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Abstract

Whilst atom transfer radical polymerisation (ATRP) has been shown to be a robust
and versatile technique for the creation of a wide range of polymers from many
different initiators, there is relatively tlié previous research into the usage of
initiators containing amide functionalityLow initiator efficiencies, often resulting

in higher than predicted molecular weight parameters, and slow polymerisations
with variable rates of reaction are generallyortgd when amide initiators have
previously been used. Various reasons have been proposed in the literature for poor
performance of amide initiators including; interactions of the catalytic system of
ATRP and the amide bond the initiator the irreverible loss of catalyst activity, a
rapid initiation causing an overabundance of radicals and poor initiator efficiencies.
No suitable solution for these problems had been put forward and the poor
performance observed was a major hindrance for any workawittie initiators.

This work describes the development of a system that enabled the usage of novel
amide initiators forthe ATRP of oligo (ethylene glycol) methyl ether methacrylate
(OEGMA) with high levels of success. The development of an ideal seaofions
conditions was shown to produce materials with low dispersities and molecular
weight parameters in close agreement to theoretical valieeugh the usage of
UV-visible spectroscopy and quantum chemical calculations the reason for poor
amide intiator performance was determined to be as a result of the high bond
di ssociation energy of the initiatoros
bond. This effect could be mitigated, but not eliminated, by performing reactions in
polar solventsystems. Optimised reaction conditions were utilised in the synthesis
of a block copolymer of POEGMA and polyethyleneimine, which shows potential as
a stabiliser for superparamagnetic nanoparticles and as a controlled drug delivery

system due to the mai@ls high solubility and thermoresponsive properties.
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Chaptlent 1dodumotliyame rtso
1 .Plol ymer s

Since the miedl800s it was known that by usimgrtainchemical reactiong was
possible to affect the bulk properties of some materials, but it was not until 1922 that
Hermann Staudinger first proposed that polymers consisted of long chains of atoms
t hat are covalently bonde'dA polgmpeeis how r i nt
defined as a macromolecule that is composed of repeated smaller structural subunits,
monomers which are covalently bonded togetherheTnumber of monomer units
within a polymer chain is known as tliegree of polymerisatiofDP), and by
increasing this, the overall polymer molecular weight also rises. Perhaps the most
well-known example of a polymer is that pdlyethylenewhich is conposed of the
monomer uniethyleneand sees global usage in packaging, such as plastic bags and
bottles Figurel.l1).

The physical properties of polymers are dependent on the monomer subunits within
them, the architecture that the units are arranged oh,tla molecular weight of
polymer chains. Monomers can be found from a wide array of sources, but can be
roughly defined into two categories: natural and synthetic. It was monoer@rsd

from naturalsourcesthat were first experimented on in the 180@dsch led to the
usageof materials such asaturalrubber (via vulcanisation) and celluloid (through

treatment with camphor).

I —O—I
I—0O—I

L Jn

Figure 1.1: Ethylene monomer unit in part of a polyethylene polymer. The degree of
polymerisation is denoted by the value
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Scheme 1.1Condensation reaction of phenol and formaldehyde to produced Bakelite and
eliminate water.

The first synthetic polymer was created in the early 1900s when Leo Baekeland used
a condensatiorreaction of phenoblnd formaldehyddo create Bkelite (Scheme

1.1)2

Interest into synthetic polymers dramatically increased with the onset of the Second
World War where an alternative to silk was required. Work by DuPont solved this,
with the introduction of nylon, a high tensile strength polymer that could be easily
extruded into threads to replicate the properties of natural fibres.

Due to the large number of momers available for polymerisation, and the different
structural architectures that they can be arranged in, materials can be found for
almost any application, and this has caused a subject to be created to study these

materials: polymer science.

1.1.1 polymers

Whilst many applications can be completed by changing the monomer composition
of a polymer, by carefully selecting two or more monomers and combining them in
one macromolecule, specific functionality can be introduced. This can be ideal in
situations where arrays of traits are desired in the final material but using simple
homopolymers is impossible due to either chemical or physical restrictions.

The term copolymer applies when a polymer chain is composed of two or more

distinctmonomers Various types of copolymer are possible and selection of
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Alternating copolymer

Graft copolymer

Figure 1.2: Common types of copolymers, where distinct monomer units are displayed as
blue and red circles.

architecture is either the result of the polymerisation process or reactivity of
monomers. Block copolymers are comprised of two or more differenomers
polymerised in distinct segments that are covalently bonded. An alternating
copolymer consists of a regularly repeating pattern of monomer types throughout the
whole structure of a polymer chain. Gradient copolymers are formed when one type
of moromer tends towards one end of a polymer chain. Random copolymers have
no order or pattern as to where individual monomer units will be placed. Graft
copolymers involve a central structure of one monomer type that has one of more
other monomers attachealthe central core. All of these can be sedfignre 1.2.

The mechanical and physical characteristics that polymers possess can be drastically
changed by adjusting the architecture of monomer units within it. In general block
and graft copolymers tentb maintain most of the original properties of each
monomer whereas alternating and random copolymers display more of a
compromise of the monomer qualities. Polymeric topology is another effect that can
affect the functionality of materials.

Polymers an be described as linear, cofike, starshaped and dendritic depending

on the structure that they exhibit. Some examples of this can be déiguria 1.3

on the following pageThese differing topologies can be created by controlling the
number of infiating sites that are present for polymerisation to occur from, adjusting

the method of synthesis, or controlling the ratio of monomer feedstocks.



Comb-like

Dendritic Star

Figure 1.3 7 Common architectures opolymers, where distinct monomer units are
displayed as blue and reitcles®

1.1.2Block Copolymers

As polymer science advarttéhere was a greater desire to create materials that could

combine multiple benefits of different monomers in one material. Block copolymers

that are created from two or more chemically different monomers tend to keep the
properties of both parent monoreeand open up access to multiple functionalties.

A diblock copolymer consists of two monomer blocks, whilst a three monomer unit

copolymer is known as a triblock. The general notation for block copolymers is of

the form shown ifFigure 1.4 below.

—[~CH2CH2~]—IJ—{OCHCH3~]*
20 35

Polyethylene-bl/ock-Polyethylene glycol

Figure 1.4 General notation for block copolygrs. This streture denotes 20 polyethylene
units as one block, then a further 35 polyethylene glycol units, as part of one whole block
copolymer.



Block copolymers can be formed into various topologies, both linear antinean,
depending on the number of active sitdgere polymerisation can occur on initiating
and propagating species.

The key advantage of block copolymers owerchanically mixedhomopolymers is
thatblock copolymersre covalently linked at the interface of each block. The result
of this is that thehemical and physical properties of both blocks can be utilised.

For example, it is possible to create polymers that are hydrophilic and hydrophobic
in each block respectively, which leads to the creation of complex morphologies
when introduced to aques solvent systenfs Likewise, it is also pssible to shield

both polymer components and payloads in drug delivery vehitleso by using
protein resistant monomers bound to cores that are able to carry pharmacefiticals.
One method for the preparation of block copolymels/isynthesising each polymer
component separately, then coupling them together to form single macromolecules.
The advantage of this is that each homopolymer can be synthesised exactly to the
parameters desired. A variation of this is the synthesisn@d@oinitiator, where a
previously prepared polymer is functionalised to act as an initiator in a subsequent

polymerisatior?

1. P2ol ymeri sation Techni

In order to synthesise polymers with desired topology and functionality new
techniques for polymerisation had to be developed. There is neathtobchanism

to create functional polymers, and the techniques that are used tend to be a direct
consequence of the traits desired in the final product.

Freeradical polymerisationsFRP) have remained some of the most commercially
successful reactions due to theiilip to work with high levels of impurity, at a

wide range of temperatures and in the presence of water and other solvents. This
flexibility enables the operation of manufacturing plants that do not have to work
under the rigorous conditions of many moeeent techniques, lowering the cost of
production. This has led tBRP being used to produce over 100 million tonnes of

polymer, fromnumerouslifferent monomers, each yéar.



Pol ymeri sati on reactions -gaowtbhhed derscfith
growt ho, with the di stdescibedbyorfory mdas&een tt
Primarily the difference is that a stgpowth polymerisationoccurs by a reactionfo

the functional groups preseintthe monomers, whilst a chagrowth reaction is the

results of a reaction with aon or radical. It is important to not get this principle
confused wi t h t he t er ms ARaddi tion po
pol ymerisationo, which do not reladte to
of the reaction. In an addition polymerisation only polymer is produced, whereas in

a condensation reaction polymer is produced along with a leaving group (often
water)?

Free radical polymerisations can be described as a three step process: initiation,
propagation and termination, as displaye®theme 12 on the following pageAt

Initiation, reactive species are created with an unpaired electron (radical) that will be
present to attack the vinyl bonds of the monomer units. This occurs through the
homolytic fission of the initiator through; therbhmdecomposition, photoinitiation, or

chemical reaction. Once the unsaturated bond has been opened, the monomer unit
acquires an unpaired electron of its own, causing the inHmtmromer molecule to

become the new reactive centiihis enables arber maomer unit to react with

this new site, and thiee electronis passed along the chain with each successive
addition. In an ideal circumstance this propagation continues until the reonom
feedstock is usedl. Termination generally occurs eithehrough bimolecular
termination,disproportionatioror chain transfer qpcesses Bimolecular termination

occurs when reactive sites on two growing chains come into contact with each other
instead of a monomer unit. This causes a loss of reactive sites from the overall
reaction as the charge cannot be passed onto a fuetietive site and propagation

stops. Alternatively disproportionation occurs when a reactive site interacts with a
hydrogen atom present on another chain, causing a new unsaturated monomer unit at

the terminus of the chainSimilarly to disproportionationchain transfer processes

involve an interaction with hydrogen atoms present within the system, though not
necessarily in another growing chain. Chain transfer can occur to the solvent,
monomer, initiator or polymer. When chain transfer occurs it egulihe removal

of a radical from the propagating system, and the generation of a radical that is likely

unable to continue reacting due to either; being on a solvent molecule or resonance

6
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Scheme 12: The three stages involved in a radical polymeigsat

stabilised on the monomer. If the chain transfer is to the initiator then further
propagation may be possible, and chain transfer to the polymer can induce branching
due to the radical activation site now situated in the middle of a polymer chiagn. T
largest effect this has on a polymerisation is a decrease in the polymer chain lengths
produced

In practice ideal polymers (with wellefined topology and a controlled degree of
polymerisation) are impossible to make uskRP due to a number of factors. It is
clear fromScheme 12 that by having a high numbef reactive sites (radicals)
present within the system the chances of bimolecular termination are increased.
Further to this, unless the rate of propagation is slower that the rate of initiation there
will always be a surplus of reactive sites on chathen compared to active initiator
units. The rate at which bimolecular termination occurs is primarily controlled by
diffusion within the system, and as such is solvent dependent, and can be in the
range of 18M™s® whereas the rate of propagation temdsbe around 17's?

again causing chains terminatefaster than they grow.

