first nucleated partglattracting more
stabiliser.This then causes particlés grow asymmetrically givinga large distribution of

particle sizes.
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Many subsequent reports by the Howdigoup continue to adopt separate stabiliser and
RAFT agent molecules to control the polymerisatint?’A more recent study demonstrates
how RAFT agent solubility in se@ust be carefully selected to enable full partition of the
transfer agent to tle polymer phase, ensuring good control is achieldlhis study
highlighted thatfor adequate control to b maintained, the RAFT agent mbstfully soluble
in scCQat the early homogeneous stage of the dispersion polymerisatiom then quickly
partition into seeded polymer particéeonce they were formedit is likelythen that for this
to be successful, the RAFT agent must be more soluble in the polymerthbascCQ@
continuous phaseThus far successfullydetermining ifthis balancehas beemachieved has

only been possiblénoughempiric investigation of the polymerisatiokinetics 23

As a natural progression from the investigations of CRP inoso@@y groups have also used
these techniques to synthesise block copolym@fsA number of reports use scg€bluble
polymers as the first block, acting as a macroinitiator or transfer agent. For examplea scCO
soluble poly(1H,1Hihydroperfluorooctyl methacrylate) (PFOMA) first block was used by Xia
et al. for ATRP®, and Zong eal. for RAFF?synthesis of PFOMB-PMMA block copolymers.

Beyond this, several examples of fully insoluble block copolymers synthesised by scCO
dispersion have also been reported. Minami et al. synthesised a poly(acrylic acid) (PAA) first
block by ATRinscC*#*g KAt S hQ/2yy2NJ SG ftd aeyiKSaArasStk
using NMP control?® Both cases use a twatep synthesis strategy, obtaining and purifying

the first block macroinitiators before synthesis of the resulting block copolymers.

Recently, Howdle et al. have demonstrated the synthesis of several PMMA containing block
copolymers using RAFT control via a -pog synthetic proceduré?s In this method, the
second monomers are fed into the reactor by a Rpgrformance liquid chromatogphy
(HPLC) pump once synthesis of the PMMA m&#&T agent is complete. Most block
copolymers were found to have relatively low dispersity (<1.7) and spherical microparticle
structure. Examination of the internal morphologies of the microparticles alsod a variety

of selfassembled nanostructures, which could be altered by changing the block fractions of

the constituent blocksKigure 1.17.
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PMMA (30)-b-PSt (30)

PMMA (30)-b-F

Figure 1.17TEM crossectional images of several PMMA block copolymers micropatrticles. Images

show internakelfassembled morphologies including LAM (a, c), CYL (b) and SPH (d).

From this study the Howdle group also concluded that the interaction of sefi®the block
copolymers profoundly affected the sedlssembly behaviour of the resulting materials. Self
assembly was shown to ocauarsituduring the synthesis and gave unexpected morphologies
based on the targeted block fractioh¥. The seHassembly behaviour of block copolymers in

scCQis described further iChapter 3

This synthetic procedure demsetrates a facile and environmentally benign route to block
copolymers with diverse morphologies and a structural hierarchy. The group predicted these
materials may find use in various applications including drug delivery, impact modification
and as structral templates. In particular, their use as soft nanoscale templates for functional

materials has received the most interest and will be the focus of this thesis.
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1.7. Nanomaterials

Nanomaterials are defined as a material possessing any extelinansions on the
nanoscale. General categories of nanomaterials include nanoparticles, nanowireghuntra
films and mesoporous or microporous materials. Such materials are desirable for their
extremely high active surface areas and the unusual phenamexhibited by certain
materials at the nanoscafg® Nanomaterials occupy an enormous range of academic
research and are now gradually being commercialised for use in retail prodd@sme
nanomaterials are even beginning to emerge as commodities eir thwn right through

platforms such as the INS®vorldwide exchange marketplacé?

Despite the recent progress in nanomaterial utilisation, indusstalle integration of these
materials has been slow and continues to be an issue for some emergihgotegies.
Common issues that have arisen include supply insecurities, high integration costs and
inconsistencies in material quality* 32 Hence, most concerns originate in the bulk

fabrication process of nanomaterials.

1.7.1. Fabrication of Nanomateals

Generally, the fabrication of nanomaterials can be divided into two approachesjdom

and bottomup methods!33Top-down methodologies involve taking a large bulk material and
reducing the materials dimensions towards the nanoscale. The most poptlénese
methods is optical lithography, a physical method of fabrication employed in the

microelectronic industryRigure 1.18.134

Projection Lens Photoresist Substrate

Mask \‘ '/

Light Source

Figure 1.18Schematic illustration of the conventional optical lithography process.
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Optical lithography uses a lightwrce, often UV, to transfer a desired pattern from a mask to

a light sensitive material called a photoresist. The patterned photoresist is then subsequently
transferred to a substrate, usually by etching. The minimum sized pattern of this technique is
dependent of the light source used, with resolution limited by the optical wavelength. To
produce nanoscale patterns, costly #dv and Xay sources must be uséé 13°Other
physical topdown methods have been developed, including miesls lithography
techniques. These include electron beam and ion beam lithography. Both scan a tightly
focussed particle beam across the sample in the desired pattern instead of using the usual
projected photons. Though extremely small patterns can be printed in this way, th

techniques suffer from high cost and low throughpeft.13’

Chemical topdown techniques can also be used to produce nanoscale features, including
selective dealloying and anisotropic dissolution, to name a few. Selective dealloying can
generate nanopmus metals by using chemicals to remove the most reactive components of
a metallic alloy. Anisotropic dissolution can create nanostructures by selectively dissolving
certain crystallographic facets in seorystalline materials. Though chemical tdpwn
methods tend to be cheaper and more scalable, they can only be applied to a narrow range

of materials!s8

Bottomrup methods of nanofabrication take smaller building blocks, usually individual
molecules, and builds them up into a nanostructure. Such prosessmic those used in
nature to build biological structures, utilising physical forces to buich desired structure
hierarchically:3° The increased manufacturing costs of many-tiqwvn methods has driven
more interest towards bottorrup approaches, altbugh, they can often be difficult to design
and control. Many of the mamade techniques use the concepts of sedsembly to drive

the fabrication proces$®

Examples of bottonup fabrication techniques include chemical vapour deposition (CVD),
DNAassised assembly and sglel synthesis. CVD deposits gaseous chemical components

onto a desired surface in a vacuum chamber. In this way structures can be deposited and built

up one monolayer at a time. This is particularly useful for creating #anolayersand
nanofibers!4® “1DNAF 38 A A a0SR FaaSyofe dziAfAasSa yI GdzNB!

assemble nanostructures. The basic DNA structure can be modified and programmed to self
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assemble into an array of nanoscale objects referred to as DNA origaran ¥ftached to
inorganic components, the DNA building blocks can be used to rapidly fabricate many 3D

nanoscale object??

Solgel synthesis is a method of producing solid inorganic materials from molecular
components, commonly used for th&ynthesis of metal oxides such as ;T&dd SiQ. A
solution or colloidal suspension of inorganic precursor(sol) is created, before gelation occurs
to form a continuous inorganic network in the liquid phase (gel). The solvent is then
evaporated, and the resting inorganic is often annealed to yield the final material. The
process is particularly desirable for its mild reaction conditions, low cost and easy
scalability 243 By carefully controlling the physical conditions of gelation, or by incorporating
addtives to act as directing agents, the formation of the inorganic species can be confined to
the nanoscalé?* 4> Solgel syntheses have been used to fabricate different inorganic

nanoparticles, nanocomposites and highly porous matetls.

1.7.2.Block Copolymers in Nanofabrication
Due to their ability to readily sedssemble into periodic nanostructures, block copolymers
have been widely exploited in nanofabricati&fi Examples are found primarily in botteap

fabrication approaches, though thean also be used to aid tegown methods.

Block copolymers have gained much interest for their potential use in-hdmography.

While one approach is to reduce the wavelength of the optical light source in lithography,
another less expensive method cae to reduce the size of the maskigure 1.19. Block
copolymers can be deposited on a substrate and cast as a thin film before annealing to induce
YAONRLIKIFAS &aSLINFYGAZ2Y Ayd2 GKS-b-RNBVA SHME ND &
copolymers have generallyeen explored for this application as the PMMA block can be
selectively removed after the pattern is formed, due to its quick degradation when exposed
to UV light}*® In this way, bottorup selfassembly is used to aid in a tdpwn method of

nanofabricaton.
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Deposit Block Copolymer

m M
l Anneal
UV Exposure
o &
&
‘_
Substrate

Figure 1.19Schematic of a nanlithography procedure using a LAM block copolymer mask.

In the literature, block copolymers are often used in bottamtechniques. This is particularly
true when more complex 3D nanoscale architectures are desaith are inaccessible using
normal lithography method$*® As stated earlier, block copolymer can readily-asemble

in the bulk phase to give various 3D morphologies. These morphologies must then be
transferred to the desired functional material. Tltign be achieved by incorporating some
chemical functionality into one of the polymers blocks to allow for insertion of a functional
material postassembly:>% 151 However, some methods have attempted to include the
desired functionality during seHissenbly either by adding the inorganic material into the
polymer mixturé>? or by incorporating the functionality directly into the polymer chalf.
Though, these modifications often drastically alter the -ssembly behaviour of the block

copolymer.

A polymer often employed to bind inorganic components into the polymer structure is poly(4
vinylpyridine) (P4VP). The coordinative ability of the pyridinyl nitrogen offers large scope for
inorganic complexation and ultimately acts as a means to template a a2k J2 f @ YS N a
morphology to an inorganic materigi* For 3D assemblies, this can be accomplished by
incorporating the P4VP in a sgp¢l synthesis of the inorganic material. In this way the gelation

of the inorganic species is confined to the P4VP regibtiseoblock copolymer. The pyridine

rings are known to both chelate to inorganic precursors or can be protonated to act as

hydrophilic acid catalyst sites for the gelation proc&83>°

Recently, the Howdle group has utilised a PMMR4VP block copolymérom scC®@in the
sokgel nanofabrication of Tikand LiFePg{Figure 1.20.15°The PMMAb-P4VP microparticles
with an internal spherical P4VP nanostructure were used to contain the inorganic precursors
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of the sol, creating polymenorganic composite particles. The polymer template was then
removed by calcination to afford the pure nanostruetd metal oxides, either with or
without a residual carbon layer depending on the calcination conditions. This report not only
demonstrated a method of simple bulk scale bottap nanofabrication, but also combines
the green chemistry aspects of se@@ a minimal environmental impact. Nevertheless, only

a single block copolymer morphology was demonstrated in this study.

a) Block Copolymer b) Sol-Gel Impregnation c) Block Copolymer Calcination
Microparticle Template and Domain Swelling and Metal Oxide Crystallization

1. Age 8 hours, 50°C
2. Pyrolyse at 500°C
for 2 hours at 3°C/min
in Nyor Air

1. Combine sol-gel
solution(s) with

polymer slurry

2. Stir for 16 hours, 25°C
s

=1
3. 24 hour controlled
evaporation, 25°C

3. Products obtained
as loose, fine powders

Figure 1.20Schematic process for transforming a spherically structured PRHAA/P block

copolymer into nanostructured TiQiFeP@, and the resulting microscopy imagts.
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1.8. Summary and Researéims

This chapter has outlined some of the fundamental concepts on which the work of this thesis
is based. In particular, the phase behaviour of block copolymers, their gaghesis via
RAFImediated dispersion in scG@nd their potential use in nanofabrication of inorganic

functional materials.

Initial tests by the Howdle group have shown that PMBIR4VP nanostructured
microparticles could offer a route towards industrscale nanofabrication of a variety of
inorganic materials, with minimal environmental impaet.However, the scope of this
method has yet to be fully realised, both in terms of the range of nanostructures that may be
templated and the specific benefitthat the template may have to a variety of end

applications.

Also, in the initiasolgel nanofabrication tests, the greatest limitation was found to be the
GAIKG NBaAaOGNROUAZ2Y 2y (KS O2LRfeYSNRa 6t 20]
30 wt% BVP was necessary in the copolymer to give high fidelity in the pattern transfer to
the final inorganic productthough this was only investigated for a deagolymer molecular

weight (=67 kgnol?). Templating outside of thiB4VFraction rangewas fourtd to produce
microparticleaggregation in théinal inorganics and loss of the structural hierarchy found in

the original polymer.This general rule still lacks full understanding of thédundamental
interactionsthat influencetemplating succesand hasalso only been provefor the TiQ sot

gel system. However, it can be expected that this shouldapply to other inorganic systems

that interact with P4VRnd polymer templatesf similar molecular weight

In Chapter 3 modifications to thesynthesis of PMMA-P4VP in scCQ@re explored in order

to alter both the microscale and nanoscale dimension of the structural template. Control over
both these length scales in the template can help facilitate size optimisation studies of certain
inorgant materials. Specifically, this is explored in lithibased inorganics for application in

rechargeable batteries.

In Chapter 4 alternate block copolymer chemistries are researched to add more
morphological diversity to the P4VP templates. The restriatfdhe 2630 wt% P4VP content
prevents other morphologies being achieved in diblock copolymer systems. Therefore,

triblock copolymer systems of P4VP are studied to increase the wealth of available template
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morphologies. The salel synthesis of T¥ds ued as a benchmark to test the effectiveness

of the new triblock copolymer templates and their application in photocatalysis is explored.

Finally, Chapter 5 aims to further progress the low environmental impact of this
nanofabrication methodology. Insteadf csolgel reactions, synthesis of the inorganic
component is attempted in scG@longside the block copolymer s@§sembly, reducing the
number of synthetic steps required. Silver nanopatrticles are used as a basis for this study and

the resulting silvepolymer composites are explored for their use in biomedical applications.

Overall, this thesis aims to demonstrate the versatility of P4VP block copolymer templates
from scCQin nanofabrication. This will be achieved by investigating synthetic strategies t
control the size and shape of the templates, as well as utilising them for several end

applications in the energy and healthcare sectors.
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2.1. Overview

This chapter details the key experimental apparatus and characterisation techniques
employed throughout this thesis. The first section describes the-pighsure equipment set

up used for the polymer synthesis in seCDhis also includes a general standard operating
procedure for undertaking a higbressure reaction. The second section describes the main
analytical techniques utilised in subsequent thesis chapters to evaluateattieus materials

synthesised throughout this thesis.
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Chapter Z; Equipment and Characterisation Techniques

2.2. HighPressure Equipment

2.2.1. General Setlp

Polymer synthesis in scef@quires specialist equipment to generate and withstand the high
pressures required. The general sgt for all the highpressure experiments in this thesis
consists of a COsource, connecting pipework, control electronics and a reaction vessel
(discussed later in this chapter). This-gpt is summarised in a simplified piping and

instrumentation diagram(P&IDJF{gure 2.).

Pressure was generated using a B0 highpressure pump (New Ways of Analytics,
Germany) attached directly to a liquid €€ylinder with a dip tube. The G@ump was

powered by an external air compressor providing roughts Bar of pressure. This
compressed the COn the pump to the pressure required foine reactions; a significantly

higher pressure than supplied by the originakb€@inder.

The CQ@pressuisedby the pump was supplied to individual fume hoods through ¥/ir&ch
stainless steel pipework (Swagelok, SS316). The flow oiv@Ocontrolledusing a series of

HIP (HigHPressure Equipment Co.) needle valves. The supply lines were also fitted with non
return valves (NRV) to prevent the back flow of reagents from the reaction vessels tothe CO

cylinder.

The pressure supplied to the reactionsgel was monitored by a quartz piezoelectric
transducer (RDP Electronics) placed on the inlet pipe. Placement of the transducer on the inlet
pipe rather than inside the reaction vessel avoids contact with reagents and prevents the
build-up of obstructing plymer coatings on the sensor. The transducer was connected to an

in-house built digital display, indicating the measured pressure in pounds per square inch

(psi).

The temperature of the reaction vessel was both monitored and controlled by-aouse

built temperature control box connected to a band heater (Watlow) and thermocouple (K
type, RS Components). The power for this temperature control box was supplied through a
trip-fuse device, coupled to the pressure monitor. If the pressure recorded by thetono
exceeded the 300 bar (4350 psi) working limit of the reactor, power is disconnected from the

temperature control box to help relieve the excess pressure.
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Injection Port
Rl R2
Pump s By Eat ] @ ] [ ~ ]
HIP (b} MRV HIP (c) Inlet Tap - Qutlet Tap

ij Autoclave

Compressor Pressure
Mo nitor

Temperature
Monitor

Trip

Figure 2.1Schematic diagram of the higiressure equipment used in this thesis.
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2.2.2. MKIII Autoclave

The highpressure reaction vessel for this agh was an irhouse builtMKIIl clamp sealed
autoclave Figure 2.2. The autoclave was a 60 mL vessel made from 316 stainless steel with
maximum working conditions of 300 bar and 300 °C. The autoclave was comprised of a head
unit and removable base, sealed together with athylene propylene diene monomer
(EPDM) @ing seal and clamp. The use of the EPDM typen@in this setup restricts the

safe working temperatures to betweeb0 and 120 °C.

The autoclave head was equipped with a magnetically coupled stirrer $hgdte 2.2, A for

use with a mechanical overhead stirrer, as well as six apertures. Two of the apertures were
used to fit inlet and outlet Swagelok pipirfgidure 2.2, F/G connected to the Cupply line

and HIP vent tap respectively. Another aperture e modified to include a second inlet
pipe, sealed with a HIP tapigure 2.2, g for the addition of liquid reagents while the system
was under pressure (discussed later in this chapter). The remaining three apertures were used
to attach a thermocoupléFigure 2.2, Dto monitor the internal system temperature, as well

as two mechanical safety features.

The first mechanical safety feature included on the autoclave is a sioaalgd relief valve
(Swagelok SS4R3A)dure 2.2, designed to open when alve a maximum allowed pressure

of 345 bar, then reseal again once below this level. The emergency vent pressure was set
above the pressure limit of the electronictsipdza S & | WFAYI{ Q &l FSae
of pressure relief would also result gjection of the toxic reagents. The final safety feature

was a small opening on the autoclave head that must be sealed using a safety iégulte (

2.2, B to hold pressure. The head of this safety needle also serves as a uniquely shaped key
to unscrewthe clamp sealKigure 2.2, Jbetween the autoclave head and base. Hence the
clamp seal for the autoclave cannot be undone without first safely venting the excess pressure

through the small needle opening on the autoclave head.
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Figure 2.2image of the higtpressure MKIIl autoclave showing: (A) Magnetic coupled stirrer, (B)
Reagent addition port, (C) Sprit@pded pressure relief valve, (D) Thermocouple, (E) Clamp
key/Safety needle, (F, G) Inlet/outlet pipg$) Stirrer blades, (I) Heating jacket, (J) Clamp seal.

2.2.3. InSitu Monomer Addition

Many of the syntheses described throughout this thesis require the addition of subsequent
reagents once a particular time point in the reaction is reached. Notabladiion of the
second monomer in the synthesis of block copolymers. This was achieved by using a high
performance liquid chromatography (HPLC) pump (Jase@3BVto supply liquid reagents to

the autoclave through the reagent addition port. The -sget for the HPLC pump and
connecting pipework is summarised in the P&ID diagram befagu(e 2.3.
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HPLC Pump

Syringe :_
Pressure
Monitor

ol
-

] £ ]
HIP (e) NRV HIP ()

] |

HIP (d) ..
Injection Port

Waste

Autoclave

Figure 2.3Schematic diagram of the equipment used fesitn addition of monomer into the

autoclave.

The HPLC pump incorporates the pump componeningernal pressure monitoring device

and an electronic trip set to cut power to the pump if an excessively high pressure is reached.
Liquid reagents are fed into the pump via a syringe and then pumped through® 11it6
stainless steel pipework (Swagel®$316). Reagents can be pumped directly into a waste
container by opening a purge valve, intended for solvent rinses and the removal of any air
bubbles from the line. When the purge valve is closed, a separate HIP valve can be opened to
pump the reagentshrough further pipework connected to the reagent addition port of the
autoclave. This section of pipework is also fitted with a NRV to prevent the contents of the

autoclave reaching the HPLC pump.

2.2.4. Standard Operating Procedure

To ensure saf@peration when using the higpressure equipment, a standard operating
procedure was followed carefully for all reactions. Only minor adjustments were made to the
method depending on the type of reaction being performed. The procedure for a standard

blockcopolymer synthesis is as follows:

(1) An EPDM @ing was placed in the recess in the autoclave base, then the base and
head units were clamped together and tightened using the safety key. The safety key

was then screwed into the autoclave head to create aspuee seal. The band heater
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was then securely fastened around the autoclave base but remained unplugged from
the control box.

(2) The outlet HIP tap was closed, then the inlet HIP tap was opened slowly to adol CO
the autoclave. The inlet was closed when regsure of approximately 50 bar was
recorded on the pressure monitor. The system was then checked for leaks using
Snoof¥ liquid leak detector.

(3) If required, the system was vented by opening the outlet tap and any leaking fittings
were adjusted pefore again repeating step 2. Leaking fittings were never tightened
under pressure.

(4) Once the system was determined to be leak free, the autoclave was vented, the safety
key removed and the outlet tap was then closed. Residual oxygen in the system was
removed by slightly opening the inlet tap to produce a-@iow of around 23 bar
through the autoclave for at least 30 minutes.

(5) A degassed monomer solution (usually containing initiator, RAFT agent and polymeric
stabiliser) was added via syringe through thpen keyhole against the positive
pressure of Cg) preventing the ingress of air. The system was then sealed by screwing
in the safety key.

(6) The autoclave containing the reaction solution was then pressurised to around 50 bar.
The overhead stirrer was themitned on and set to 300 rpm. The heating jacket was
then plugged into the control box and the target temperature was set to 65 °C. The
system was allowed to heat, with the pressure monitored throughout.

(7) Once the target temperature was achieved, the systeas further pressurised to the
reaction pressure of 241 bar. The addition of2@f@en caused the autoclave to cool
slightly. When this occurred, pressurisation was stopped until the temperature
stabilised again, then the process was continued.

(8) After the desired reaction time for the first polymer block was reached, a small
polymer sample was collected from the system by quickly opening then closing the
outlet tap. This procedure also lowered the autoclave pressure, providing space for
the second monomer tbe added.

(9) The second monomer was then added to the system using the HPLC pump set

. ¢CKS LlzYLQa &ae&NAy3aS NBaAaSNI2ANI gl & LINRKYSFK
solution.
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Vi.

The purge valve was opened and the solution was pumped through to the waste
containerto remove any air bubbles from the line.

The purge valve was closed and 1f1#hch piping of the pump saip was
connected to the autoclave addition port.

The tap on the pump line was opened, keeping the isolating tap on the reagent
addition port closedThe monomer solution was pumped through the line to build
up pressure, to the point at which pressure was equal to that inside the autoclave.
The isolating tap on the reagent addition port was opened and the monomer was
pumped into the autoclave at a flovate of 0.5 mL/min. The pressure inside the
autoclave began to rise and pumping was discontinued if the safety limit was
reached.

After the desired amount of monomer solution was added, the isolating tap was
closed and pumping was stopped. The pump lines wigssconnected from the
autoclave and the entire system was flushed with acetone to remove residual

monomer.

(10) After the desired reaction time for the second monomer block was reached, the

temperature control box was set to 0 °C and the heating jacket vea®dinected.

(11) Once the autoclave was cooled to room temperature, stirring was stopped and the

outlet tap was slowly opened to vent the €0

(12) Once at atmospheric pressure, the safety key was remaosed the clamp seal

loosened to open the autoclave and collect the reaction product.
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2.3. Characterisation Techniques

Described here are the details and procedures of some of the key analytical techniques
employed throughout this thesidHowever, this list of techniques is not exhaustive and
additional specialist techniques are also detailed in the experimental section of the chapters

to which they pertain.

2.3.1. Gel Permeation Chromatography

A fundamental technique for the analysis oflyyoers is gel permeation chromatography
(GPC), also referred to as size exclusion chromatography (SEC). This technique is used to
determine the molecular weighMn) and molecular weight dispersity) of polymer samples.

Both parameters are of interest @uto their ability to influence the end properties of the
polymer. This is especially relevant in controlled radical polymerisations where molecular

weight values can be targeted and controlled.

The technique works by first dissolving the sample in aablétsolvent to be used as the
mobile phase. The sample is then passed through a series of columns containing a bed of
porous beads, the stationary phase. The beads then separate the polymer chains based on
their hydrodynamic volume in the selected solvelainger polymer chains will have a larger
hydrodynamic radius. The longer chains elute first as they are too large to pass through the
bead pores, thus taking a shorter more direct route to the end of the column. Shorter chains

pass through more of the pes, taking a longer time to filter through and elute.

Eluting polymer chains can be detected through various different means. The most common
and the one used in this thesis is detection through changes in the refractive index (RI) of the
eluted solvent A higher concentration of polymer in the solvent will cause a greater change
in the RI value, enabling a signal to be produced and plotted. The detected elution times can
then be compared to calibration values produced by reference samples. These are near
monodisperse samples of common polymers such as PMMA afdh®8omparison to these
reference elution times is usei cakulate both the number average and weight average
molecular weighs for the sampleVdues from samples with differerghemical structures to
these standards can only be taken as approximatiansl the error in these approximations

is prgpagated through botlthe number and weight average values
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In this thesis two GPC systems were used. The most commonly used systeire and for

analysing all PAVPased polymers, was an Agilent 1260 infinity SEC system equipped with a
Wyatt Optilab dRI detector. The mobile phase was a solvent mixture of chloroform and
ethanol (9:1) with a triethyl amine (TEA) stabiliser (1% v/v). Szswpdre prepared as3 mg
mtaz2ftdziaAzya YR FTA{GSNBR GKNRdAzZZIK ndH >Y t ¢
particulates. Samples were injected at a flow rate of 0.5 mLminl passed through a guard

column followed by two separationcolumns 2@ A f Sy d t [ 38t p >Y YAESR
calibrated using PMMA narrow standard,(range: 0.52,000 kg mot). Detector responses

were analysed using ASTRA 6.1 software (Wyatt Technology).