The effect of these issues is that polysnproduced by¥RP tend to terminate early

and as a result have very broad distributions of molecular weights (disp&xsity,
7



Early termination also means it is difficult to create complex topologies as
terminated chains cannot easily be reactivatedudxty the possibility ofsimple

block copolymerisation.If there have been multiple active sites on polymer chains
as a result of chain transfer processes, then the material will most likely have
crosslinked and have significantly different physical prtips to a linear polymér.

These hindrances were not an issue in most bulk industrial applicatgmasin fict

the mild conditions thatFRP can operate under were economically desirable.
However,as more complex polymeric architectures were desoddlIfil emerging
applications in fields such and engineering, electronics and medioew,

polymerisation methds wererequired.

1.2.1 Controlled Polymerisation Techniques

In order to create polymersvith complex weHldefined architectures,several
methods for controdid polymerisation were developed. Often, these techniques
limited the termination reactionsahoccurred in the early stages of polymerisation,
narrowing the dispersity of polymers produced.

Thefirst systemthat overcame these problemias demonstrated by Szwaetal in

1956 an anionic polymerisation that utilisedrapid simultaneousnitiation.* He

noted the actron transfer properties of polystyrene chains in the presence of a
naphthaleneodium initiator and used this mechanism to produce ABA type block
copolymers. The initiation step can also be triggered through the usage of a strong
anion and successfutactions have been carried out using metal amides, alkoxides
and amines amongst other functional grotips.The mechaism for anionic
polymerisation is displayed in Scheme 1.3 on the following page. Unlike FRP,
anionic polymerisations have no obvious termination reactions; they will progress
until all monomer is used up. However, reactions sometimes undergo termination
through quenching of the active ion due to impurities such as oxygen, carbon dioxide
or water in the system. Quenching can also be used to prematurely terminated a
reaction at determined time through the addition of water or an altohol.
Methodssimilar to this but using radicals instead of anions were soon developed,
and the new systemsecame known &% fWaadntcradl Ipeod yfmre

(CFRP)or Al i vi ng r adandyeldedpaymgraméthr wetkefinédi o n 0
8
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Scheme 13: Anionic polymerisation of styrene using a strong anion initiator.

molecular structure and narrodispersities (M/M, < 1.5 compaed to previous

conventionamethods.

The full requirements for a polymerisati

by Quirk in 19922 Simply put, for a polymesition to be considered living it must:

Have a linear increase of molecular weiglthveonversion.
Continue propaation until all monomer has been polymerised.
Have a constant concentration of active radical species.
Produce polymers with narrow dispées (M,/M, < 1.5

Retain the functionality of the polymer end group.

= =4 =4 4 -4 A

Produce block copolymers with the addition of an additional, differing,

monomer.

Living polymerisations are generally controlled by havintgpwa concentration of

active propagation sie within the reaction. This means that the dynamic

9



equilibrium that forms between dormant polymer chains and active species favours
the dormant chains, limiting the chance of bimolecular termination, or any other side
reaction that could prematurely st reaction. In many techniques ttigamic
equilibrium is brought about through either a degenerative transfer process or a
mediating species.

The degenerative transfer process involves moving the active centre from a growing
polymer chain to either ather molecule or a different site on the same molecule.
This affords some level of control of the polydispersity of the system depending on
the specific methods used’he most widely used form of this is reversible addiion
fragmentation chain transferolymerisation (RAFT}? although other techniques
exist suchas iodinetransfer radical polymerisation (ITRP)and telluridemediated
polymerisation (TERPY®

In a mediated process radicals are switched between an edtaatl terminad

state, ensuring that there canly everbe a small number of propagating species.
Perhaps the most widespread usagé this process aratom transfer radical
polymerisation (ATRPJ/ where transition metal halides are used to nsilby
generate radicals for propagation, and nitroxide mediated polymerisation (KMP).
Whilst other techniques ihale variations of ATRP such as activator regenerated by
electron transfer ATRP (ARGEATRP)* or copper (0) mediated systems such as
supplemental activator reducing agent ATRP (SARPRPY® and single electron
transfer living radical polymerisation ($E.RP) 2

The overall mechanisms for he degenative transfer and radical mediation
processes are displayed3ocheme 14 on the following page

For these techniques to be succestfalrate of propagatioduring polymerisation

must belower than the ratef dormantto active species exchange, arftetnumber

of selfterminating reactionsnust be kept to a minimumleading toall pdymer
chainsretairing their endgroup functionality. Ideally this enables polymers created
by CFRP to be ranitiated in the presence of a nemonomer feedstock in order to
either increase the molecular weight of a homopolymer, or create desirable copolymers.
When CFRP is successfitilalsoenables the synthesis of polymers with extremely
narrow dispersities due to the unifgreimultaneousgrowth of all polymer chains

within the reaction.

10
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Scheme 1.4Mechanisms for i) degenerative transfer and ii) radical mediated processes

The downside to this is that CFRP strugmig@roduce polymers with high molecular

weights dueo the total number ofadicals at any given moment being limited in the

system. With a low radical population the thswale for reactions to reach high
molecular weights is increageWhilst this can be adjusted by optimizing reaction
conditions, any increase to the rate olypwerisation by temperature or solvent

could directly influence the ratio of dormant to active species, adversely affecting the
control of the system.

It should be noted that whi |l st the term
synonymously within plymer science, but there are some key differences between

the two. Matyjaszewski notes thaa Al i vi ngo pol ymeri sati on
provide control over tharchitecture of the polymer synthesised, nor its molecular

weight parameters. A controlled polymerisation can be defined as one where the

final polymer createé has a targeted molecular weight that is determined upon
initiation by the ratio of monomer to initiator used. It should also have a well
defined structure and maintain end group functionality. This is achieved by a fast
initiation step but relativelylesw propagation and is generally carried out through

the transfer of the active site of polymerisation. The result of this is the uniform,
simultaneous, growth of all polymehains resulting in a lowlispersity for the

material that is produced.

11



Whilstt hese traits c¢an polgnerdgatianitheyddorotefully n Al i
match what Quirk outlined as essentilA slow initiation step similar to FRP is

possible and this brings with it the problems associated with that reaction
mechanism.

The difference between these two terms can be clearly highlighted when looking at
the kinetics of a specific reaction. A
under a st of specific conditions can vary drastically when temperature or solvent
changes, el ueiidva tnigndg ntahteu r fen oorf the pol ymi
getaround thist he term fAcontrolled/livingd can |
characterists of both are preserand IUPAC recommends the usage of reversible
deactivation radical polymerisation (RDRP) when talking about any mechanism in

w h i c d¢hain pdlymerisation is propagated by radicals that are deactivated
reversibly, bringing them intactivedormant equilibria , and only wusing
Acontroll edo when talking specifically

kinetics of the reactiof®

1.2.2 Reversibleaddition fragmentation chain transfer
polymerisation (RAFT)

The reversibleaddition fragmentation chain transfer polymerisation (RAFT) system
was first published by Rizzardet alin 1998 The RAFT process relies on a free
radical initiator to start the polymerisation, and then the active site of a growing
polymer chain is temporarily transferred to the RAFT agent formirgpranant
speci es. Upon reinitiation the radical g
second growing polymer chain, allowing polymerisation and chain transfer from
both sides of the RAFT agent.

The radical stabilisation by the RAFT agent is a reviergibocess, and the dynamic
equilibrium that forms between dormant and active chains is comparable to the
dynamic equilibriums that form in other RDRP such as NMP or ATRP.

The specific chain transfer reagent that is used in the polymerisation is dntical
controlling the molecular weight parameters and dispersities of polymer that are
synthesised. Most commonly used RAFT agents are composed of dithioesters,

dithiocarbamates or dithiobenzoates, but all require three properties to be successful:
12



areacv e C=S bond, a AZO0O group stabiliser
| eavi ng '§7 Buepo the Rrportance of the role the RAFT agent plays
within the polymerisation, they are often tailored to the monomer and solvent system
that is usedh the synthesis.

The RAFT system is probably the most commonly used degenerative transfer
process polymerisation, and has been utilised in the synthesis of controlled polymers
and block copolymers with, and without, complex morpholo@ies.Block
copolymers are formed by reinitiation of a dormant polymer chain with a new
monomer, whilst star shaped polymers can be prepared by uBiAg§ B agent with
multiple dithio moietie$® A simplified mechanism for the RAFT process is shown

in Scheme 1.5 on the following page.

Due to the RAFT agent being composed of dithio moieties, polymers produced by
the RAFT process often retain some sulphur following synthddis. results of this

are polymers that are often highly coloured or possess an unpleasant smell, making
them undesirable for applications where these factors are detrimental. As the
process developed it was found that the RAFT agent could be regenerataddogt

free radical source, reducing the sulphur moieties leftover in the pofymer.
Furthermore, the chain transfer agent could be functionalised following
polymerisation to give materials produced increased ufflilthese advances were
shown to mitigate the colouration of synthesised polymers, as well as opening up
new synthetic options due to increased functionality.