Additionally, a separate Polymer LabsIRD SEC systeaquipped with an Agilent differential
refractometer was used to analyse PMN#BzMA and PMMA-PS block copolymers. THF

was used as the mobile phase. Samples were prepareeBan@ mt! solutions and filtered
GKNRdzZAK ndH >Y t ¢ C9todeddd ghy Rartichlatdés (i SamNfies WeteI A f Sy
injected at a flow rate of 1.0 mL mirand passed through a guard column followed by two

aSLI N GA2y O2fdzyYya 6w E ! 3AfSyd t[3ASf p >Y Y
narrow standardsNl» range: 0.52,000 kg mal). Detector responses were analysed using

ASTRA 6.1 software (Wyatt Technology).

2.3.2. Nuclear Magnetic Resonance Spectroscopy

Nuclear magnetic resonance (NMR) spectroscopy is a common analytical technique used to
confirm the chemical structer of a compound. The technique identifies any nuclei with a

nuclear spin that can interact with an applied magnetic field. The different chemical
environments of these nuclei give slightly different responses in the NMR, which are plotted

as chemical shidl f dz=Sa 610 NBfFGAGS (2 | adlyRINR® ¢K
density surrounding the particular nuclei, thus, functional groups can be identified and the
chemical structure deduced. Intensities of the generated peaks are also relatitiee to

number of active nuclei in the sample. This means integration values of the peaks can be

compared to assess the abundance of each particular functional group.

In this thesis proton'd) NMR is utilised, being the most applicable NMR active nucleein t
synthesised polymers'tH NMR was used to determine the presence and abundance of

particular polymer species in a product based on its unique functional groups. Spectra were
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obtained on a Bruker AMl 400 MHz spectrometer on samples dissolved in £D@ta was
analysed using MestReNova software. Some of the unique discernible signals for the polymers

studied in this thesis are givenTable 2.1

Table 2.1 List of'H NMR unique chemical shift regions for polymers used in this thesis.

Polymer Functional group  Number of protons  Chemical shift in
(nH) CDd (ppm)
PMMA Methyl group 3 3.6
P4VP Pyridine ring 2 8.2-8.6
PS Benzene ring 3 6.87.2
PBzMA Ch adjacent to 2 4.85.0

benzene ring

Primarily, this technique was used to assess toenposition of the synthesised block
copolymers. Often this is presented as a weight fraction of the P4VP block to the other
polymer block(s)wravg. This was calculated by first integrating the polymer peaks for each
block to give peak intensity valudsdy). The peak intensities were all normalised by dividing
by the number of protonsnH) that the integral represents. The normalised intensity for the
P4VP block is then divided by the sum of the normalised intensities for all blocks in the

copolymer b give a molar fraction of P4VRf{sv9 (Equation 2.).

O
o e( .
€ Q —_— (Equation 2.1)

uo
B é(—

This molar fraction value can then be converted to a weight fraction valug/g by taking
into account the molar masses of eachioK S o6 f 2 01 Qa O2 ¥quation2@Sy i Y2y

e Q &
BegQ &

(Equation 2.2)

2.3.3. Scanning Electron Microscopy

The micrescale morphology of samples was assessed by scanning electron microscopy (SEM).
Images of the sample can be produced by exposing the sample to a focussed electron beam.
The electrons interact with the surface atoms of the sample producing ayafismeasurable

signals. The most commonly used SEM mode and the one used in this work measures the
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secondary electrons emitted by the sample when excited by the electron beam. Secondary
electrons hit a detector to produce an electrical signal which ipldied and displayed as an
image pixel based on the signal intensity. The electron beam is then moved across the sample
surface in a raster scan pattern. The combination of the beam position and the signal intensity

produces a topographical image of thensple.

Samples were prepared by mounting on aluminium stubs with sticky carbon tabs (Agar
Scientific) and sputtecoated with a thin layer¥6 nm) of platinum (Polaron SC7640). This
conductive layer helps to prevent charge beuid and degradation of theasnple, a common
problem for polymeric materials. Samples were imaged using a JEOL 6490LV SEM at an

accelerating voltage of 10 kV over a range of magnifications.

The images produced with this technique were also used to derive the number average
particle dameter @) of samples. Values reported are mean averages taken from at least 100
measured particles (ImageJ processing software). Particle size distributions were reported by
calculating the coefficient of variation (CV) for the particles measugegidtion 2.3. CV is
IABSY A | LISNOSyidlr3asS 27F §KiSpropdtibddii theimeghy Q& &
average particle diameter. Hence, particle size distributions can be compared between
samples, regardless of the relative size of the partitidhe sample.

6 W a (Equation 2.3)
2.3.4. Transmission Electron Microscopy
The nanescale morphology of samples was evaluated using transmission electron
microscopy (TEM). TEM works using the same basic principles as an ordinary light microscope,
instead using electrons for superior resolution due to their smaller wavelengtbcus$ed
beam of electrons is shone through a very thin sample, where interactions between the

electrons and sample atoms occur.
{2YS StSOGNRya gAaff 06S aO0FGUGSNBR 2NJ I 6a&a2NDbSR
and chemical composition. A thickesimple or sample with higher atomic density will scatter

more of the incident electrons. Remaining electrons transmit through the sample and are

collected on a detector, usually a chargeupled device (CCD) camera. Areas of the sample
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that scatter more edctrons will have a lower intensity and therefore appear darker in the final

image.

All materials in this thesis were too thick to be imaged in their neat form. To prepare thin
sections of the materials, samples were first embedded in an epoxy resini@@esand cured

at 50 °C for at least 24 hours. Embedded samples were-miiteotomed (RMC PowerTome
PTXL) at room temperature 100 nm thick slices using a diamond knife (Leica Diatome

Ultra 45°). Sections were collected on copper TEM grids (AgariScjent

For polymer materials, samples also needed to be stained before imaging. The contrast
between different types of polymer in the TEM is often very low due to their similar elemental
compositions. For this reason, polymers are selectively stained attvier elements to
enhance electron scattering in one of the polymers. A variety of different chemical stains can
be used depending on the functional groups of the polym®&ample sections containing PS

or PBzMA polymer blocks were stained using Raour for 2 hours, while P4VP blocks were
stained with 4 vapour for 2 hours. Polymer samples containing inorganic components were

not stained.

Sections were imaged using a JEOL 2100+ TEM equipped with a Gatan US1000 camera, at an
accelerating voltage of 8kV. Samples were imaged over a range of magnifications. In this
thesis some of the images produced were also used to measure the average P4VP domain
size in phase separated block copolyméds:(p. Values reported are mean averages taken

from at least 10 measured nanoscale features (ImageJ processing software).

2.3.5. SmahAngle Xray Scattering

Smallangle Xray scattering (SAXS) was utilised during several studies in this thesis to gain
insight into the nanoscale morphologies of some block copolymaterals. Nanoscale
density differences in a material can cause a coherent beam-rafysKto be scattered
elastically at small angles (0.10°). The pattern of this scattering can give information about
both the size and shape of the nanoscale structlil@s has become a particularly valuable
tool for analysing selissembled block copolymers and is useful for complementing

observations made through TEM analysis.
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Typically, SAXS analysis is performed using a synchrotron source of monochreragtic X

The high intensity beam is fired through the sample with the majority-cdy<passing straight
through the material. However, the small fraction ofays that do interact with the sample

Oty 6S02YS a0FGGSNBRX |G | y3fatfed. Irka®lD patten, | Y R
the scattering intensity is plotted as a function of the scattering ve@p@quation 2.4. The

position of peakstmnax) in the scattering intensity can be used to discern possible morphology

shape and the size of theeriodic featuresD) (Equation 2.9.

A T_i Qe — (Equation 2.4)

(Equation 2.5)

SAXS patterns in this thesis were recorded at a synchrotron source (Diamond Light Source,
station 122, Didcot, UK) using monochromati®NJ RAF G A2y 04 @Svits y 3G K
scattering vector g ranging from 0.003 to 0.2% (8albrated using silver behenatend a 2D

Pilatus 2M pixel detector (Dectris, Switzerlapikel size = 172 ymScattering data were
reduced and corrected (maskingestimation of Poisson uncertainties, timdlux &
transmission normalisation, subtraction of emigll scattering, thickness correction) before
beingnormalisedwith glassy carbon being used for tabsolute intensity calibration utilising
standard routines available at the beamlifé\ll measurements were taken on powdered

samples.

This procedure was carried out by Dr Matthew Derry and Prof. Paul Topham (Aston Institute

of Materials Research, Astdmiversity, UK).

2.3.6. Differential Scanning Calorimetry

Differential scanning calorimetry (DSC) was used to determine the glass transition
temperatures Tg) of polymer materials. Th& of a polymer is the temperature at which the
polymer chains transition from a rigid gldgee state to a more flexible rubbdike state. A

polymer with more readily mobile chains will have a lovigr

TheTg of a polymer blend is dependant of the comitmlity of the of the blend components.

A homogenous blend of multiple types of polymer will have a sifigé®@mewhere between
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the Ty values of the constituent polymers, depending on the exact composition. Whereas a
phase separated material containing bedgeneous phases will undergo the multiple glass
transitions of the individual componentsa S & dZNB Y Sy (i Tawhs therefore Ysedf S Q a
to indicate whether a synthesised block copolymer had formed a phase separated

morphology.

DSC functions bjmeasuring the amount of energy required to heat a sample relative to an
empty reference pan. Changes to this measured heat flow are indicative of phase transitions

in the material, including glass transition points.

Samples were analysed using a TA instate Q2000 DSC, equipped with an ag&mpler.

A D10 mg sample was placed in a Tzero aluminium pan (TA instruments) and press sealed
prior to use. Samples were heated to 200 °C, then coole8dSC before a final heating cycle
back to 200 °C (10 °C miinamp) under a Natmosphere. Data was collected during the

second heating run. Data was analysed using TA Universal Analysis software.

2.3.7. Thermogravimetric Analysis

Thermogravimetric analysis (TGA) was used to probe changes occurring to samples during
calcination processes. TGA is a method of thermal analysis in which a sample is heated at a
O2yaidlyd NIXYaGsS 46KAES NBO2NRAYy3I (GKS &l YL SQa
against temperature gives useful information about physical phenomenagakace, such

as phase transitions, desorptions and decompositions.

In this thesis, the technique was primarily used to analyse polinwganic composite
materials. Data obtained from TGA measurements were used to determine polymer
decomposition tempeatures, quantity of solvent residue and quantity of uncombusted
material. Since the inorganic components of the composites were stable up to high
temperatures, the remaining sample mass could be taken to be a measure of the inorganic

fraction in the materal.

Measurements were performed using a TA instruments Q500 TGA using platinum crucibles.
Samples were heated at a rate of 10 °C -hiim the desired isothermal temperature. The
heating was performed under the appropriate gaseous atmosphere for the mhteziag

analysed. Data was analysed using TA Universal Analysis software.
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2.3.8. Infrared Spectroscopy

Fourier transform infrared (FTIR) spectroscopy is a commonly used analytical technique in the
chemical sciences to probe the bonding of molecules. Sabstacan absorb IR radiation at
characteristic wavelengths in order to excite the vibrational modes of the molecules. This
absorbance is specific to the type of bonding present within the molecules and can be used
as a method to determine chemical structurin this thesis FTIR spectroscopy is used to
analyse some of the polym@norganic composites produced. The resulting spectra are used

to identify any changes to the bonding of the polymers upon addition of inorganic materials.

IR spectra were obtainedsing a Bruker ALPHA 1l FTIR spectrometer equipped with an
attenuated total reflection (ATR) attachment. Samples were analysed in their solid state

directly on the ATR crystal.

2.3.9. Powder Xay Diffraction

Powder xray diffraction (XRD) was used to denine the crystal structures of synthesised
inorganic materials. In powder XRD, a small amount of sample is exposed to a coherent beam

of xrays which interact with the atoms of the samplerays have wavelengths of a similar

scale to that of intefatomic distances. This means they are small enough to enter the crystal

lattice of a sample and be diffracted by its atoms. Due to the highly symmetric arrangement

of atoms in crystalline materials, diffractedrays can interfere constructively to give
increaSR aA3dylt AyaSyairde G alL)Scaydghadcolngseah Sasx |

therefore be plotted against diffraction angle to give characteristic peaks.

In this work, the diffractogram peaks measured from a sample were compared to known

standards to confirm the existence of a particular crystal phase in the synthesised metal oxide.
The measurement is also useful to confirm a sample is mostly crystalline in nature. Thus,
confirming a sample had been adequately annealed and amorphous polymesriatat

removed.

4
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2.3.10. Surfae Area Analysis

The surface area of some of the polymer and inorganic materials synthesised in this thesis
were measured quantitatively. This provided a metric to compare the physical structures of
materials and postulate their effectiveness in end appies. The surface areas and average
pore sizes of materials were calculated by measuring nitrogen sorption onto the material

surfaces.

Nitrogen sorption measurement are performed by first degassing a sample of known mass,
to remove all surface moleculeom the material. The adsorbate gas is then administered to
the sample in controlled doses and the relative pressure in the sample container is measured.
The pressure in the sealed sample container can then be related to the quantity of gas
adsorbed on thesample surface, indicating the available surface area. Nitrogen gas continues
to be added in this way to form an isotherm plot which is used to quantify the surface area.
Several different theoretical models can be employed to calculate the surfaceraradtie

isotherm data, based on various assumptions about the material.

Sorption measurements usually conclude by also recording the nitrogen desorption; a
vacuum is applied to obtain the reverse isotherm. The complete data can often form a
hysteresis loofpetween the adsorption and desorption plots. The size and shape of this loop
can be telling of the type of porosity present in the material and is also used to calculate an
average pore diameter for the material. Again, several different theoretical nsockh be

applied to calculate the pore size distribution.

All nitrogen sorption measurements were performed on a Micrometric 3FLEX sorptometer at
-196 °C. Polymer samples were degassed at 50 °C for 16 hours while inorganic samples were
degassed at 200 °©@rf12 hours prior to measurement. The BrunagiemmetTeller (BET)
method was used to calculate the surface area from the isotherm plots, while the Barrett

JoynerHalenda (BJH) method was used to calculate pore size distributions.
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3.1. Overview

This chapter explores how the micro and nanoscale dimensions of hierarchically structured
PMMAD-P4VP blockopolymers from scG@an be altered through changes to the synthetic
parameters. The aim being to demonstrate a high level of versatility in the design of these

block copolymers for use in structure direction of inorganic functional materials.

Micropartide size control was investigated by altering the quantity of polymeric stabiliser
used in the scCQlispersion polymerisation. This simple but effective method has proven
successful in previous studies on frealical homopolymer synthesis but has yet te b
applied to controlled radical synthesis of block copolymers in dispersion. Nanoscale size
control was investigated by varying the overall molecular weight of the block copolymers. This

was achieved by altering the quantity of RAFT agent in the contnodisanerisation.

Further to this, the various size block copolymer particles were applied to trgesel/nthesis

of LiFeP@ a lithiumion battery cathode material that is expected to show a marked increase
in electrochemical performance when a hieraicdl morphology is applied. The polymer
templates were removed by anaerobic calcination to give highly pure and crystalline LiFePO
with a residual carbon coating to aid in electrical conductivity. The resulting morphology and
surface area of the battery aterials is shown to be heavily dependent on the microparticle
size of the polymer template used to create them. The electrochemical performance of the
final materials is also explored by fabricating them into electrodes and assembling coin cell

lithium-ion batteries.
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3.2. introduction

This introduction develops on the general concepts presenté&hipter 1 Specifically, block
copolymer seHassembly behaviour is explored in greater detail. This includes the interaction
of scCQwith block copolymers e effect of spatial confinement on selssembly and routes
to form hierarchically structured arrangements of block copolymers. These topics are
discussed to provide the reader with a more detailed insight into the principles governing the

formation of phase separated block copolymer microparticles in 3cCO

In addition, a brief overview is provided regarding the inorganic materials used in
rechargeable battery applications, as this will be the targeted function of materials fabricated
in this chapter. Paicular focus is placed upon the limitations suffered by the bulk cathode

materials and the potential benefits of applying nanoarchitectures to enhance the capabilities

of these materials.

3.2.1. Block Copolymer Seffssembly in scCO

In Chapter 1the theory regarding diblock copolymer phase separation in the bulk state was
discussed. It was explained that the resulting thermodynamically stable morphology was
determined by the volume fraction of the two constituent bloékEhe volume fraction of
each block is generally altered by changing the polymer composition, adjusting the molecular
weight of each block. However, block volume fractions, and therefore the bulk phase
behaviour of block copolymers, can also be heavilyu@mited by the introduction of

additives?®

For an additive to cause a change in the expected morphology for a particular block
composition, its interaction with the copolymer components must be asymmeffihis
means the additive must have a higher prefiece to one particular polymer block, causing

its volume to increase disproportionately over the other block and lead to a shift in the
preferred morphology. Examples of additives that are capable of achieving this effect are
solvent vapourg; 8 low molecular weight homopolymer$ dilute acids/base®¥ and small

amounts of liquid solverft.*Here, CQis discussed as such an additive.

The use of C£as an additive to modify block copolymer phase behaviour has been the focus
of several studie$?'* As mentioned previously, due to the gadike diffusivity of scCfthe

solvent has a particular affinity to intercalate into polymer matrices causing the materials to
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swell!®> The extent of this swelling is determined by the solvent parameters (pressure and
temperature) as well as the degree of solubility-@@s in the polymer structuré& Though

CQ solvent interactions can be difficult to model and predict, it is generally accepted that
quadrupolepolar interactions play a substantial role.A recent reportmodelling CQ@
interactions with various compounds shows that se@@ds to have strong interactions with
dzy &1 G dzNJ} G§SR LIt N 02yRas$¢K80KAMrBKA WI @A 0 &R
particular functional groups causes certain classes of palgnsich as methacrylates, to
undergo a large degree of swelling in se@@e to the high solubility of GOn the polymer

matrices!®

A study by Zhangt al. quantified the C@sorption and swelling of several homopolymers
when exposed to scC@t various pressures. They also studied the swelling of a number of
block copolymers made up of the individually studied homopolymers, with a range of block
volume fractiong? Interestingly, they found a linear dependence of the degree of swelling
with the block fractions of the copolymer. This suggested that sorption of yCthe
copolymers was quantitatively comparable and unchanged when compared to the

constituent homopolymers.

Jennngset al. studied the influence of scGOnN the phase behaviour of a number of block
copolymer composition& The block copolymer microparticles were synthesised via RAFT
mediated dispersion polymerisation in scC@argeting various weight fractions faach
material. After the polymerisations, reactions were cooled before releasing thérQ® the
block copolymers As such, themorphology of the block copolymers would be a
representation of tle thermodynamically equilibratedtructure formed in the presence of
scCQ. This morphologys first fixed bycooling below theTly of the polymer blockaind then
contracted slightly by subsequentigmoving the liquified C&rom the polymematrix. This
left the materials assembled in their kinetically trappseCG-state morphologies with only
the domain size features expected to change sligiieen analysed ithe ambient state?!
The seHassembled morphologies were studied by cresstional TEM of thearticles and

used to construct experimental phase diagrams for the observed morpholdgmsé 3.).12

In the case of block copolymers comprised oinadthacrylate polymer blocks, poly(methyl

methacrylateb-benzyl methacrylate) (PMMB-PBzMA), the phasdiagram showed good
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agreement with the theoretical phase diagram for bulk phaseastembly. However, in the
case of the methacrylatetyrene composition, PMMA-PS, the phase diagram showed a
large divergence to the expected morphologies for the staddbulk material, with non
spherical geometries only produced at very low weight fractions of PMMA. This was
attributed to the asymmetric swelling of the two blocks, due to the higher solubility efrCO
the PMMA block? This study demonstrates the chetige in producing a nespherical
morphology in a PMMM-P4VP block copolymer synthesised in sc(@@mparable to the
PMMAb-PS phase diagramas RMMA is known to swell more than P4VP in sgCO

PMMA-b-PBzMA -b-
a) . z & b) 4. PMMA-b-PS
:%\‘ [ ] 30
£ , LAM
§ L é 25
% . 20 " .
. = CYL . /
03 04 05 06 o7 o8 03 04 05 06 07 08
fPMMA fPMMA
Figure 3.1Experimental phase diagrams for @YIMAb-PBzMA and (b) PMMBPS synthesised in
scCQ*?

Along with the possibility to manipulate the preferred morphology of block copolymers;scCO
has also been shown to influence the necessary conditions required to induce phase
separationt? 2225 Typtally, thermal annealing is used to increase the mobility of chains to a
disordered state, above the polymdg and generally to a point whereN < 10.5, as..is
known to decrease as temperature increases. The block copolymer is then cooled, inducing
phase separation whenN again becomes greater than 10.5. The temperature at which this

transition occurs is referred to as the ordeisorder transition temperatre (Topy.2°

ScC®has a great influence on the thermal annealing process as sorption.@fi@@he block
copolymer structure has the ability to reduce both the polyrmigrmaking it more mobile,
and theTopr For example, the group of Watkins has saatlthe effect of scC{bn the Topr
for several block copolymers including -BBoly(nalkyl methacrylategf, PSb-
poly(isoprene¥* and high molecular weight RSPMMAZ2°> They found that in the majority of

materials, theToprwas significantly depressedtwithe addition of scC&£and the degree of
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depression could be tuned by increasing the solvent pres¥uighis was shown to
successfully induce phase separation, whereas when identical materials were heated to the
same temperature in vacuum this was nbetcase?® The depression ifloprwas attributed

to screening of the unfavourable enthalpic interactions between the polymer blocks by the

added C@molecules, allowing them to reach the disordered state at lower temperattires.

This demonstrates that sce©@an be applied to anneal block copolymers at much lower
temperatures, much in the same way as solvent vapour annealing techniques are used to
induce phase separation in block copolymer thin fiffhg’ The comparison between these

two systems is logi¢adue to the gadike nature of scCO In the same way as in solvent
vapour annealing, annealing in the presence of sa€@articularly useful for enabling self
assembly of block copolymers with low degradation temperatures or wheddigeclose to

the degradation point.

When scC®is used as the reaction solvent during synthesis of block copolymers, this effect
is applied during the polymerisation. As such, the necessity for agyoshesis annealing step

can be circumvented as phase separation occurs simultaneously with chaithdforhis is

not only an efficient method but can also be used as a facile route to create internally self

assembled microparticles, when a heterogeneous synthetic approach is addpted.

3.2.2. Spatial Confinement of Block Copolymers

It has been stablished that the selassembly of diblock copolymers in the bulk state usually
results in one of four distinct repeating morphologies: spheres, cylinders, gyroid or lafmellar.
Conventional selassembly in solution also only leads to a limited numbeyeaimetries such

as micelles, worms and vesicféddowever, an extensive range of studies over the past few
decades have identified various methodologies to expand upon these possible assemblies of
diblock copolymers. Such methods can lead to the fornmatd unusual geometries and

produce structural hierarchies in block copolymers.

A particular approach that has gained a great deal of attention in experimental and theoretical
studies is the confinement of block copolymers during phase separ&tid@patid
confinement in any number of dimensions has the potential to break the symmetry of the
bulk morphologies and frustrate the s&fsembly to give unusual morphological

arrangements® In such studies, block copolymers are often studied under 2D and 3D
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confinement. Practically, this relates to confinement of block copolymers in cylindrical pores
and spherical cavities respectively. 1D confinement is also extensively studied as this relates

to the seltassembly of block copolymers cast as thin fifs.

Literature on this topic is extensive and is not reviewed in full here. The reader is directed to
several review articles on this topi¢.3* 3’Morphologies produced under confinement can

be affected by preferential surface interactions with a particydatymer blocké, geometry

of the confining surfac® and the overall size of the confinemeftAll these are in addition

to the usual volume fraction considerations that determine optimal morphology. Arguably,
the confinement size is the most studied \anle to influence selassembly. Examples of
these include Monte Carlo simulations performed byeéfial. of block copolymers under
confinement in both cylindrical and spherical nanopores of various dimengims¢ 3.2.4¢

42 Confinement size is denotexsD/Lo, a measure of the ratio of confinement diameter to the

bulk period dimension of the block copolymer.
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From these simulations it was clear that a vast range of morphologies could be obtained from
a single block copolymer composition under different coafhent dimensions. In cylindrical

nanopores, various helical and stacked toroid geometries were often predicted Dfid&
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440 In spherical nanopores, a number of nanoparticles with patterned surfaces and-onion
type morphologies were predictetf.In both cases the predicted morphologies were found

to be highly dependent on the surface interactions of each block with the pore t#dfi&t is

also apparent from these and similar studies that for confinement to have a meaningful effect

on selfassemblyD must be of a similar order of magnitude te(D/ Lo < 5)33 40, 4345

Experimentally, block copolymer salésembly under confinement has been studied by
preparing copolymers in microporous solids, such as aluthirasilicd®, or by preparing
block cgolymer particles’ Different methods for obtaining block copolymers confined in
particles are outlined in the following section. Dispersion polymerisation can be used to
achieve thig!, though particle sizes obtained are commonly too large (> 500 naghi@ve

low enoughD/L, values to induce confinement effects on the observed morpholotfies.
However, particle size control of block copolymers via dispersion polymerisation intsa€O
yet to be studiedIf significantly low particles sizes can béiaved using this method, this
could be coupled witthe synthesis oblock copolymersvith large domain size features to

potentially induce some of these interesting confinement effects.

3.2.3. Hierarchically Structured Block Copolymers

Structural hierarchies are employed extensively in natural matefaltirough control of a
YFEOGSNRALFE Qa Y2NILIK2f 238 20SN) YdzEf GALX S £ Sy3aidK a
with extraordinary properties not attainable using conventional syhthelternatives.

Common examples of this are found in cellulose and collkigesed materials, bone, animal

shells and gecko feéf: 5 The exceptional physical properties of these and other natural
resources have inspired a great deal of research intwpcing biemimetic systems that

harness the benefits of hierarchical material structures. Utilising some of these principles has

led to the creation of metamaterizd 53 auxetic structure® and hierarchically porous

networks>®®

While block copolymersemerally offer a route to form intricate morphologies only at the
nanoscale, methodologies have been developed to also produce structural hierarchies in
these polymeric material?® To achieve this, block copolymer phase separation is commonly
combined wih at least one other selissembly pathway, either simultaneously or stepwise.

This can be accomplished by combining block copolymers with other polymeric components
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such as small oligomeric amphiphiles, colloidal particles or rigidikegolymers6° These
additional components can induce secondary polymer interactions that cause nanostructures
to aggregate into larger building blocks, leading to formation of a structural hieralfoduyré

3.3).