Besides the somewhat detrimental properties of polymers geddoy the RAFT
process, another major problem is that the chain transfer agents often have to be
synthesised specifically for each unique reaction. Whilst some RAFT agents are
now commercially availabl€ in order to create highly functional or specific
topologies within a polymer the RAFT et still needs to be synthesised for a
specific set of conditions. In addition to this, as the amount of monomer in the
system decreases the rate of bimolecular termination increases, especially when a
free radical initiation source is used. In order potymers produced by the RAFT
process to maintain their chain activity for further reactions the polymerisation
typically needs to be stopped at30% conversion.

13
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Scheme 15: Simplified mechanism for the RAFT process. The reaction is initiatedawith
free radical source, such as azobisisobutyronitrile (AIBN). Propagating polymer radicals are
reversibly stabilised by the RAFT agent,
continue the polymerisation. Polymer chainsaRd R, continue to be staliled by the
RAFT agent as chain growth continues until termination.
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1.2.3 Nitroxide mediated polymerisation (NMP)

Nitroxide mediated polymerisation (NMP) utilises a dynamic equilibrium that forms
between dormant alkoxyamines and active propagating @olgpecies in a similar
fashion to other RDRP. The technique was developed by Hatlkém 1994 and
initially reported the use of 2,2,6s&tramethylpiperidinyll-oxy (TEMPO) as a
fithermally labile capping agent for growing polymer chains us e d i n
polymerisation of styren®&. Since then the technique has progressed and now the
radical mediator can range from (arylazo)oxy, substituted triphenyl, verdazyl,

triazolinyl or other nitroxide&®

Initiation @_{ 9 @_(
Propagation

2 O/‘iL («r\(.\b
Oi Y M
Jd
Reversible ©)L ;:)
termination

Scheme 16: Simplified mechanism for the NMP of styrene using BPO as an initiator. The
reaction initiates with the thermally promoted homolysis of BPO to produce radicals.
Generated radicals encounter styrene monomer and the propagating polymdrashiién
active site mediated by the nitroxide radical (TEMPO). The nitroxide radical produces a
thermally labile alkoxyamine, which acts as a reversible termination event, allowing the
reaction to be reinitiated for further polymerisation or to createcklzopolymer.
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Within the mechanism TEMPO is often described as a persistent radical, an idea that
shares similarities to the process within ATRP described later. Early reactions
revolved around bimolecular initiators such as benzoyl peroxide (BPO#shilie
technique progressed new research led to the synthesis of unimolecular initiators
which could act as chain capping agents themselves, improving the functionality of
synthesised material8.

NMP is a relatively facile process and its ability to produce polymers in bulk with
high molecular weights is very advantageous. In addition to this, NMP is an entirely
thermally initiated process, requiring no external radical source or metal catalyst as
in other RDRPs. The downside however is that many reactions require high
temperatures (the seminal paper carried out NMP at 130 °C), and the range of
monomers that can be ads is limited*® In fact, it was only in 2014 that the
homopolymerisation of a group of methacrylates was carri¢chtorelatively low
temperatures (480 °C) using NMP by Detrembleat al**

Also, similarly to RAFT, both the nitroxide mediating molecule, and the initiating
radical source often have to tailored and synthesised for the requirecabpp)

with only a small range of commercially available options on offer.

A simplified mechanism for NMP is shown on the previous page in Scheme 1.6.

1.2.4Atom Transfer Radical Polymerisation

Since its development in the mi®90s copper mediatedom transfer radical
polymerisation (ATRP) has become a fascinating tool for the creation of well
defined, controlled polymers due to its relatively facile experimental technique and
the lack of stringent reaction conditions necessary for successfubrea¢tiATRP

was developed simultaneously and independently by Matyjaszewski and Sawamoto
and has become one of the most intensively researched synthetic methods for
creating well defined pgiers and copolymers across a broad range of mondfners.

33

The primary mechanism of ATRP involves the homolybiend cleavage oh
carbonhalogen bond, and thedical that is formed subsequent attack of a vinyl

monomer. Propagation of the polymer proceeds through a stepwise addition of
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Scheme 17: Simplified mechanism for the ATRP of a vinyl monomer-XRlenoks an
initiator where X is a halide, generally Cl or Bi,Mt™ represents a complexing ligand with
metal halide capable of adopting a higher oxidation state, often CuCl or CuBr. Initiation
occurs due to the reversible disassociation of the alkyl haliderenmetal halide catalyst.
Alkyl radicals then encounter monomer to produce propagating polymer chains.
Termination occurs leaving a halide capped chain or as an unwanted side reaction.

monomer units which amaediatedby the readdition of the halide

This process was first studied using copper (Matyjaszewski) and ruthenium
(Sawamoto) halides, but has now been prdedmesuccessful using a wide array of
transition metalsincluding iron, nickel and palladium as well as the seminal
ruthenium and cqer®* Vinyl monomers are susceptible to this reaction and the
most commonly studied are styrene, acrylates, and acrylamid@&®P is aRDRP
technique that enables access to customised homo and block copolymers of
controlledmolecular weight and low dispersityPolymers createbly this technique

have started finding applications in areas as widespread as drug delivery systems,
electonics and even controlled nammmposite synthesis. *° By using a
functionalised initiator additional reactivittacn b e a d d-end of potymer he U

chains, increasing possible applications.
17



The ATRP system is a multicomponent package consistinghalide initiator,
transition metal halidegliphatic amindigand, monomer and solvent. Varying these
components canave drastic effects on the outcome of materials produsedi in
order to achieve successful Al i ving/ cont
carefully.

The basicmechanismof ATRP is that a transition metal halide complexed to a
ligand in solution an reversibly react with an alkyl halide based initiator. As the
halide atom dissociates from thedkyl halide the transition metal undergoes
oxidation and is complexed again with the ligand (and required halide or counter
ion) to force its dissolutiomio the solvent and balance the redox potential of the
system. This produces a radical that will propagate the reaction via interaction with
vinyl groups within a monomer unit and then return the hdlidm the transition
metal(lowering itback to its oiginal oxidation stafeand placing the halide back on

the end of the polymer chaif

This causesthe uniform growth of all polymer chains simultaneously the
monomer feedstock is used up. This is achieved by a rapid initiatiorcst@ging

many growing polymer chains at the very beginning of the reaction, but a fast
reversible deactivation of radicals formed from initiation. The number of active
radicak is controlled by a dynamic equilibrium that is formed between the number of
chains that are capped with dormant halogen atoms, and the number of chains that
contain a propagating radical. To ensure that there are fewer radicals present in the
system and thatkinetic control is maintainedhe equilibrium lies heavily in favour

of the creation of dormant chains and a low number of propagating radidassis
brought about due to the high strength of the catimide bond, which requires a
relativelylarge amount of energy to break and create a ratfical.

A key feature that brings about the kinetic and molecular weight control of ATRP is
what is known as the #fpdhePREcomes aboutdue i c a l
to the fact that at the start of a reaction there are very few higher oxidation state
transition metal (MY™) species present in solution. This means that there is a chance
of bimolecular termination between proptigg polymer chains, causing an overall
increase in the total amount of Wtrelative to the number of polymer chains in the
polymerisation, with no way of it being reduced back into the lower oxidation

sate(MF).*® This accumulation of Mt* adds control to the reaction by pushing the

18
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Scheme 1.8: Mechanism by which the persistent radical effect occurs, leading to an
accumulation of Cu() species within ATRF?

dynamic equilibrium between active and dormant chains back towards the dormant
side, as there is now a greatdrance of interaction between Wt and any
propagating speciesA small percentage of termination reactions can occur which
are attributed to either radicali radical bimolecular termination, or
disproprtionation of the metal halide leading to a C=C bdodmnation. The
majority of the material should exhibit polymer chains end capped with the halide
used in the system. This enables polymers produced by ATRP to be readily used as
macrainitiators for subsequent polymerisations to synthesise block copyme

By using functional initiators, polymers produced can easily be tailored to the
specific role that they are required to fill. The only real requirement for an initiator
is that it is an alkyl halide where the radical will be stabilised by an electron
withdrawing moiety. Typically this is achieved using; esters, amides, aryl, or cyano

groups>

1.2.4.1 Kinetics of ATRP

As has been mentioned previously in thisapter, the high degree of control that
ATRP provides over molecular weight and dispersity is a result of the dynamic
equilibrium that forms between activation and deactivation, shovw8theme 19.

The equilibrium can be described in terms of the oatactivation (k) and the rate

of deactivation (lac), the ratio of which describes the overall rate of ATRRk

as is shown ifcquation 1.1on the following page.
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Scheme 19 : An illustration of the dynamic equilibrium involved in ATRP.

wher e [ & dohcentragon of lpropagating polymer chains, [Cu(ll)] is the
concentration of Cu(ll) halide, [PX] is the concentration of dormant polymer chains,
and [Cu(])] is the concentration of Cu(l) halide.

If control over the reaction is to be achievegykmust be kept low, as this will
reduce the chance of propagating radicals suffering termination reactions that are
seen more often in a conventional radical polymerisation. If the valugd$ oo

low however, the reaction will progress extremely slowlyjlsthf k.. is too large

then the reaction will progress rapidly but not possess living characteristics as

termination reactions occur alongside polymer propagation.
The rate at which polymerisation occurs specifically) (R defined byEquation 1.2:

Y QOED
Equation 1.2
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Scheme 110: Reactions contributing to the atom transfer equilibrium.

wherelgi s the rate of propagati on, [ PA] [
and [M] is the concentration of monomer. Clearly, if tbencentration of
propagating species increases, thgwH also increase. Frorkquation 1.1, if this

is not countered by an increase .l then the total value for.dg, will also rise and
control of the system will be lost.