Oligomers Amphiphiles ?
~0.5-5 nm \

Rod-like polymers
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Hierarchical
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~5-50 nm Assembly

Block
copolymers
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particles
>50 nm

\4

Progressing levels of hierarchy

Figure 3.3General schematidemonstrating how the combination of different sized polymer
components can cause assembly on multiple length scales, producing hierarchical structures. Figure

adapted from the literaturé&®

Literature on the topic of hierarchical assembly using diffeneotymeric components is
extensive and is not reviewed here in f#*%4 Some significant examples include the use of
copolymer building blocks with anisotropic compositions to induce intermicellar interactions
to build arrays of larger assembli&s®® Ruokolaineret al. demonstrated that by combining
PSb-P4VP copolymers with small oligomeric amphiphiles capable of hydrogen bonding to the
pyridine groups, small lamellar structures could be introduced within the block copolymer
morphologiesFigure 34 d).5” Also, laniraet al.used block copolymers of poly(ethylene oxide)
0t 9h 0 | ¢aBroldc®rie)}RCL) to create ldikk structures by carefully controlling the
interplay of the phase separation between the two blocks with their inherent ability to

crystallise Figure 3.40).%7
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Figure 3.4Examples of hierarchical assemblies produced using block copolymers with (a) the

addition of small amphiphil&sand (b) control over the crystallisable polymer bld¢ks.

However, a particular hierarchical assembly that appears freduentthe literature is the
formation of particulate sethssembled block copolyme?$’t This structural arrangement

can be reasonably easy to obtain when compared to other hierarchical structures and as
stated previously, can also lead to unique sefembly behaviour when particle confinement

is small enough. The confining particle sizes usually range from 100s of nm to a few microns.
These kinds of hierarchical arrangements have received considerable attention recently,
particularly for their use instoring active materials, such as drugs, for controlled and
prolonged releasé?’* They are also of interest for use in various other applications including

impact modifierg®, photonic§® and protein separatioff to name a few.

Popular methods of produeg selfassembled block copolymer microparticles involve the
removal of solvent from a block copolymer solution to gradually increase the quantity ef anti
solvent or surfactant to drive the microscale assembly? "’Common methods using this
principle include evaporation induced seadssembly (EIS&) solvent organised
reprecipitation (SORP)and routes involving the removal of solvent by dialysis, like those
employed by Holdeet al.”® 8However, all these approaches suffer significant drawbacks.
The use of large quantities of volatile organic solvents and low polymer loading in the final
solutions (typically < 1wt%) are the main limitations for producing these hierarchical materials

on a large scale.
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Another alternative to producing these matesals to synthesise them directly using
controlled radical polymerisation techniques in heterogeneous systénThe group of
Okubo presents examples of simultaneous synthesis anehssfimbly of block copolymers
particles in miniemulsion systenis.82 Asmentioned previously, the Howdle group has also
demonstrated efficient synthesis of these hierarchal block copolymer structures in. scCO
dispersion through a single pot reactiéh2° However, the group has yet to demonstrate
control of the size of thesstructures at either the micro or nano length scales; a feature that

should prove useful for tailoring the materials for a specific application.

3.2.4. Nanostructured Materials for Rechargeable Batteries

Lithiumrion rechargeable batteries hav@come commonplace in our everyday lives. Their
use is wideranging in the electronics industry, powering all manner of portable devices from
mobile phones to laptops. Their use is also likely to become even more prevalent in the
coming decades as sociehoves away from fossiliel power and requires solutions to store
renewably generated alternatives. The possible high demand for these materials in the near
future is diving current research towards decreasing the cost and increasing the performance

of lithium-ion technology?® 84

Lithiunmtion batteries function by transferring*lions from one electrode to another to store
energy and then release it as needed. During the charging cycle, lithium atoms in the cathode
material are ionised by an electricalariye and transported through an electrolyte to the
anode material where they recombine with their electroisgure 3.5. The process is then
reversed when current is drawn from the battery and the stored energy is relédsed.
Graphite powder is the mosbenmonly used anode material to intercalaté ini commercial
batteries, while a selection of lithiwoontaining transition metal oxides can be used to
construct the cathodé®Generally, it is believed that the performance of a lithiion battery

is mainy determined by the cathode material used in the cell construction.

A number of cathode materials are currently used in lithiiom batteries, such as layered
LiCoQ, spinel structured LiMi®©s and olivine structured LiFeRQMixed metal oxides such as
LiNi1xyMnxCgQO; and a variety of other emerging oxide materials are also avaifédach

type of material carries with it specific advantages and disadvantages based on their intrinsic

chemistries that limit their performanc¥.For example, LiCe®ffers a high energy density
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and good electrical conductivity but suffers from high cost and relatively short lifespan. In
contrast, LiFePfoffers high thermal stability, low cost and high discharge rate but suffers

from low energy density and low electricalraluctivity 88

Charger

& ]

Separator

Cathode Anode

Li Metal Oxide Graphite /
K /
7

Electrolyte

Figure 3.5Schematic illustration of a lithitsion battery showing the movement of thirough the

components during a charging cycle.

Any method to improve the performance of the battery cathode material involves either
changing the cheinal formulation of the metal oxide or altering the structural morphology

of the material®® Incorporating various high surface area nanoarchitectures into cathode
materials, such as nanoparticles, nanorods and nanoplates, has proven to be a popular
approach to enhance the performance of commonly used metal oXfti€kis is because a
nanostructued cathode material offers much shorter” diffusion pathways, allowing the

ions to be inserted and extracted with much greater efficiency. Many reports in the literature
show that this can lead to a higher total charge/discharge capacity, closer thdbeetical

limit, along with faster charging raté$®*

Currently, soliestate calcination processes are widely employed by industry to synthesise
cathode materials, leading to bulk morphologies with low surface areas and a high degree of
impurities?® Many new approaches have been explored to fabricate nanostructured lithium

metal oxide materials to replace this current approach, including freeze dfying
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solvothermal’, hydrothermat® and templating method$8? Naturally, for templating
approaches, bldccopolymers are a frequent occurrence in the literature as a soft template

to scaffold cathode materials before removal by calcination or chemical etéhing.

Despite the benefits offered by introducing nanostructure to cathode materials, it has been
noted that this can also lead to serious performance issues, particularly when using
nanoparticulate metal oxides. The high surface area of nanoparticles gives them greater
reactivity and therefore a higher tendency to undergo side reactions during the
charge/dscharge cycles of the battery. Unwanted processes such as particle aggregation and
formation of solid electrolyte interfaces leads to greatly reduced performance over the
lifetime of the battery?® 1%Dispersions of nanoparticles can also reduce theipacof active

cathode material in the battery, leading to low volumetric energy densifies.

A promising solution to this limitation is to instead incorporate hierarchical morphologies into
lithium-ion cathode materials, taking advantage of the shottdiffusion pathways while
fAYAGAY3I GKS YIGSNALIf Qa °3Eganplds indluddir@erarchzaNG 3 |- G
porous material®: 193 194 pomegranateinspired cluster¥, yolkshell microsphereg§6: 107

and porous particle$?®110All result h exceptional electrochemical performances and sample
stability. A variety of synthesis approaches are employed to obtain these different hierarchical

arrangements, though only a limited number utilise block copolymers in their construction.

3.2.5. Summanand Researcl®bjectives

This introduction has reviewed the topic of bydkase block copolymer sedssembly in
greater detail than the simple overview provided@mapter 1 Specifically, studies from the
literature have shown that the expected thermodymically stable morphology of a block
copolymer can be altered by the influence of se@®an additive or by confining the space

in which a polymer can sedissemble. Block copolymer saksembly can also be combined
with other assembly pathways to yietgerarchical structures with morphological features on
multiple length scales. All these topics are brought together when considering the nature of
block copolymer seldssembly within microparticles synthesised in seQpersion

polymerisation.

From tis review of the literature, it is clear that the synthesis and-asfembly of block

copolymers in scG@as proven to be an attractive route to produce hierarchically structured
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block copolymer particles. The main advantage being the facile produofianternally
nanostructured microparticles in a ofpot synthetic method with low environmental impact
and on the gram scale. This is due to the ability of s¢@€€nablein-situ selfassembly of the
block copolymer and the addition of polymeric stalgitiso form the microparticle structure
simultaneously. However, aside from changes to the block composition, manipulation of
these hierarchical structures has yet to be fully explored in sc(articular, controlling

the dimensions of both the intern@lanoscale morphologies and the microparticle size is key
to demonstrate the versatility in this synthetic approach, especially when pursuing structure

directing applications.

In this chapter, control of the microscale and nanoscale dimensions of RMRYWP block
copolymer patrticles is investigated. Microscale size control is studied by varying the quantity
of stabiliser used in the sc@@ispersion, a method already proven to be successful for
homopolymer particle$® Nanoscale size modification is studidy altering the overall
molecular weight of the PMMA-P4VP block copolymer to control the domain size of the

internal spherical morphology.

This introduction has also highlighted the growing need for new synthetic approaches to
produce lithiumion cathale materials with enhanced electrochemical performance.
Imparting complex hierarchical morphology onto the cathode material has proven to be an
effective method to achieve this. Here, the hierarchically structured PMMPEVP block
copolymers are attemptetb be used as sacrificial templates to direct the structure of LikePO
during its solgel synthesis. The various sized block copolymer templates are investigated for
their effectiveness in producing LiFeR@th different dimensions. It is hoped that providing

a method to tune the dimensions of the polymer template will oféeroute to optimise the

end properties of the desired battery material.
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3.3. Experimental

3.3.1. Materials

Methyl methacrylate (MMA, ProSciTech, 99%) anihglpyridine (4VP, Acrd3rganics, 95%)

GSNBE LIZNAFASR o6& StdziAy3a GKNRdAzZAK l-azabis(@A O | f «
methylpropionitrile) (AIBN, Sigma Aldrich, 98%) was purified by recrystallisation from
methanol. Dry C® (BOC, SFC grade, 99.99%}(D@decylthiocarbnothioylthio)-2-
methylpropionic acid (DDMAT, Sigma Aldrich, 98%) and poly(dimethylsiloxane) monomethyl

methacrylate (PDM#A, FluorochemMn ~10 kg mat) were all used as received.

Fed (Sigma Aldrich, 97%) was made up as a 1 M standard solution inoéthereas LiCl
(Sigma Aldrich, 99%), and 1A O2 NDA O | OAR o6{ A3AYl ! f RNAOKSXZ xdd
solutions in water. kPG (Sigma Aldrich, 85 wt% in water) was diluted to a 50 wt% in water

solution.

3.3.2. OnePot Synthesis of PMMA-P4VP

All PMMADb-P4VP diblock copolymers in this chapter were synthesised using -pabne
dispersion method in scGOAIl these reactions were performed using the hgykessure
equipment detailed inChapter 2and operated following the standard operating procedure

described irSection 2.2.4

The following procedure describes the synthesis of a PMMPMVP block copolymer with
target molecular weight of 67 kg mbla composition of 25 wt% P4VP and a stabiliser loading
of 5 wt% with respect to the total mass of monemA solution of MMA (7.5 g, 74.9 mmol),
AIBN (12.3 mg, 0.07 mmol), DDMAT (54.6 mg, 0.15 mmol) and-RIB\d8Slymeric stabiliser

(0.5 g) was mixed in a sealed vial at 0 °C and degassed by purging with argon for 30 minutes.
The monomer solution was then aéd to the degassed 60 mL highessure autoclave via
syringe against a positive pressure ob@prevent the ingress of air. The autoclave was then
sealed, heated to 65 °C and pressurised to 241 bar, following the standard operating
procedure. After stiing at 300 rpm for 24 hours, a small sample of the PMMA mB&BT
agent was taken from the outlet tap for analysis. The second monomer solution, 4VP (2.5 g,
23.8 mmol) with AIBN (6.25 mg, 0.04 mmol), was degassed before adding directly into the

pressuried autoclave via a HPLC pump at a rate of 0.5 mil.rAiiter a further 24 hours, the
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reaction was cooled to room temperature, slowly vented to atmospheric pressure and the

dry, offwhite diblock copolymer powder was collected (typical yield-98%0).

Parameters for these synthes werechosenbased on previousxperiments performed by
the Howdle groug?2%: 29This includedarget molecular weights based on previous quantities
of RAFT agenised in scCf Alsq a reaction temperature of 65 °@as cheen toensure
adequate thermal degradation of the AIBN, and a reaction pressi#d1 bar was applied to
ensure good solubility of the PDM®A stabiliser was achieveA. monomer addition rate of
0.5 mL mirt wasapplied toprevent asuddenhigh concentraibn of 4VRlisrupting the PMMA
dispersion. The rate of monomer addition was gl quicker than the RAFT kinetidsis
noted that alterations to tlesehigh-pressure reactiorparametes could bea beneficial line

of investigation for block copolymesnthesis butgoes beyond the scope of this thesis.

3.3.3. SolGel Synthesis of LiFeRO

Before use in LiFeR®ynthesis, PMMA-P4VP block copolymer samples (1 g) were rinsed
with ethanol (2 x 40 mL) and hexane (30 mL) then dried at room temperature under vacuum,
to remove any impurities or P4VP homopolymer. Polymers were rinsed by dispersing in the

solvent, centifuging for 10 mins and then decanting the solvent.

The LiFeP£Xol was prepared by adding Fe@.106 mL, 1 M), ascorbic acid (0.158 mL, 1 M),
LiCl (0.109 mL, 1 M) andR (0.016 mL, 50 wt% in water) were added in turn to ethanol (7
mL) then stirredfor 1 hour. Ascabic acid was employed as a reducing agent to form the
desired Fé&'ions in the solutionSimultaneously, the PMMB-P4VP block copolymer (50 mg)

was suspended in ethanol (2 mL) by rapid mixing at 1200 rpm for 1 hour. The block copolymer
slurry was then transferred dropwise into the LiFeR0l and stirred for a further 24 hours.

The contents were then poured into a petri dish and left at room temperature for 72 hours to
evaporate the solvent. Once dried, a thin film of polyAr@rganic cormposite was collected

as a fine yellow powder (78 mg). The composite was then annealed at 700 °C for 2 hours in

an argon atmosphere to yield a fine black powder of carbon coated Lik8R@nQ).

For characterisation requiring a larger quantity of materidle solgel synthesis was
performed in batches of multiple reactions in unison. Dried polymnerganic composites

were then collected and combined before annealing.
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3.3.4. Characterisation
The Majority of the characterisation techniques used in this chiapte described isection
2.3 0f this thesis.

Electrochemical performance of the LiFeROcathode materials was achieved by fabricating
the material into an electrode and assembling the electrode in a battery cell. Electrode films
were fabricated by mirg LiFeP@C samples with conductive carbon black (Timcal Super
C65) and a polyvinylidene fluoride binder (Kynar) in a 75:15:10 weight raticethy}2-
pyrrolidone (NMP) was added to the mixtures to form a paste that was cast onto aluminium
foil. Circula electrodes (1/2 inch) were cut and dried at 80 °C under vacuum overnight. The
LiFeP@C electrodes were then assembled into Swagelok cell inside an argon filled glovebox,
with lithium metal (0.75 mm) used as the counter electrode. PP M) in 1:1 W ethylene
carbonate/ethyl methyl carbonate (Sigma Aldrich, battery grade) was used as the electrolyte
and a glass fibre disk (Whatman, grade GF/B) was used as the separator. Galvanostatic cycling
tests were then conducted at room temperature using an AfBT 2043 to investigate the

rate performance (voltage range 2 to 4.5 V vs. Hi/dihis procedure was carried out by
Andrea Palumbo and Prof. Ullrich Steiner (Adolphe Merkle Institute, University of Fribourg,

Switzerland).
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3.4. Results and Discussion

3.4.1. Microparticle Size Changes

The first study of this chapter concerns the change in microparticle size of the FVMNP

block copolymer templates. The microscale dimensions of the block copolymers were altered
by varying the quantity opolymeric stabiliser (PDM8A) in the scC@dispersion. This
follows the same procedure as a previous study on particle size control for a PMMA
homopolymer synthesised via freadical dispersion polymerisation in secC®Additional
polymeric stabiliser liows for a greater number of polymer particles to be nucleated in the
early stage of the dispersion polymerisation. This results in a smaller overall size in the
microparticles. Though, when extremely high or low loadings of stabiliser are used, the
dispeasion tends to falter and produce aggregated particles or particles with a large size

distribution 111

Only the quantity of stabiliser was changed during the-poe synthesis of PMMA-P4VP,
described inSection 3.3.2 All PMMAb-P4VP block copolymers wesynthesised with the
same target molecular weighM warge) of 67 kg mot. The target weight fraction of the P4VP
block (veavp was also kept constant at 25 wt% (50 kg HleMMA, 17 kg maol P4VP). This
has proven to be the optimal weight fraction gove high fidelity in the pattern transfer of the

spherical polymer morphology to an inorganic material, viageblsynthesid!?

To confirm all the synthesised polymers were chemically comparable, the molecular weight
of all products Mn exp was measted through GPC analysiBigure 3.6 3 Samples of the
PMMA macreRAFT intermediate were collected partway through the reaction; their
molecular weights were also evaluated. The weight fraction of P4VP was calculatetHfrom
NMR analysis of the block cdgmers Figure 3.6 Iy, using the method described Bection

2.3.2 Values are summarised belowaple 3.).
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Figure 3.6Chemical characterisation data for the PMMA4VP block copolymer synthesised with
2.5 wt% stabiliser. Data is representative of the complete sample set. (a) GPC chromatograms at
each stage of the polymerisation. @) NMR Spectrum and assignments for the block copolymer

product. * assignment relates to small MMA monomer impurity (< 1%).

Table 3.1:Summary of characterisation data for the PMMA®4VP block copolymer samples
synthesised with various quantities of PDMA& stabiliser?

Stabiliser PMMA PMMA-b-P4VP o
loading Mn exp? b Mn exp? b Wpavp© (vol%%) dno > YU
(Wt%) (kg mott) (kg mott)
2.5 53.8 1.28 71.3 1.38 26 27 2.45
5 525 1.39 74.2 1.45 25 26 1.52
10 52.9 1.18 73.6 1.37 22 23 1.12
20 51.2 1.22 70.8 1.38 23 24 0.52

aConditions: 7.5 g of MMA polymerised at 65 °C and 241 bar for 24 hrs, initiator:RAFT ratio 0.5:1, then
2.5 g of 4VP added for a further 24 Hr@btained from GPC, eluting in a chloroform/ethanol/TEA
mixture, measured with dRI detector calibrated against PMMA narrow stand@dtained fromtH

NMR integrations? Measured from SEM images.

GPC analysis showed a narrow molecular weight distributtonall PMMA and block
O2L}Rfe@YSN) alyYLXSa 07 f MPp0OX RSY2YAUGNF GAY3
extension of the PMMA macfBAFT agents with the 4VP was evidenced by the shift in peak
positions to lower retention time, indicating thescessful growth of the polymer chains. The
calculatedMn expvalues were in relatively good agreement with the target values and were
consistent over all samples, regardless of stabiliser loatingxpvalues for the final PMMA

b-P4VP block copolymerseve slightly higher than the target value of 67 kg ™orhis is

attributed to an error in the GPC analysis, whereby block copolymer retention times are
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directly compared to pure PMMA standards. The hydrodynamic volume, and hence retention
time, is likelyto be slightly largethan pure PMMA, due to swelling of the P4WPthe ethanol

co-solvent. Thusa minor error in the measurement it expected.

'H NMR analysis was used to calculate #eavevalues for all block copolymers, using
integrations of the disnct polymer peaks. By using this method instead of directly comparing
the Mn expvalues, any error in the GPC calculations can be circumvented. Though, this method
also carries errors as it assumes all P4VP is in the form of a block copolymer, withaiioio

of homopolymer. Though blocking efficiency is known to be high when utilising RAFT
synthesis in scGQt is never 100% efficieAt3 Thewpavpvalues were found to be in the range

of 22-26 wt%, in good agreement with the target composition of 28owand predicted to
seltassemble into the sphericiype morphology:> NMR spectra also showed each
polymerisation ran to almost full conversion of monomer to polymer, with only minor

monomer impurities seen (< 1%).

From the data, all the block copolymexgre confirmed to be almost completely chemically
identical. This proved that the concentration of stabiliser, and consequently the number of
nucleated particles, could be altered without any effect on the RAFT polymerisation process

or subsequent chainxtension with the 4VP monomer.

The thermal properties of the block copolymer samples were assessed by DSC driglyss (
3.7). All samples produced two visible step transitions in the heat flow plot, relating tdythe
values of each constituent blockhese observedy values were in good agreement with the
literature values for the homopolymers (PMMA ~125 °C, P4VP ~158 R©}.only does this
further confirm the correct chemical composition, but also suggests each sample has
undergone sefassembly,phase separating into a nanoscale morphology. Homogeneous
polymer blends have only one distinct thermal transition, at a value between the component
L2t @ YSND& G NI y a® fihe drgsenteSoY intbviiialy dahNds Ssignifies the
polymer blocks remain physically separated within the sample, a good indication -of self

assembly.
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Figure 3.7DSC heat flow plots for the PMMAP4VP block copolymers synthesised with various
guantities of PDM$A stabiliser.

The DE analysis also revealed an endothermic peak at ared&dC, relating to a melting
point (Tm) in each sample. This was attributed to thgof the PDMSMA stabiliser on the
surface of the block copolymer particl€$.The size of the PDM@A peak waslao shown to

increase in samples with higher loading of stabiliser, directly relating to the higher

concentration of PDM#®A in each sample.

The microscale morphology of the block copolymers was assessed by SEM alfiglyss (
3.8). Average patrticle sizédn) were measured from SEM images using the method described
in Section 2.3.3and the particle dispersity was reported as the coefficient of variation (CV) in
the size measurements. All block copolymers were found to consist ofdefatied

microparticles, with the average size decreasing with increasing stabiliser concentration
(Table 3.1
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Figure 3.8SEM micrographs of the PMMAP4VP block copolymers synthesised with (a) 2.5 wt%,
(b) 5 wt%, (c) 10 wt% and (d) 20 wt% of PEN{#Sstabiliser.

From thisstudy it was clear that by altering the PDI&\ concentration in the scGO
dispersion, the microparticle size could be controlled without any adverse effect on the
controlled polymerisation reaction. A slight increase in particle size dispersity was seen
towards the higher and lower end of the PDIMI®& concentrations used. This was not
unexpected, as the particle nucleation process will become less uniform with too many or too
few particles being formed. Hence, these stabiliser loadings represent a gooel wdreye
particle formation is relatively wetiontrolled; beyond this range it is expected particle

homogeneity will decrease dramatically.

Microparticle size was wetlontrolled between the approximate sizes of #5pp >Y® ¢ KSa
values were directly compad to the previous study on freedical polymerisatiomf PMMA

(Figure 3.9.#8 This study focusing on block copolymer synthesis gave comparable sizes to the
previous study. Overall, a slightly larger particle size dispersity was observed for the block
copolymer particles. This is not surprising as the kinetics of the RAFT polymerisation likely

delays and slightly disrupts the particle nucleation phase of the dispersion polymerisation.
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Figure 3.9Plot of the change in average patrticle size diameteh witreased loading of PDMSA
stabilisers for the PMM#A-P4VP polymerisation (Blue) and the previous study of PMMA
homopolymer synthesised by freadical polymerisation (Re®Trendlines are added to highlight

the similarity in microparticle size change.

Finally, the internal nanoscale morphology of the block copolymer particles was assessed by
crosssectional TEMHRigure 3.10. All block copolymer sections were stained witkdpour

prior to imaging. Stainingvas required to enhance the contrast in the images, as each
unstainedpolymer block is fairly similar in terms of their electroontrast |k vapour stains

only the P4VP regions of the polymer through selective binding to the pyridinyl nitrogen
group, inceasing the elemental mass of these regions and making them appear darker in the

TEM images.

The TEM images clearly show the presence of distinct dark circular regions within the
microparticles, for all samples. This shows that all the synthesised blpcktyoters sel
assembled into the sphericfype morphology, with P4VP spheres phase separated within a
PMMA matrix. Analysis of the images also revealed that the size of the P4VP spherical
domains remained roughly unchanged between samples-g&2@m). Ths confirms that the
microscale dimensions of the block copolymer could be altered independently of the internal

nanoscale features. In addition, the TEM analysis indicated that even at the smallest

YAONRLI NI AOEtS aiil S o ragsemiedmyrphBlogy\gas dbsetvaldue A Yy

to spatial confinements effects. This was to be expected due to thefel@0difference
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between the microparticle confinement size and morphology feature size. Confinement

effects are not likely to be observed urlbilLo < 54°

10 wt%

Figure 3.10TEM crossectional micrographs of the PMMAP4VP block copolymers synthesised
with (a) 2.5 wt%, (b) 5 wt%, (c) 10 wt% and (d) 20 wt% of PdAStabiliser. Samples were stained
with I, vapour to improve contrast by darkening the P4\dRdins. Average P4VP domain sizes are

displayed on each micrograph.

3.4.2. Nanoscale Size Changes

The next study attempted to alter the internal nanoscale dimensions of the block copolymer
templates. The size of the spherical P4VP domainkéciated by the overall length of the
polymer chains, and therefore the block copolymer molecular weight. The domain size of the
selfassembled structures can be related to the molecular weight by the equation proposed
by Helfand and Wassermakduation 31).1” WhereD is the average domain size,is the
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statistical monomer segment lengtN,is the total degree of polymerisation ands the Flory

Huggins interaction parameter between the two blocks.

O 0.7 Equation (3.1)

The equation has sevad limitations and is treated in this study only as an approximation. The
above relationship is derived by computational theory of monodisperse and symmetrical
block copolymersof which the block copolymers studied here are neithéit is also noted

in the literature that the calculated exponent value Mfin the equation (i.e. 2/3) can vary
between both theoretical and experimental studie$¥?1 The calculation also does not hold

true at low values oN, where..N < 10.5, or at extremely high valued\bivhere kinetics limit

the ability to sefassemble. Nevertheless, the relationship is a good guide to demonstrate
how the domain sizes may be expected to change, even if the calculated values are not

precise.