The overall dynamic aglibrium that is occurring within ATRP is actually composed of
four separate equilibria (shown 8theme 110), all of which have an effect on the total
katrp.39’ 40 ket represents the electron transfer between low oxidation state metal halides,
to the higher state gk is the electron affinity of the halidegkis the rate of homolysis

of the alkyl hali@ bond, and l¢ is the association of the halide to the metal ligand
complex?® A modification to any of these values, by variation of any component within

a reaction, will affet the overall k; causing an increase or decrease in the level of
control present within the polymerisation. These equilibria are known to be very solvent
dependent, with g expected to be relatively high in protic solvents such as water or

ethanof® If it is assumed that g kea and kjp are contants within a given
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polymerisation, then A&rp is only really dependent on the bond dissociation energy of
the halide bond @).** ** From this, if the rate of polymerisation of a given monomer is
known, the relative rates of polymerisation for different monomers can be calculated by
using identical reaction conditio%** The most common form of evidence provided as

to whether a specific ATRP reaction is living is in the form ireetic plot created from
samples recovered from polymerisations in progress. ATRP reactions should possess
pseudo first order characteristics, as at any given time during the polymerisation the
concentration of monomer is significantly greater than twomcentration active

propagation sites.

Ideal polymerisation
Slow initiation
Termination

o

In ([M]/[M])

Time

Conversion

Figure 1.5 Semilogarithmic kinetic plot (top) displaying relative monomer conversion
against time, and a linear plot of molecular weight against conversion (bottom).
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The only time this is not generally truetesvards the end of the reactias the relative
concentration of monomer decreases following its conversion to polymer. Due to the
pseudo first order nature of the reaction a sleig@rithmic plot(where only one axis

uses a log scaledf monomer conversn against time should be linear, and any
deviations from this pattern suggest that polymerisation is occurring in an uncontrolled
manner. If the seogarithmic plot shows a plateau after a period of linearity, then it is
indicative of termination oceting, whilst if there is slow initiation, plots tend to only
attain linearity after an inductive perigd.

The semilogarithmic plot is generally displayed alongside a plomwmiecular weight
against conversion, which is also expected to be linear due to the controlled manner in
which monomer is added to propagating polymer chains. Examples of these plots are
shown in Figure 1.5 on the previous patdehe rate of terminatio remains low in a
reaction, and the concentration of propagating radicals is low compared to the
concentration of monomer (pseudo first order), tHeguation 1.3 describes the
relationship between the sefogarithmic plot and the equilibria parameters tbé

ATRP system:

.0 NQ Y® 660
Q 0 600

Equation 1.3

where [RX} is the concentration of alkyl halide at initiation, [Cu(l)] is the
concentration of Cu(l) species, [CY({lis the concentration of Cu(ll) species, i&

the rate of propagation,,k is the rate of activation, andydic: is the rate of
deactivatior®

The kinetics of ATRP using different reagents has been widely investigated, and the
effect that a wide range of initiators, ligands, monomers and solvents have on rates

of reaction have been experimentally demonstrated or theoretically poEdtét’

1.2.4.2 Metal halide catalyst system

Whilst recent pioneering workas demonstratl the metal free ATRP of vinyl
monomers? the catalytic systems for ATRP generally consists of a transition metal

halide and an aliphatic amine lightf >3
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Scheme 111 : The proposed complexation between bidentate ligands and copper when
acting as a cataly$or an ATRP systerft.

The most commonly usedetal halides are copper based, in part due to the volume
of work that the Matyjaszewski group have produced following the discovery of
copper mediated atom transfer radical polymerisation of styrene in '1995.
Simultaneously to this the Sawamoto gwodemonstrated a ruthenium mediated
polymerisation of methyl methacrylate.Since these seminal papers a wide array of
transition metal halides have lmegroven to conduct ATRP successfully, although
copper remains commonly used due to riéady availability and comparatively
higher reactivity, and as such copper halides will primarily be discussed in the rest of
this chapter? !

The fundamental feates that a metal halide must possess to catalyse an ATRP are:
two valence states that are one electron apart, and an affinity for halogens. This
allows the metal to undergo redox reactions: being oxidised from its lower state Mt
to its higher state Mf', when it accepts a halide from either the initiator or a
propagating polymer chain, and then be reduced back towyen the halide is
returned to deactivate a propagation site.

The overall activity of a catalyst system is dependent both on the redmtipbof

the metal halide, and the affinity of the transferred atom for the transition metal
complex (kr and ke on Scheme 110).%° It is important that theaffinity of the
transition metal towards halides is high in order to prevent the formation of
organometallic derivatives through an alkyl radical interaction with the transition
metal core.

If transition metal complexes possess simialuesfor the asociation of the halide

to the metal ligand (), then the redox potentials can be used to indicate the
relative activity of the catalytic systeth. Matyjaszewskiet al performed cyclic

voltammetry studies of copper complexes with a wide array of ligands in order to

24



deternine the redox potentiglof ATRP catalyst systems. CuCl species typically
showed lower redox potentials than CuBr species, and the overall redox potential of
a speies was observed to decreas¢hasnumber of coordination sites present on the
ligand inceased? The reasn given for this is that the lower the redox potential of

the system, the large the apparent equilibrium constant for the oxidation reaction of
Cu(l) to Cu(ll) species, resulting in a higher activity in catalysing the syskem.
general it would be expectehat the krrp Of CuBr systems would be many orders

of magnitude greater than for CuCl, as a result of the difference in bond dissociation
energies between-Br and GCI, but it is actually much smaller as a result of the
electron affinity of chloring®

The ligand that is selected has a contribution in determining the redox potential of
the system, and act® solubilize the transition metal complex in the reaction
medium for efficient atom transf&t.>* Numerous ligands have been developed,
utilised, and characterised for ATRP, and the specific ligand selected is often chosen
depending on the transition metal being used as catalyst. Copper and iron catalysed
systems tend to be successful using multidentate aliphatic amine ligands, whilst
ruthenium systems tend to use alkylidenes and metalloéerne¥.

Early ATRP reactions mad ddipyudne (Bpyfltwah e bi d
demonstrated that the ratio of ligand to copper affected the level of control over the

reaction, with a Cu:ligand ratio of 1:2 being optimal for Bpy”® It was observed

\_/

2.2"-bipyridine

/N

N

CH;(CH,)7CH, CHy(CHy)7CH;

4,4'-dinonyl-2,2'-bipyridine

Figure 1.6: Structures of Bpy (top) and dNBpy (bottom) which are common ligands used
within ATRP.
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that if the ratio of Cu:Bpy was altered to 1:3 the ATRP of oligo (ethylene glycol)
methyl ether methacrylate occurred three times as fast, but the dispersity of prepared
POEGMA was measured as 1.45 as opposed to 1.20 when a 1RyCatB was

used>® The addition of various substituents to the Bpy structure was shown to
improve the solubility of copper halidas reaction mixtures, and resulted in
narrower dispersities. The addition of alkyl chains with at least four carbon centres

to the 4,46 position of Bpy produced a s
of styrene produced polymers with extremelymaow di sper s®tThe es ( h
attachment of these alkyl chains was als@ddb increase theof ligands, with a

value of 0. 2 b e-dimogyl2m igysidine eothpafedto 0.066 fdr 6

the original Bpy"> Eventually tri and tetradentate ligands were developed, and
displayed high relative jk values again. The structurelated reactivity of various

ligands were studied by Tang and Matjaszeffsk general ligand reactivity within

ATRP follows a general primgle of: tetradentate (cyclibridged) > tetradentate
(branched) > tetradentate (cyclic) > tridentate tratientate (linear) > bidentate,

starting with the highest activity (tetradentate) and ending with the lowest
(bidentatef?

It is known that for the successful synthesiscontrolled polymers via ATRP the

Karp must be low. Investigations into thg.kof ligands, such as the one displayed in
Figure 1.7, highlight the importance in selecting suitable reagents for specific
reactions. In the experimental setup used byg® alto produce Figure 1.7 (ethyl
2-bromoisobutyrate (EBriB), GX (where X is Br or Cl) and acetonitrile), values of
3.9x10°, 3x10° 7.5x10° and 1.5x1¢ were recorded for Bpy, dNBpy, PMDETA

and M@TREN respectively® Even though the J, values across these four ligands

(in this system) vary by orders of magnitude, they have all been used in the synthesis
of controlled polymes in other, different reaction conditions where alternate

solvents, catalysts or varying monomers were d$ed.
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Figure 1.7: katrpconstants for various ligandsen used in conjunction with CuBatalyst,

EBriB initiator, in acetonitrilg®

1.2.4.3 Initiators

In an ATRP reaction the degree aflymerisation (DP) of a prepared polymer can

be defined byequation 14;

CA

‘|

O

0
‘O

Equation 1.4

where [M] is the concentration of monomer, [1] is the concentration of initiater, M

is the observed molecular weight of the synthesised polyared, My is the

molecular weight on a single monomer unit. T of a produced polymer can be

calculated by dividing the by Mpand i f t he

pol ymeri sati on

also be proportional to the ratio between concentrations of monomer and initiator

added at the start of the reaction.
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Initiators for ATRPare of the general form-R, where R is an alkyl group and X is

a halide (predominantly Br or Cl) which acts as an ATRP initiation*$ittThe R

X bond tends to be adjacent to an electron withdrawing moiety (such as a carbonyl
or benzyl group) which helps to adtethe RX bond by increasing its polarity and
therefore allowing the creation of a matable radical’® One way that this occurs is
through the donation of an electron from a lone pair (as in an amide or ester
initiator), which enables a resonance structure to form that distributes the positive
charge of the carbocationlf this stabilisation effect is too strong then the high
resulting bond dissociation energy of the-XRbond will result in poor initiator
efficiency or a complete lack of polymerisation. The structure of the initiator is
therefore of critical importance in determining the success of a polymerisation, due
to its signifiance in the k. In a lot of cases the general molecular structure of an
initiator is chosen to be similar to that of the monomer, such as EBriB for the ATRP
of MMA or 1-phenylethyl chloride for the ATRP of styrene, so as to be analogous to
a propagatinghain®”

The general trend in activities for ATRP initiators was elucidated by Tang and
Matyjaszewski,and s i n i ncreasing order: amide <

plot of their results shown iRigure 1.8% Initiators with the RX bond found
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Figure 1.8 : kayp constants for a range of initiators using TPMA as ligand, acetonitrile as
solvent and a GX catalyst systerff
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adjacent to a tertiary carbon exhibit the highest activities, followed by secondary and
then primary carbon centres. This is again due to the increased stabilisation that a
tertiary carbon centre provides to a radical whempared to the other two
arrangement®’

For a successful ATRP theate of initiation must be faster than the rate of
propagation, and the-R bond must be sufficiently transient in order to allow for the
rapid generation of radicals. This means that when considering the polymerisation
of a specific monomer the efficiepand reactivity of the initiator must be taken into
consideration. Matyjaszewskt al demonstrated this principle with the ATRP of
MMA using a range of initiatorS. They found that using initiators with very high

Karp (such as benzhydrylchloride) téged in low monomer conversions, slow
polymerisations and an apparent buill of Cu(ll) species immediately after
initiation. EBriB on the other hand (which has a lower activity relatively) produced
the fastest rate of polymerisation and produced cledrogpolymers with low
dispersitie®

The most common choices of halogen for the initiator are Br and Cl. Alkyl iodides
have shown to be effective for acrylate polymerisations in copper mediated ATRP,
and for the polymerisation of styrene in rutheniunth@nium mediated ATRP, but
care must be taken with their usage due to their light sensitfAfy.