As tre PMMADb-P4VP block copolymers are synthesised through controlled radical
polymerisation, their molecular weight can readily be altered. The polymer chains grow in a
pseudaliving fashion, with all chains growing at roughly the same rate, the moleculghtvei
can be changed by adjusting the number of propagating chains. In RAFT polymerisation this
is achieved by simply adjusting the ratio of RAFT agent to monomer in the redetjoation
3.2).

., D€E € anqi

Y Vo awaat o Equation (3.2)

Here, the degree of polymerisation applies only to the first monomer polymerised, the MMA.
The quantity of injected 4VP to grow on the end of the PMMA chains in the next step is kept
constant. As the number of propagated PMMA chains is altered in thesfagt the effective
concentration of PMMA macr®AFT agent is also changed for the subsequent polymerisation
step. In this way, the molecular weight of the P4VP block is scaled to that of the PMMA block,

with the wpavpvalue remaining constant throughout

The quantity of the RAFT agent, DDMAT, was altered in theponscCQ dispersion
polymerisation, described iBection 3.3.2 All other reagent quantities were kept constant,

aside from the initiator, which was always kept at a ratio of 0.5:1 initit&®AFT agent. RAFT
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agent quantity was altered to aim fdM, target Values for the PMMA block between 25 and 400
kg mot! (Table 3.2. The expected P4VP domain sizes were calculated &sjngtion 3.1
applying values of =0.7nmand.. ;  =0.08 acquired from the literaturé? 123The
value of| was kept constant for both MMA and 4VP monomers due to their comparable

molecular weights.

Table 3.2:Summary of target PMMA-P4VP molecular weights and the resulting domain
sizes of thé*4VP.

RAFT agent PM MA M n target P4VHV| n target

guantity (mg)?2 (kg molt) (kg mol?) Niota Deave(nm)”®
1094 25 8.4 330 21.9
54.7 50 16.7 658 34.8
27.3 100 33.4 1316 55.2
13.7 200 66.8 2633 87.6
6.8 400 133.6 5266 139.1

3aRAFT agenjuantities relate to polymerisation of 7.5 g of MMA and 2.5 g of #\ZRlculated from
Equation 3.1 using = 0.7 nm and.pmmarave= 0.08.

The actual molecular weight)n exy Of the block copolymer products and their PMMA macro
RAFTcounterparts was assessed by GPC analygisire 3.1). A high monomer conversion

(> 98%) was confirmed in all case'HyNMR. Recorded spectra in all cases were near identical
to that shown in Figure 3.6. NMR peak integrations were also used to cateuthe values

of wpavp using the method described Bection 2.3.2f this thesis. All calculated composition

values are summarised belowable 3.3.

The GPC traces for the PMM¥P4VP block copolymers showed a clear shift towards lower
retention time,and hence higher molecular weight, when a lower RAFT agent quantity was
used. This was reflected in the calculatdd expvalues, though many of the results deviate
heavily from the expectel, targetvalues. The divergence between measured and expected
molecular weights became more prominent as higher degrees of polymerisation were
targeted. This was a foreseen consequence, as the total concentration of RAFT agent in the
reaction becomes low, so too does the total number of living chains to adequatelsottre

radical polymerisation process. As a result, some monomer undoubtedly polymerised by the
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uncontrolled freeradical mechanism, forming some undesirable low molecular weight
impurities and reducing the overaWn exp0Of the product. This loss of cawol is also reflected

by the increase ir¥ as RAFT agent quantity decreases. This is not too surprising, as the
controlled synthesis of ultrahigh molecular weight polymers using RAFT is rarely reported and
only under very specific reaction conditions, basen the kinetic parameters of the

monomers involved?*

Table 3.3 Summary of characterisation data for the PMNMA24VP block copolymer samples
synthesised with various quantities of RAFT agent.

RAFT PMMA PMMA-b-P4VP

agent M target
per block My ex?

Mn epr Wpave® On 0 > Y

ey Gamo) Ggmony T ggmoy
109.4 25-8 29.8 1.26 40.9 1.55 23 1.53
54.7 50-17 525 1.39 74.2 1.45 25 1.52
27.3 100- 33 76.4 1.33 94.7 1.56 25 1.66
13.7 200-67 140.6 1.52 185.4 1.77 26 1.89
6.8 400-134 220.2 1.52 269.9 1.98 23 2.04

aConditions: 7.5 g of MMA polymerised at 65 °C and 241 bar for 24 hrs, initiator:RAFT ratio 0.5:1, then
2.5 g of 4VP added for a further 24 Hr@btained from GPC, eluting in a chloroform/ethanol/TEA
mixture, measured with dRI detector calibrated against PMMA narrow stand@dtained fromtH

NMR integrations? Measured from SEM images.

TheMn expvalue of the block copolymer synthesised using the largest quantity of RAFT agent
was slightly higher than thiln target. Upon collecting this powdered product, a small quantity

of bright yellow material was found towards the bottom of the autoclave. ithmurity was

found to contain a high quantity of unreacted RAFT agent. This explained the unexpectedly
high molecular weight of the product, as not all the DDMAT RAFT agent formed living polymer
chains in the reaction. From previous studies it is knowet DADMAT only has a limited
solubility in the scCgXolvent, giving it good control in the heterogeneous process because of
its preference to reside only in the polymer phase of the disper¥idhis clear that by
increasing the DDMAT concentration iretscC@to such a large value, the solubility limit

was exceeded. To target lower molecular weight block copolymers, a more soluble RAFT

agent must be selected or the monomer concentration in the solvent must be decreased.

86



Chapter X Microscale and Nanoscale Size Modifications of PMMNMPAVP fronscCQ

PMMA(25k)
PMMA(25k)-b-P4VP(8k)
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Figure 3.11GPC chromatogranisr the PMMA macrdRAFT agents synthesised with various

guantities of RAFT agent (dotted lines) and their resulting block copolymers (solid lines).

Despite the loss of control in the desired molecular weights, the GPC analysis clearly showed
the formation of block copolymers in all cases. This was evident by the visible peak shift of
the PMMA macreRAFT agents to lower elution times upon addition of the 4VP monomer,
indicating successful extension of the polymer chains. Albeit, with a large degree o&dispe

in the case of the higher molecular weight products. Overall, by altering the concentration of
RAFT agent in the dispersion polymerisation, several block copolymers of various chain
lengths were successfully synthesised. For greater clarity, the eummzerage molecular

weight distributions for the PMMA-P4VP products are also plotted separatélig(re 3.12.

87



Chapter X Microscale and Nanoscale Size Modifications of PMMNMPAVP fronscCQ

T
PMMA(25k)-b-P4VP(8k)
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Figure 3.12Molecular weight distributions for the PMM#P4VP products, calculated via GPC.

The microscale morphology of the blockpolymer products was evaluated through SEM
analysis Figure 3.13. SEM images were used to measure the partklealues and their
relative size dispersities, using the method describeSaantion 2.3.3All values are reported

as insets on the relevamnages and are also tabulated aboveale 3.).

SEM images confirmed the formation of reasonable sgefined microparticles in all cases.
However, the two highest molecular weight block copolymers did present a number of
microparticles withunusual surface textures. These particles appeared to be agglomerations

of smaller nanesized spheres, rather than displaying the usual smooth surface topography of

the other microparticles. This may be caused by larger P4VP domains protruding through the

LI NG AOf S&aQ adaNFIF OSad ¢KS FIFOG dGKIFIG GKAa o1t &
could imply that only small portion of high molecular weight PMMR4VP was formed

during these polymerisations.
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Figure 3.13SEM micrographs of the varioomlecular weight PMMA-P4VP block copolymers.

Target molecular weights are shown on the relevant micrographs.

Average microparticle size was also shown to increase slightly with increasing targeted
molecular weight. This may be due to a slower rate dfperisation as lower quantities of

RAFT agent, and more importantly initiator, were used. The slower reaction kinetics may lead
to the nucleation of fewer particles during the early stages of the reaction, hence causing

them to grow disproportionally inize in the later propagation stage of the polymerisation.

The internal nanoscale morphology of the block copolymers was assessed by TEM imaging of
particle crosssections Figure 3.14. As in the previous study, sections were stained with |
vapour prior b imaging to increase the electron contrast in the P4VP domains. The P4VP
domains were measured, with the average domain len@éx(y reported as inserts on the

TEM images. Measurddbasvpvalues are also tabulated belowdble 3.4 along with expected

values calculated usindgequation 3.1 ExpectedDrave values were obtained using the
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measured block copolymer molecular weights, calculated using the PMM#Avalues from

GPC and the/pavpfractions measured fromiH NMR.

TEM images showed all molecular glgi PMMAb-P4VP samples has successfully-self
assembled into the sphericiype block copolymer morphology, as expected due to the
comparablewpasvpvalues. Size analysis of these spherical P4VP domains shows an increase in
measuredDravrSize. However, tlsiincrease in size is very small between each sample, with
reported sizes diverging greatly from the expected values that were calculaddyie(3.4. It

was determined that the recorded increase Dpsvp Was too minor to be statistically
significant, with most differences in size barely larger than the margin for error in the

measurements.

The TEM images also revealed minor inconsistences in the P4VP morphology in the largest
two molecular weight samplesThis is reflected in the larger CV values for these size
measurements. In these samples, some microparticles were found to consist of larger P4VP
domains only at the outer edges of the particles, similar to the effect seen in the matching
SEM images. Thisas likely a reflection of the more uncontrolled nature of these two
LI2f @YSNRAALFIGA2YE 67 B MPTUOD t2f dYSNI OKIFAya (2
to larger molecular weights than the polymer chains at the centre of the particles. Thid woul
lead to the large distribution in domain sizes depending on their position in the microparticles.
The relatively smabravpvalues recorded for these samples is a direct result of this large size
distribution. Only a small fraction of the larger P4VIitnds were seen around the edges of

the micropatrticles, so their significance is diminished when taking the mean average of all the

measured domains.
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Y] PMMA(25k)-5-PAVPI(8K) 21.8nm WS pMMA(S0K)-b-PAVP(A7K) | 25.8nm

1l (ev=14%) (cv = 10%)

3] PMMA(400k)-b-PavP(134k) | 34.7 nm
(CV = 23%)

Figure 3.14Crosssectional TEM micrographs of various molecular weight PN)NPAY P
microparticles. Tayet molecular weights, average P4VP domain sizes and size dispersities (CV values)

are displayed on each micrograph. Samples were stainedwiipdur to improve contrast.

From these images it can be reasoned that increasing the molecular weight caedinde
increase Dravp HOwever, the main issue here is inconsistency in the polymerisations,
particularly when high molecular weights are targeted. The highest molecular weight block

copolymers were not adequately controlled by the heterogeneous RAFT medauting to
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an uneven distribution of P4VP domains sizes. A reasonable degree of uniformity will be
required in the nanoscale structure of the PMNAP4VP polymers for them to be suitable

for use as structurelirecting agents in nanofabrication.

Table 3.4:ummary of the expected and measured dimensions for the internal nanoscale
P4VP domains with the block copolymers of varying molecular weight.

M target Mn exp Nl Calculated Measured
(kg mot?) (kg mot?) 2 Dpavp(nm) P Dpavp(nNM) €
33.4 38.7 382 24.2 21.8
66.7 69.7 688 35.8 25.8
133.4 101.7 1004 46.1 31.1
266.8 189.3 1867 69.7 33.3

533.6 286.1 2826 91.8 34.7

aExtrapolated from PMMA Mypvalues from GPC, applying theswvalues fromtH NMR. Calculated
from Equation 3.1 using = 0.7 nm and.. T = 0.08°Measured from TEM images.

Accurate measurement @svrvia TEM analysis proved problematic. This was mainly due to
the very small sample size being analysed and the large distribution of domain sizes in some
of the materials. Inaccuracies in taking the measurements from the images was also a major
concern. ltwas noted that small deviations in the sample height on the TEM stage will have
caused the recorded scale bars in the images to be slightly incorrect. Small changes in sample
height could not be ruled out and was an entirely foreseeable consequenceaifidrotome

cut sections were not cut with complete precision for every sample.

To provide a more exact and reliable quantitative analysis obBthesvalues in the PMMA-
P4AVP block copolymers, SAXS analysis was perforangare 3.1%. SAXS patterns wer

obtained from the powdered samples following the procedure describetkittion 2.3.5
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PMMA(25k)-b-P4VP(8k)
— PMMA(50k)-b-P4VP(17k)
— PMMA(100k)-b-P4VP(33k)
— PMMA(200k)-b-P4VP(67Kk)
— PMMA(400k)-b-P4VP(134k)
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Figure 3.151D SAXS data for the PMMWAP4VP block copolymers with various targeted molecular
weights. Data is plotted againthie square othe scatteringntensty, I(q), to enhance features at
low g.The yaxis 8 plotted on a logarithmic scale anansple data are staggered on theaxis for

greater clarity.

Unfortunately, the SAXS patterns for all PMI#R4VP polymers showed rsgnificant
scattering peaksThe data appear to exhibit the structure factor of polydispespheres at

the length scale of block copolymer nanostructyrbst still requires more rigorous fitting.
Thiscould usually indicate that sedfssembly had not occurred tosggnificant extent through

the bulk quantity of all samples. However, this was unlikely given that no microparticles
without internal structure was found in any of the TEM images. Instead, the lack of distinct
scattering features may have been a resultpobr resolution, caused by weak scattering
contrast between the PMMA and P4VP blogks.

Due to the lack of discernible features in the SAXS andBgigyvalues were measure solely

from the TEM images of the PMMAP4VP. Though this does provide evide that the size

of the nanoscale features can be altered to a small degree, inaccuracies in the measurements
undermine the possible extent of the size changes. Also, the loss of control exhibited in some
of the polymerisations means precise control ovke desired size oDrsvpcould not be
achieved. To summarise this study, the expected and measured valilzgehre plotted

below Figure 3.1, illustrating the limited control of the nanoscale size features in these

hierarchical materials.
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Figure 3.16Plot of the expected (Blue) and measured (Red) internal nanoscale sizes of the spherical

P4VP morphology with increasing molecular weight of the overall block copolymer.

3.4.3. Synthesis of LiFeR®olymer Composites

In the next stage ofhis work, the PMMAb-P4VP block copolymers were used as directing
agents in the sefel synthesis of LiFeRADnly the series of block copolymers with varying
microparticle dimension were used in this study, as the synthesis of these polymers appeared

more successful, covering a wide range of particle sizes to investigate.

The LiFeP{&polymer composites were synthesised using the method describe&kation
3.3.3 An ethanol sol containing'LFe&*and PG** was prepared before adding a slurry of the
desred PMMAb-P4VP microparticlesA target inorganic mass fraction of 25 wi¥as
targeted for the final composite material§hismatched previoudy successful studies sejel
templatingTiQ with a block copolymer of identical compositiét Though not thesame this
has informed the conditions of these LiFaR0Olgel reactionsFor a 10 mL sajel reaction
50 mg of PMMAY-P4VP template was used, equating to a total volumdhbf3 uL P4VP,
assuming an ideal weight fraction of 25% in the copolyrimarganic precursors were added
to synthesise aolume of 4.7 pL LiFeRQ@lensity = 3.6 g cr¥). Though this izonsiderably
less than the total P4VP volume, the material is likelygof lower density thabulk LiFeP©
Another factor to consider is thacrease in volume of the P4VP component upon addition of

the compatible ethanol solvenHowever, this is difficult to accurately predgiven that the
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PA4VP is integrated into inkdole PMMAmicroparticles which will restrict the movement of
ethanol to thesoluble P4VP. Therefore, only a moderate increase in the P4VP volume is
expected Thissmallincrease may be significant enoughdbift the preferred morphology

from spheres toa more interconnected morphology such as cylinders or gyroigaitther

investigation would be needed to fully confirm thiansition.

The mixture was stirred to allow the inorganic components to infuse into the P4VP domains
of the microparticles beforeemoving the ethanol solvent by evaporation. Ethanol was
chosen as the solvent to preferentially swell the P4VP regions of the block copolymers,
allowing nfiltration of the inorganic components into the polymer without complete
solvation of the hierarchally structured scaffold. The resulting yellow composite powders
were first analysed using SEMidure 3.17 to confirm the microparticle structure of the
original polymers was maintained during the-gel synthesis.

a) 25wt LAV BN ARIEX TN |) S
) (CV =27%)

.

1.07um E] 20’ 4 AP
R, e,

y

’ €

5 °

€ T
W e 3

,r ¢ (
e S 08 e
W
2

Figure 3.17SEMmicrographs of LiFeR@olymer composites, templated using PM¥/&R4VP block
copolymers synthesised with (a) 2.5 wt%, (b) 5 wt%, (c) 10 wt% and 20 wtddMFDatsbiliser.

The microscale structure of the LiFeR@lymer composites was relatively comparataehe
original microstructure of their respective polymer templatdsigure 3.8. All samples

consisted of weldefined microparticles witll, values almost identical to those of the original
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block copolymers. This indicates that the inorganic materiad fadly incorporated into the
polymer microparticles during the sgkl process, with no obvious formation of untemplated

aggregates.

To confirm that the inorganic component of the composites was distributed solely in the P4VP
domains of the block copolymg the particles were examined using crggestional TEM
(Figure 3.13. Composite samples were prepared in the same manner as the previous polymer
samples, by embedding particles in resin and cutting #hma sections (<100 nm). However,

the key differace in the preparation of these samples was the omission of ilséaining
agent. Instead, contrast in the images was formed primarily by the higher atomic weighted

inorganic material.

Figure 3.18Crosssectional TEM micrographs of the LiFgp@ymercomposites, templated using
PMMAb-P4VP block copolymers synthesised with (a) 2.5 wt%, (b) 5 wt%, (c) 10 wt% and 20 wt%
PDMSMA stabiliser. No staining agents were applied.

96



Chapter X Microscale and Nanoscale Size Modifications of PMMNMPAVP fronscCQ

The internal morphologies of the LiFeRilymer composites were shown to consétsmall

dark spherical regions within the lighter matrix of the microparticles. This was analogous to
the sphericatype block copolymer morphology seen for all the original PMdRAVP
materials. As no staining agents were used to enhance the contrastba the polymer
blocks in these images, it could be assumed that the inorganic component of the composites
resided only within the spherical P4VP regions of the polymer templates. This confirms that
the mechanism of structure direction is indeed prefetiahassociation of the inorganic sol to

the P4VP domains of the block copolymer.

To corroborate the mechanism of structure direction in thegellprocess, FTIR spectroscopy
was performed on both the original block copolymer and the Lizgid@¥ymer compaite
(Figure 3.19. Absorption of radiation in the infrared region can be used to infer information
about the functional groups and bonding in the polymer structure. Comparing this before and
after the solgel synthesis yields information about any changesbonding when the

inorganic components are added.
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Figure 3.19FTIR spectra for the PMMAP4VP block copolymer (red) and the resulting LilFePO

polymer composite (blue), with relevant absorption peaks labelled.

The FTIR spectrum for tlegiginal PMMAb-P4VP block copolymer shows two key peaks to

identify each polymer block. An absorbance at 173¢t@®2 NJ G KS A6/ T'ho O Nb 2
the PMMA and a lower intensity absorbance at 15962cm2 NJ 6 KS A6/ b/ 0 &GN
aromatic pyridine nig of the P4VP26 127|n the FTIR spectrum for the LiFeR©@mposite

material, a broad band appeared in the region of ~28800 cm'. This was attributed to the

AOhl O a0NBGOK 2F NB&aARdzZtf SGKFIy2f Ay (BKS 02Y
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aligned with those forthe PMMAt n+t = GKS A6/ b/ 0 &a&GNBGOKAY3I o
slightly higher wavenumber (1636 ¢in

The observed shift of the pyridine band to higher wavenumber is indicative of bonding
interaction of the nitrogen lone paiota Lewis acid site. Studies have shown interaction of
pyridine rings to these sites causes a shift in electron density, leading to strengthening of the

/' b/ o02yRa YR UGKSNBFT2NBE | RATHKIS NdelySdisStHE A0
association of theP4VP with the Féions in the sol, leading to accumulation of inorganic
components in only the P4VP regions of the polymer structure. However, it cannot be ruled

2dzi GKFG GKS A0/ b/ 0O 0FYR AKATFG YIlIe ftaz2z oS O

the solgel reactiont??

3.4.4. Formation of LiFeP{r

To obtaine pure crystalline materials capable of being utilised as rechargeable battery
cathodes, the polymeric portion of the LiFeRgdlymer composites had to be removed. The
inorganic portion of tle composite also required thermal annealing to fully crystalise the
desired olivinetype LiFeP®structure. Both these steps were achieved simultaneously by
calcining the composite materials under an argon atmosphere to prevent both unwanted
oxidation andthe formation of lithium nitride. Anaerobic degradation of the polymer
template also leaves carbon residues within the battery cathode material, which is
particularly advantageous for low electrically conducting materials such as LIFER®
samples were calcined at 700 °C for two hours, matching previous reported syntheses of
LiFeP@*0 31 Though, it is known that the polymer can be fully degraded at temperatures as
low as 500 °C'? The effect of calcination on the LiFeR@lymer composes was studied

using TGA analysiSigure 3.20.
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Figure 3.20TGA profile for the calcination of LiFeR®@lymer composite under an argon
atmosphere. Weight is scaled to account for the loss of volatiles before degradation of the polymer.

Only data for the composite withH M ®po >Y A& aK2gy ®

In the TGA analysis, the derivative of weight loss was alseglo blue alongside the weight

loss curve, to clearly indicate the points at which weight losses occurred. Some weight loss in
the sample occurred at low temperature, which was attributed to the removal of volatile and
residual compounds from the sgH synthesis, as these temperatures were too low to
degrade the block copolymer. The sample weight was then scaled to equal 100% at ~300 °C,
before the onset of the polymer degradation peak. Weight loss of the polymer was shown to
plateau close to 500 °@dving the remaining components equating to around 35 wt% of the

original LiFeP&polymer composite sample.

The LiFeP£portion of the composite was expected to represent ~25 wt% of the composite.
However, due to calcination in an argon atmosphere, thecklcopolymer was not fully
combusted or completely removed from the composite. Instead, the polymer degraded to
form a carbon residue distributed throughout the LiFeR@terial, confirmed by the uniform
deep black colour of the calcined LiFefD Carborcoating is often applied postynthesis to
LiFeP®@to increase electrical conductivity of the battery material, so formation of this carbon

layerin-situis considered to be advantageous for this particular applicatiéRroviding the
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target value of 25vt% inorganic content in the composite was achieved, the TGA analysis

indicates that the final LiFeRAQ materials consisted of approximately 29 wt% carbon.

To confirm that LiFeR@vas successfully formed during the calcination process, powder XRD
analyss was performed on the resulting black powddfgy(re 3.2). The diffraction patterns

of the LiFeP®@polymer composite and the final calcined LiFe®0naterials were compared

to the known diffraction pattern of the LiFeR@ineral, triphylite. This olivie-type crystal

structure is the typical polymorph for crystalline LiFeR@med under ambient pressure?

The original LiFeR@olymer composite was shown to be highly amorphous with very broad
X-ray scattering seen and no discernildéfraction peaks. This is to be expected as the
composite consists mostly of amorphous polymeric material, with the remainder being pre
annealed inorganic components. After heating at 700 °C for two hours, the broad scattering
was replaced by definitiveiffraction peaks that coincide with those expected for LiFgPO
with no other visible peaks. Therefore, the XRD analysis demonstrates that calcination under
these conditions yields both a highly crystalline and highly pure LifaR@rial. Purity of all

the final LiFeP£0C materials was investigated with further XRD analysgute 3.22.

LiFePO,-Polymer Composite

H u ” Calcined LiFePO,/C

l Triphylite (LiFePO,)
L, | 1L

10 20 30 40 50 60 70 30
20

Figure 3.21Powder XRD diffractograms of the LiFep@ymer composite (red) with§ M ®po >Y
and resulting calcined LiFePO material. Triphylite reference patteis also shown at the bottom of

the plott?
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Figure 3.22Powder XRD diffractograms of all calcined LizéP@aterials, templated using PMMA
b-P4VP block copolymers synthesised with various quantities of RI2AEbiliser. Triphylite

reference patterns also shown at the bottom of the plot.

All calcined LiFeR@ materials were shown to consist of crystalline LikgR@h matching

diffraction peaks seen throughout all the materials. No additional diffraction peaks were
noticeable, except in the casd the 10 wt% material (composithI M dnT >YO0 X HKSN
AYLIzNR G& LSF1a 6SNB y20A0SR d w' F oncd ¢K¢
iron oxide impurity, possibly in the form of magnetite {68.134It is unclear why this impurity

formed for only this particular sized LiFefRO material. Due to the low intensity of the

diffraction peaks, the impurity was only expected to contribute a small fraction of the cathode

material.

With the purity of the LiHRQ/C materials confirmed, the next step was to assess the
morphology of the cathode materials. The microstructure of the metal oxides was assessed
by SEM analysi§igure 3.23.
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Figure 3.23SEM micrographs of the calcined LiF¢@@naterials, templatedising PMMAb-P4VP
block copolymers synthesised with (a) 2.5 wt%, (b) 5 wt%, (c) 10 wt% and 20 wtdWIRDMS

stabiliser.

From the SEM images it was clear that the morphology of the LiFaétner composites

changed considerably during the calcination pracdde final LiFeRQ materials possessed

various microstructures depending on the size of the original PMMPEVP microparticle
templates. The LiFeR@ synthesised using the block copolymer with 5 wt% PIMASvas

the only sample shown to retain reasdsig welldefined microparticle structure, witll, =

M®HM >YX YR + fAYAGSR | Y2dzy( darfthelfirdlane®ialr § SR
oxide was expected due to contraction of the particles as the polymer template was removed
during calcinationlt should also be noted that thigtention of microstructurgoroved to be
reproduceabldor this polymemwhen additional syntheses were performed to obtain enough

sampleto analyse using the other techniques presented here.

LiFeP@C samples synthesised tWwithe smaller polymer microparticles (10 and 20 wt%
PDMSMA) were shown to contain significant aggregation. Though some of the original
microstructure was still visible, it was clear that the particles had fused considerably to form
large masses of LiFe?O. This may have been due to a tighter packing of the smaller LiFePO

polymer composite particlesAs the composites are heatethe block copolymer will briefly
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