The desire to create functional polymers with complex molecular architectures led to
the development of molecules with more than one ATRP initiating“sitkis has
enabled the synthesis of star or branched polymers that still possessed controlled
kinetic characteristics throughout the polymerisatfonAdditional functionality,

aside from molecular architecture, can be introduced into polymers through careful
design of the other end of an initiator. As long as the reqaisiteated RX bond is
incorporated into the molecular design, then the remainder of the initiator can be
modi fi ed to p-end tlnctoealitysip goducddi materidls. This can
serve a precise functional role in a desired application, or singag the material

up to further chemical reactions that can be performed post polymerisation. Due to
materials being produced by ATRP retaining an activatdgr ®ond, polymers
produced by ATRP can themselves be reactivated to act as macroinitiators in

sutsequent polymerisations in order to easily synthesis block copolyfners.
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Whilst initiators with an amide bond activating the->R bond havepreviously
attracted little interest in the literaturprobably due to their known low activity
(Figure 1.8 on the previous pagethe presence of an amide bond would be
beneficial in numerous circumstances. Moty is the chemistry of amide bonds
well known, allowing additional synthetic routes to functionalisation, but it is a type
of bond that is often found in biological chemisth?® Whilst some amide initiated
systems have been shown to be effective, many produced polymers that had broad
dispersities, higher than predicted molecular weight parameters, and pejtmnes

that converted low percentages of monomer to polyfférMany different possible
explanations have been given for this effect within the literaturéenofn
contradiction to each other, with no clear investigation into what is actually
occurring. The problems with amide initiators and associated explanations for these

problems will be talked about in greater detaiCimapter 3.

1.2.4.4 Monomer

ATRP has been showto be effective in the polymerisation of a wide range of
monomers, with the only requirement being a vinyl group that is susceptible to
attack by the radicals produced upon initiation. ATRP was first demonstrated with
the polymerisation oftgrene by Matyjaszewslet al and methyl methacrylate by
Sawamotoet al®> * Since these seminal works, polymméased on styreffé,’* "

" 787" methacrylate$? "® ™ isoprené butyl acrylates? ®* acrylamide®”

acrylates’
82 and many more, have all been synthesisealiih this process.

Each individual monomer has a uniqugrk which is highly dependent on the
stabilisation of the propagating radical. The radical is stabilised by the presence of
an electron withdrawing group (meth/acrylate, amide, etc.) in the sayes the
initiators, often meaning that monomer and initiator share similar chemical
structures. The rate of propagation is also unique to every specific monomer, so
reaction conditions must be carefully chosen in order to maintain control over the

polymerisatior?
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1.2.4.5 Solvent

The main role that the solvent provides is in aiding the solubility of the catalytic
system as well as the polymer. Under somalitmms ATRP can be carried out in

the bulk, as long as the catalyst/ligand is soluble in the montniérSolvent is

also an important part of the:k (sub equilibria for k., Scheme 110), as the
electron affinity of a halide in known to be higher in protic solvent such as water or
alcohols? The total amount of solvent used within a reaction mixture is also expected
to have an effect on the rate of polymerisation, as when monomer is more dispersed in a
solution there is reduced charaferadical monomer interactidf.

Finally, solvent has also been proposed to be a differentiating factor in the mechanism
that occurs when performing some Cu(®ediated polymerisationd?ercecet al
demonstrated that a polymerisation of methyl acrylate in DMSO possessed
characteristics of single electron transfer living radical polymerisation (>98%
polymer bromine functionality indicating few bimolecular terations), but if
reaction conditions remained constant and MeCN was used as solvent, the reaction
had characteristics in line with conventional ATRP (80% bromine functionality at

86% monomer conversioﬁ‘}.

1.2.5 Removal of catalyst from ATRP polymers

Overall ATRP is vewed as an extremely versatile technique that can be used to produce
polymers from a wide range of monomers, with exacting control over polymer
molecular weight parameters and topologies through the use of-fondtional
initiators. The major drawback ATRP is that often there are often significant amounts
of catalytic system left in polymers that have been produced. Due to this, there has been
a large amount of experimental effort put into either the removal of catalyst from
products of ATRP, or anagous polymerisation systems using smaller amounts of
catalyst such as; ARGEATRP, SARAATRP, or SETLRP.
The most commonly used transition metal for ATRP is copper, and as such the rest
of this chapter will discuss methods of copper removal or RDRP aeihgolving
low catalyst quantities. Various industrial applications require the removal of excess
copper as it is both expensive as a reagent and possibly undesirable aesthetically if
the colour of a prepared material is important. In medical applisatlee presence
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of copper is potentially hazardous, as while copper is found in trace amounts within
some cells, free copper has been shown to catalyse highly reactive hydroxyl radicals
in vivo®

The most common methods of copper removal are precipitation into polar solvents,
or running polymer solutions through columns containing alumina or silica. It is
know that copper complexes formed with aliphatic ligands are higbllyble in

polar solvent§® By precipitating the polymer into a solvent such as methanol, the
polymer can be recoved by filtration whilst the copper/ligand complex remains in
solution.

lon-exchange resins have been shown to be highly effective in the removal of copper
from ATRP polymer$” ® The usage of a cationic macroporous exchange resin
enabled the removal of over 95% of a CuBr/PMDETA catalyst system, but it was
noted that the amount of CuBr removed was dependent on the polarity of the
solvent, ionic character of thresin, pH of the solution, crodisking degree of the
resin, acidic strength, and the size of the ion exchange fésifise down side of

this is that it was observed that to achieve higher levels of copper extraction the
polymer had to remain in contact with the resin for long periodsngf. ti

An alternative method utilidedaadpolayg( @ta
a recoverable catalyst system for the ATRP of methyl methacrylate (MMA). The
numerous amine sites within the PEI structure enabled complexation with cuprous
halides,and the catalyst could be recovered by precipitating the synthesised polymer
into methanol, where the maeligand remained soluble. Following filtration to
remove the PMMA, the macii@and was recovered by exposing the remaining
methanolic solution to aiacuum®® The strong affinity of PEI for copper is
something that became extremely relevant with the synthesis of thgré&fEl
POEGMA copolymers that are discusse€hapter 4.

The alternative to removing copper from synthesipetymers is reducing the
amount of catalyst that is used for the reaction. To this end numerous low catalyst
systems have been developed recently. Most notable amongst these systems are
ARGET-ATRP, a variant of conventional ATRP that utilises a redu@ggnt to
recover ME*! that is part of the PRE, and a pair of copper (0) mediated systems:
SARA-ATRP and SEILRP.
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1.2.5.1 Activator regenerated by electron transfer ATRP (ARGETATRP)

K

R-X + Cu-X/Ligand —=—_ R" + cCu'-X,/Ligand

A kda

R-R + Cu'-X, / Ligand

Oxidized Agent

Reducing Agent

Scheme 1.12Proposed mechanism for ARGERTRP# The reducing agent acts t
regenerate Cu(l) species by reducing inert Cu(ll) back to its low oxidatts fsirm,
allowing it to react again with alkyl halides and continue propagation.

Activator regenerated by electron transfer ATRP (ARGHRP) is a vam@nt of
ATRP that makes use of a reducing agent to mitigate the persistent radical effect.
The result of this is that any Cu(ll) species that form within the reaction are reduced
back to Cu(l), and the total amount of copper halide that is required gystem is
lowered.

ARGET-ATRP was first reported by the Matyjaszewski group in 2006, where tin(Il)
2-ethylhexanoate (Sn(Eb))was used as a reducing agent in the ATRP of styrene.
CuChk was the only transition metal halide introduced to the system, ardytamic
equilibrium required for RDRP was created by it being reduced to CuCl by the
Sn(EH).* Polymers produced by this method showed low dispersities (<1.28), and
experimental molecular weight values close to those predicted theoretically, whilst
using copper amounts in the tens of parts per million rgmg®), as opposed to the
typical 1000 ppm.

A side advantage of ARGEATRP is that the whole system is made more robust by
allowing for a limited amount of oxygen to be present within the reaction. In
conventional ATRP any unforeseen oxidation of Cu(ITtdll) is detrimental, as it
results in the permanent loss of a propagating chain. In ARGERP Cu(ll)

species are rapidly reduced back to Cu(l), allowing continued polymerisation.
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The actual amount of reducing agent in the reaction has to be careéuipged. If
too little is added, then any residual oxygen will not be mitigated, causing a lack of
Cu(l) species for living polymerisation. On the other hand, if too much reducing
agent is added then a significant loss of control is observed withilystesrsdue to

the overabundance of Cu(l) speciés.

1.2.5.2 Supplemental activator and reducing agent ATRP (SARATRP)

P,—X P,—X
Activati Activation
Cu’ ———" — CuXL = = Ccu'X,/L
Deactivation + * 1+ Deactivation A
. C P

Disproportionation

Scheme 1.13Scheme showing the procespesposed to beccurring during SARAATRP
1 dashed linegndicatethose which are not consideredcurring bdd linesindicatedbeing
those which are dominatft.

Supplemental activator and reducing agent ATRP (SARRP) is a different
variant of conventional ATRP that uses the addibb&u(0) to act as an additional
activator in the dynamic equilibrium between Cu(l) and Cu(ll) species. Cu(0) is
activated by the alkyl halide (initiator or propagating polymer) to form Cu(l), which
then undergoes conventional ATRP to synthesise polyn#gain, the result of this

Is a reduced amount of n@ero valence copper required at the start of the
synthesis”

PMMA polymers with dispersities of 1.20 were prepared using only 250ppm of
CuBr,, N,N,NONO6 N6,-pentamethyldiethylenetriamine (PMDETA) and zero valence
copper wire as the catalyst systéinwhen the CuBr was excluded from an
analogous reaction, the level of control was reduced, as shown by gsstidoder
logarithmc plots which no longer displayed a linear correlation. This data shares a
resemblance to similar results produced from ARGQHRP systems, where
polymerisation rates are not dictated by the concentration of the catalyst, but by the
quantity of reducinggent the relative ratio of Cu(l)/ligand and Cu(ll)/ligdfd.
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It is proposed that the activation of alkyl halides by Cu(0) is very slow, and the
comproportionation of Cu(ll) with Cu(0) mitigates the small number of radicals that
are lost in the early stages of the reaction due to the low quantity of gst@ri(ihi)
species.Supplemental activation has been shown to be successful with various zero
valence metals including; iron, magnesium and Zin8everal polymerisation of
methyl acrylate were carried out using the various metals and generally produced
polymers with dispersities less than 1.3 and showettraltad characteristics from
kinetic plots.

It should be noted that within the current literature there is some debate as to the
exact mechanism at play in these circumstdhéé.The alternative model is known

as single electron transfer living radical polymerisation and will be discussed next

along with the differences between the two mechanisms

1.2.5.3 Single electron transfer living radical polymerisation (SEILRP)

Single electron transfer living radical polymerisation (SERP) follows a reaction
mechanism that varies slightly from traditional ATRP. The key process iALRPT
revolves aroundhe rapidin situ disproportionation of Cu(l) species to Cu(0) and
Cu(ll), and it is the Cu(0) species that activate the alkyl halide initiator to trigger
polymerisation. The Cu(ll) formed fulfils the same role as in conventional ATRP,
by acting as a detivator to a propagating radical. The result of this is an-tdisa
controlled polymerisation that can be used in the polymerisation of vinyl
monomers: Typical reaction times for SELRP are measured in minutes, as
opposed to conventional ATRP which generally take hBurs.

Typical SEFLRP reactions can be carriedtan conditions that are milder than that

of conventional ATRP, often operating at ambient temperatures, and in polar
solvents such as dimethylsulfoxide (DMSO), water, or eth&16ISET-LRP has
even been carried out with significant amounts of oxygen within the system by the
use of hydrazine as an additie The polymerisation of methyl acrylate in DMSO
was conducted without any of the usual oxygen purging techniques {peege

thaw and nitrogen degassing) but with hydrazine addeetiace CpO generated by

air back to Cu(0). PMA produced displayed dispersities below 1.2 with good

correlations between experimental and theoretical molecular weights.
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Scheme 1.14:Proposed mechanism for SERP reproduced from the literatufe.
Cu(l) species undergo rapid disproportionation to produce Cu(0) and Cu(ll). ¢
activates th alkyle halide moiety, producing radicals for propagation. Cu(ll) aci
mediate the propagating radicals as in conventional ATRP.

Zero valence copper for SHIRP can be introduced to the system in multiple ways.
Reactions have proven to be successful using copper wire, copper powder, or by
creating Cu(0) in situ through disproportionation. The addition of CuBr to-tris[2
(dimethylamino)ethyllamine (M@ REN) in water produced a reddish brown powder
that was seen tor@cipitate out of solution, and the colour of the liquid changed to
blue, indicative of CuBr®

Whilst both SARAATRP and SETLRP appear similar in terms of the components
within the reaction, there is a significant difference in the mechanisms at play.
Current consensus states that during $BP an outer sphere electron transfer
(OSET) occurs, whereas SARA-ATRP an inner sphere electron transfer (ISET) is
occurring. This means that during ATRP the alkyl halide and the metal catalyst
form a transition state prior to the formation of the radical, whereas iInL&ET
there is no transition state formead the alkyl radical is produced before electron
transfer can occuf® A representation of the different mechanisms is given in
Scheme 1.5
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The result of thedifference between OSET and ISET processes is a fundamental
difference in the SEELRP and SARAATRP reaction processes. SARARP
relies on Cu(l) activating the alkyl halide, whilst there is little to no
disproportionation observed. SERP on the other hand requires
disproportionation to be occurring as it is Cu(0) that is activating the halide.

Whilst the ultrafast synthesis of controlled polymers that -BRP can produce
make it desirable as a polymerisation method, in order achieve optimal results th
reaction conditions need to be optimised. Further to this, there is very little work
within the literature that describes SERP being used with methacrylates. When
methacrylates, or long chain acrylates, have been polymerised with [SEThey
oftendisplay signs of early bimolecular termination and can produce polymers with

broad dispersitie¥* 1%2

Outer sphere electron transfer

R-X + th L IR_X' + Mtnﬁl}—’ R + MtnﬁlX

Inner sphere electron transfer

R-X + Mt™ —» {R--X--Me" | 2L R+ M™X

Oxidative addition

R-X + M{™ —— RMt™2X

Scheme 115: Three possible mechanisms for the electron transfer between cat
and alkyl halides in SELRP (OSET) ad SARAATRP (ISET)®

1.2.6 Metal free atom transfer radical polymerisation

In 2012 Hawker and Fors published a papér ¢éit€Contfol of a Living Radical
Polymerization of Methacrylates by LigHf® Previously reactions have bee

developed where initiation is triggered by a light source, but subsequent growth
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Scheme 116: The proposed mechanism for metal free photluced ATRP and the
structure of 1@Phenylphenothiazine (PTH)

steps could not be controlled by the same photo stim@it® This was followed

up in 2014 by a rept of controlled radical polymerisation of acrylates by visible
light, showing that the technique has potential across different monomer fafflilies.
The result of this work was a technique that was developed for the metal fré& ATR
of vinyl monomers, where polymerisations could be both activated and deactivated
with light.*®

The key component in the reaction is-ditenylphenottazine (PTH), which was
synthesised from commercially avail abl
analogous to CuBr/ligand in a conventional ATRP, except that without a source of
light PTH remains inert. When the reaction is exposed to ligtailiaal is produced

and ATRP carries on as normal.

Polymers produced by this method showed relatively narrow dispersities, and
experimental molecular weights were in close agreement with theoretical values. In
addition to this, the standard kinetic plaisconversion against molecular weight,
and time against In([M][M]) displayed a linear relationship, suggesting the
livingness of the reaction.

Although the paper does not detail if any effort was required to remove PTH from
synthesised polymers, the cdan conditions state that catalyst concentration is only
10ppm. This value is significantly less that is found in conventional ATRP, and is
similar to the values used in low catalysbncentration metal mediated
polymerisation such as SHIRP and ARGETATRP 2% 4890
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1. Bnal ytical met htoldiss
body of wor Kk

1.3.1 Size exclusion chromatography (SEC)

The most common method used for the analysis of polymers is through size
exclusion chromatography (SEC), which can also be known as gel permeation
chromatography (GPC). SEC is a chromatograpiethod that separates analysed
polymers by their macromolecular size.

A SEC machine is typically composed of a series of columns packed with a
stationary phase that is made up of particles with a known pore size, that are
maintained within a thermally stibenvironment (oven), that lead to a detection
system. For a sample to be analysed it must first be dissolved into a suitable solvent
and then injected into the continuous phase (often THF) which runs all the way
through the system. Higher molecular @@i polymer chains pass through the
columns more quickly than lower molecular weight chains, which are delayed in the
column by their ability to pass through the pores of the stationary phase. As the
sample is eluted from the column system it is analysgda detector (usually
refractive index or ultraviolet) which gives an intensity value dependent on the
amount of material eluted.

The SEC system must be calibrated against known molecular weight standards, and
for measurements to be accurate the stasdasdd should be a similar polymer to

the samples being analysed. The reason for this is that the hydrodynamic volume of
materials in solution is dependent on the specific matéfiaWhilst a range of
highly accurate standards are available commercially, they tend to be for common
polymers such as polystne and poly methyl methacrylate. The analysis of highly
functional polymers must often be carried out against an analogous standard due to
the unavailability of standards with their exact molecular structure.

Branched and hyperbranched polymers arenafteasured by triptdetection SEC.

SEC tripledetection utilises a concentration detector (again normally refractive
index or ultraviolet), alongside a light scattering detector, and a viscometer. In this
setup the viscometer is calibrated against aarsal standard, derived from known
values that are independent to any unknown properties of polymers to be analysed,

and the light scattering result provides an absolute value for molecular weight.
39
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Whilst high molecular weight brehed polymers can shaavlargedeviation in SEC
results calibrated from linear standards, low molecular weight branched polymers
tend tobe similar to linear standards usicgnventional single channel SEE.

SEC was used within this work to monitor the molecular weight parameters and

dispersities o&ll polymers that were synthesised.

1.3.2 Nuclear magnetic resonance (NMR) spectroscopy

Nuclear magnetic resonance (NMR) spectroscopy is a highly versatile technique that
enables the determination of the molecular structure of a sample. NMR relfes on t
measurement of the magnetic moment of nuclei located within a molecule. When
the nuclei of a sample molecule are placed within an external magnetic field, they
are forced into either aligning with (lower energy) or against (higher energy) the
externalfield. If a radio frequency pulse is then applied across the sample the nuclei
in the lower energy state absorb energy and jump up to the high energy state. This
absorption of energy, or the resultant relaxation, can be observed and is used to
generate apectrum:> NMR can be performed on any nuclei that have a nuclear
spin (I) of 1/2. In general it is commgnlised to elucidate the local environments of
hydrogen and carbon atoms within a molecdl¢ &nd**C NMR) and advanced
techniques such as heteronuclear mukgqiantum correlation (HMQC), which
utilises both'H and**C NMR, can be performed to providermations between
directly connected carbon and hydrogen atoms.

In order to avoid unwanted nuclei signals in an NMR spectrum the solvent used is
generally a deuterated form. Whilst a fully deuterated solvent would not produce
any signals ofH NMR, the cuteration process never proceeds to 100%. This
means there is often a residual solvent signal produced at a known chemical shift
which can be used as a reference point for samples being anafysed.

When polymers are analysed ByNMR the spectra that are produced often show
broad peaks. This is due to the numerous, but not quite identical, proton
environments gesent in polymer chains. The total area under the peak can still be
correlated to the number of protons in the polymer specific to that signal, and when
this is compared to the same signal from any monomer in the sample, a value of

conversion from monomnéo polymer can be calculated.
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NMR was used within this work to elucidate the structure of novel initiators and
macroinitiators, monitor the purity of synthesise, and calculate the conversion of

monomer to polymer in polymerisations.

1.3.4 U\tvisible andfluorescence spectroscopy

UV-visible (UV-vis) and fluorescence spectroscopy use the absorption and emission
of light respectively to generate spectra.

In UV-vis the excitation of electrons by the absorption of light is measured. As a
sample absorbs liglelectrons are elevated from the ground state to an excited one.
Any mol ec ul eelectrans daraabsoib g light, so UV active molecules
are often aromatic. The specific transitions that can occur are defined by the Beer
Lambert law, which is reked to the concentration @bsorbing groupsn the
sample. As the wavelength of light applied to the sample is varied, the recorded
absorption also varies. Samples prepared forvigvnust be of low concentration,

as the Beet.ambert law is only applidtde when absorbance is less than or equal to
1.113

Fluorescence spectroscopy measures the amount of energy released as electrons fall
back to a low energy state after absorbing UV radiation. As electrons in the sample
are subjected to UV light they gain eggrbecoming excited, aratepromoted to a
higherstate Initially the excited fluorophore loses some energy through vibrational
interaction and heat, but eventually falls back from the excited state to the ground
state through the emission of a photohhis photon has slightly less energy than
when it was promoted up from the ground state, and as such has a longer
wavelength. The difference in nanometres between excitation energy and emissions

intensity is known as the Stokes shifthis process is dplayed irFigure 1.9'**
UV-visible spectroscopy was used to monitor teection kinetics of amide and

ester polymerisations, whilst fluorescence spectroscopy was used with the DNA
binding assay in Chapter 4.
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Figure 1.9 : Jablonski diagram showing how fluorescence occurs wh#aoeophoreis
exposed to light.

1.3.3 Dynamc light scattering (DLS)

Dynamic light scattering (DLS) is a method used to measure the particle sizes of a
material in solution due to the amount of light that they scatters. When a particle is
in solution it will undergo Brownian motion, creating adam movement that is a
result of the particle interacting with the solvent or other particles. This movement
is tracked by a rapid series of scans by a laser, and by using the-Sitogted
equation the particle size can be calculated.

During a measurement ligkkmitted from the laser is shone into the sample solution
and scattered onto a detector producing a speckle pattern of light and dark areas.
Multiple patterns are collected and compared, and as particles move as a result of
Brownian motion, the patterrehange. The detector records these changes and this
data is eventually used to calculate the particles sizes within the sample.

DLS measurements can produce data in three main size distributions: number,
volume and intensity. A number average distributiakes into account the number

of particles at a given size within a solution. For example, if a solution contained
particles measuring 5 nm and 50 nm in equal amounts, two size distribution peaks

would appear of equal area at their appropriate posttiothe xaxis. A volume
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average distribution however will favour the larger particles as the total volume of
the 50 nm particles is 1000 times larger than the 5 nm particles. An intensity
average distribution would favour the 50 nm particles even maeadthe increased
scattering observed for large particles compared to $Mall.

DLS was used to measure particle sizes for polymers in solution, measure the size of
magnetic nanoparticle and nanopartigtdymer hybrids, and monitor the LCST of

thermoresponsive pgers

1.Concl usi ons

The need for highly functional materials that can be produced cost effectively and
without stringent reaction conditions has driven polymer science to great lengths,
providing an array of possible techniques that can be used itdlfee needs. This

has enabled whole range of monomets be polymerised and specific materials to

be designed to fit a previously assigned purpose.

Whilst early polymerisation techniques lacked finesse in producmgrolled
polymers as the sciencadvanced polymers with defined molecular wgighw
dispersity, complex topology and multiple functionalities became increasingly
possible to make. This was achieved by the realisation tha&RDRP process is
primarily controlled by the equilibrium thas present in a reaction between active
propagating polymer chains, and dormant polymer chains.

ATRP is a technique that manages to control the rate of propagation through careful
control of catalyst, initiator, solvent and monomer. The process workiheby
reversible halide transfer between a propagating polymer chain and a transition metal
catalyst bound to a ligand in solution. It can also be used on a large array of
monomers due to its mechanism that uses the vinyl bond for propagation

Whilst seveal advances have been made from conventional ATRP (ARGET, SARA,
metal free), the facile and robust nature of the system still makes it desirable for
multiple syntheses. In addition to this, the kinetics of ATRP have been thoroughly
investigated, meanintpat within the literature there is a large amount of data on the

effect that any part of the system has on the overall polymerisation.
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Chapter 2 . Appl i catio
materi al s

21 Appl I catmatner ifadrs cr ¢
ATRP

With the flexibility of the ATRP system being well established, it is obvious that the
ability to specify initiator and monomer has the potential to create highly
customisable materials tailored for speciffiplications.

One of the largest areas of interest is infoiedical applications wdre there is an
ongoing effort to create systems with higher-tompatibility, biestability, and
increased efficacy’ Possible applications are numeromsl @an range from; drug
delivery systems that are able to deliver payloads of drugs to the active site where
medicine is needed,”’ the stabilisation of medical imaging contrast ag&nts,
scaffolds for the growth of cell cultures or tissdésand improved dressings and
sutures for wound®:*’

Biomedical engineering such as this has often been concerned with increasing the
biocompatibility of materials in ordeto reduce any adverse effect that may be
triggered in the host. However, through careful selection of initiator and monomer
Asmarto materials can be created that re
as temperature, pH, and enzyme esepresan*? Often these characteristics can

be activated by an external source, enabling the stimuli to be triggered at a desired
time or locatiorin vivo.*

This chapter will provide a brief overview of the current state of stimuli responsive
polymers fordrug delivery, focusing on thermoresponsive materials, and then
discuss stabilisation of magnetic nanopatrticles by polymers for magnetic resonance

imaging contrast agents and targeted drug delivery.
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2.1.1 Principles of biomedical polymers

In order for apolymer to be viablen vivoi t needs to be resi
enzymatic attack, stable in the pH range it is required to operate, stable at body

temperature, and netoxic.® 2

If these goals are achieved the material that is
produced can be said to be {miompatible.

Within nature precedent for this already exists, with proteins beriggb@olymeric
structures. They are composed of defined sequences of amino acids that are
selectively arranged with ideal molecular weights, molecular weight distributions,
functionality and chemical composition. Ideally any bioengineered material would
have as many properties in common to a polypeptide as possible, in order to mimic
its biocompatibility.

The two main causes for a polymeric material to degmad@/o are hydrolysis and
enzymatic action on the chain structéteBoth processes cause polymer chains to
be cleaved into shorter units that are generally excreted from the body via the renal
system. Hydrolysis occurs on both ested amide moieties in acidic and basic
conditions, found freely inside a body. Enzymatic action can vary wildly depending
on the locationn vivothat the material is active and the functional groups making up
the polymer structur&. Esters are cleaved by the presence of esterase, and amines
by protease, to produced chains that are much shorter thamigheld® This is
detrimental to many functional polymers, as the physical properties of a polymer can
be dependent on the functional groups in its structure, along with its molecular
weight and dispersit/’

A common method that is used to reduce the rate of degradation of matevials

st

i's by fApegyl ationo, the process of atta

candidate moleculés.?® PEG shows littlgoxicity to biological systems and can be
cleared from the body through the renal system (for PEGs < 30 kDa) or in faeces (for
PEGs > 20 kDA) so as not to accumulate permanémtiyvo?’ A variant method

of protecting labile molecules is by using drug delivery vehicles aadiposomes,
spherical vesicles composed of at least one lipid bii&8r.Therapeutics can be

enclosed in the aqueous core (encapsulation), in the lipigebilembedded), or on
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Nanoparticles in lipid bilayer

(embedded) Nanoparticles in liposome aqueous core

(encapsulated)

Nanoparticles bound on liposome surface
(conjugated or adsorbed)

Figure 2.1 : A schematic diagranproduced by AlJamalet al showingthree different
approaches to engineering a liposome for biomedical applications showing embedding (blue,
left) encapsulation (pink, right) and conjugation grebottom)**

the surface (conjugation or adsorption), as is diggd in Figure 2.1. Whilst early
liposomal systems suffered from issues with loaded drug molecules leaking from the
vesicle structure, advances within the field of material preparation have reduced this
effect, making liposomes the most clinically estsiidid nanometrscale system

used to deliver cytotoxic drugs, genes, vaccines and imaging dgénts.

Nonliposomal drug delivery systems can be created by using water soluble
polymers that are composed of monomertaurthat are responsive to external
stimuli.* The most widely researched polymers in this dfiepossess
thermoresponsive or pkesponsive activities, which cause a change in the

hydrodynamic volume or internal structure of a polymer as the stimulus is applied.
3336
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2 .p2Hr esponsi ve pol ymer s

Within a biological system there is significant variation in the pH values
encountered. Whilst the stomach is well known to have a low pH3@&)5the
small intestine is around pH 6 and the colon tends to have a pH neutral
environment’ The pH values found in tumours are also known to be of a lower
value than those of ilood>® This variation in pH environment means that a well
designed pHesponsive polymer drug delivery system can potentially be synthesised
to inhibit payload release in systemic circulation (pH 7.4) and elhsn an acidic
environment is encountered (such as in tumatirs).

pH responsive polymers are often in the form of hydrogels, crosslinked polymers
that possess hydrophilic groupsid can absorb large amounts of water without
losing their three dimensional structdfe When in an aqueous solution hydets

often mimic biological tissues due to their high water content and soft considtency.
“1 Drugs are loaed into the hydrogel through a series of swelling ansvaelling

Chemical, physical or
Solvent radiation cross-linking < Cross-linked
* polymer
Polymer Synthesis
\ Purification
Alrfreeze drying Swollen hydrogel
-
Dried hydrogel Drying Extractables
| Drug loading
Drug-loaded
hydrogel
Swollen hydrogel ————
Filtration and
Drug solution nnsng

Filtrate
/ying
Hydrogel-based
drug delivery
system

Figure 2.2 : A schematic representation of the steps involved with the preparation of a
hydrogel drug release systéf.

55



(drying) reactions as is displayed in Figure 2.2, with the drug loaded hydrogel being
in a collapsed state before its releasedivo. Typical pHresponsive drug delivery
hydrogels releastheir payloads through a swellikggntrolled mechanism involving

the simultaneous absorption of water and desorption of the drug when the stimulus is
encountered?

pH-sensitive polymers that have been used for drug delivery possess pendant acidic
or basic groups that either accept or release protons in response to the pH of the
environment they are {ff. Depending on the monomer used, the-ggsitivity of

the polymer is controlled, providing the ability to release therapeutics at a range of
pH values.

For example, the homoand copolymerigtion of 2(dimethylamino)methyl
methacrylate (DMAEMA) has been shown to be possible via ATR#hilst other
research has shown that at low pH DMAEMA copolymers are highly solubie, bu
form micelles at high pH (>8Y. Poly(methacrylic acid) based copolymers offer a
reversed stimulus, being more soluble at high pH and less soluble at low pH (<6).
These effects are as a result of the ionisation of amino or acid groups present within
the polymeric structures, as is displayed in Figuré®.3.

Whilst pH-sensitive materials have been shown to be usefuldieligery systems,

the stimuli response is generally only controlled by the environmmemivo, not
externally®> *° Thermoresponsive drug delivery systems can be activated by the
application of an external heating source, and therefore have seen a large of amount

of interest’* 354648

Low pH High pH
H H - H H
[ OH N
e
H COOH H H €00~
X OH” r i
—Ey—p— = e
H ¢=0 o H €=0
? o i
CH,CH;N(CH,CH3), CH,CH:N(CH,CH3),
H

Figure 2.3 :pH dependent ionization of PAA (top) and PDEIA (bottom)*
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2. T3her moresponsive poly

A key advantage of a thermoresponsive polymer system is that the stimulus response
(temperature) can easily be externally appifeihe main biomedical applications

for thermoresponsive polymers are drug delivery, gene delivery and tissue
engineering: ** **°! polymers that are sensitive to thermal stimulus can either
possess an upper critical solution temperature (UCST), or a lower critiaéibsol
temperature (LCST).

A polymer that possesses an LCST will be completely miscible below its critical
temperature, and becomes immiscible above it. UCST polymers on the other hand
are immiscible below their critical temperature, and become fully biés@bove

it.3* This is displayed in Figure 2.4. UCST is a process driven by the enthalpy of the
system, whilst LCST is an entirely entropic effécivhen a material with a LCST is
brought above its crited temperature the formerly homogenous solution appears to
become cloudy, as such the LCST is often referred to as the cloud point of a polymer
(Tcp). However, LCST and & are not necessarily the same thing, as due to the
particles sizes that a polymeasrins in when it becomes immiscible, clouding may
not immediately (or ever) become apparent. LCST refers to the specific temperature
where immiscibility occurs; whilstdp is the temperature this effect is apparénte

to the fact that LCST is an entropligadriven system it can be considered in terms

A 4
¥ i \ 5 T single-phase
| two-phase region
region UCST
LCST " two-phase
single-phase region
region
b ;o
(a) (b)

Figure 2.4 : Schematic illustration of phase diagrams for LCST polymers (left (a)) and
UCST polymers (right (b)). represents increasing polymer fraction in soluffon.
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of the Gibbs free energy equation:

I:x';mix = I:]_Imix - TDS

mix

Equation 2.1

where: Gk is the Gibbs free energy,. is the enthalpy, s« is the entropyand T

is the temperature.

The main factor in the mixing of solutions in thesecumstanceselates to the
entropy of the solvent (mainly hydrogen bonding in water). Below the LCST the
polymer is mixed into solution with the water, creating a more ordgysgm and
lowering the overall entropy. Above the LCST the polymer and solvent are in
separate phases, creating a more disordered system and increasing entropy.
Polymers that possess LCST are generally only able to mix into solution as a result
of hydrgen bonding between the solvent and the polymer chains. As the
temperature is raised this effect can no longer mitigate the relative hydrophobicity of
the polymer chain and the polymer moves into a separate phase.

Thermoresponsive polymers investigatedlfiomedical applications generally make

use of LCST, as triggering immiscibility by raising temperature is facile to
accomplish and allows micelles formed by combining hydrophilic and hydrophobic
homopolymers to be collapsed, forcing encapsulated theiepé¢o be released.>
Materials with a UCST are alsd possible importance, as they can be used as drug
delivery vehicles by preparing them in a similar method to that proposed in Figure
2.2, where above the UCST swelling will occur as the polymer becomes miscible
and the absorption of water triggers theadpson of the payload’

The most widely studied polymers that present an LCST are ones where the
tramsi ti on temperature is similar to that
has been poly{-isopropylacrylamide) (PNIPAAmM) which has an LCST around 32

0C 46495560 This value has been shown to be controllable by the copolymerisation
of PNIPAAm with either more hydrophobic or hydrophilic mononféfs. Other
polymers that have been investigated include pbiytiylcaprolactam) (LCST 25
35°C)% % poly(2( di met hyl ami no)ethyl methacryl at e
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PNIPAAM PVCL
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3

PDMAEMA POEGMA
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Q-z

z
jam

3

Figure 2.5: Structures of commonly investigated polymers that possess an LCSTN-poly(
isopropylacryamide) (black, top left), polW-vinylcaprolactam) (red, top right), poly?2
(dimethylamino)ethyl methacrylate (green, bottom left), paigo ethylene glycol)methyl
ether (blue, bottom right).

°C), which is also pH sensitiv&/® and poly(ethylene glycol) (PEG or PEO) (LCST

& 8 5™ 'Y The LCST of PEG can be lowered through the placemeethgfene
oxide units as a pendant chain, displaye
y, the length of the pendant chain, affects the LCST of the polymer with 2 units
giving an LCST-50ofuni 8s26i WCngdTheALCETST o f
can be finguned even further through copolymerisation between OEGMAs with
differing ethylene oxide chain lengths. Lwgrz al demonstrated that an LCST of 37

°C was attainable by the polymerisation of OEGMA af(d 2n@ethoxyethoxy)ethyl
methacrylate in an 8:92 ratio of monomers respecti’eljhe value of LCST is also
affected by the total molecular weight of a polymer, the architecture of the polymer
chains and the concentration of polymer in soluffofi.
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2. 4 Pol ymer stabil i s
nanoparticles

Magnetic nanoparticles are used in numerous biomedical applications including as
MRI contrast agentS: ”° cell labelling and tracking’ " and targeted drug delivery
systemd? 8 Polymer coatings are appll to magnetic nanoparticles in order to
improve their biocompatibility and stabilise the particle in solution.

Magnetic nanoparticles can be synthesised using various types of magnetic
materials such as magnetite {6¢, maghemite (F£s;) or cobalt ferte
(CoFe0,).2* The rest of this chapter will discuss magnetite nanoparticle systems as
they are one of the more frequently used. Magnetitgains both Fé and (Fe*),

ions, where F& ions occupy half of the octahedral sites within the lattice structure
and(Fe*); fill the remainder of the octahedral sites and all of the tetrahedraf%ites.

If the grain size of a magnetite particle is less than around 15 nm, éhemaurticle

may possess a single magnetic domain which causes superparamagnetic b&haviour.
This is important as if a superparamagnetic particle is exposed to an external
magnetic field the entire magnetic moment of the particle aligns parallel to the field,
and when the field is removed the alignment is full lost, resulting in no rec@oen
coercivity. This is important in biomedical applications because it ensures that
outside of an external field there are no ferromagnetic attractions between particles

and agglomeration of particlésvivois reduced’

2.4.1 Synthesis of magnetite nanopatrticles

Co-precipitation methods are frequently used in the synthesis of magnetite
nanoparticles as they have been shown to be both experimentally simple to perform
and consistently pratte low grain size nanopartic®s. In a coeprecipitation,
particle formation occurs as a réisaf the addition of a concentrated base to a

solution of metal salts and is described by the reaction descrileghation 2.2°

"0Q "0Q g 0 ° O 100
Equation 2.2
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The reaction typically takes place under an inert atmosphere to reduce the likelihood
of the formation of maghemite, which is also a superparamagnetic iron oxide, but

has a lower magnetic saturation value.

2.4.2 Stabilisation of magetite nanoparticles

Bare magnetite nanoparticles are often stabilised by surfactants or polymers to
prevent their sedimentation and/or agglomeration in a soltftiom.addition to this,

bare iron oxides are prone to oxidation and degradationvo which can cause
damage to DNA causing mutatiofts’?

Common stabilisers for magnetite nanoparticles include silax@us polymers and
organic surfactants:”® When polymers are used as stabilising agents for magnetic
nanoparticles the polymer that is used is often chosenalits physical properties,

such as high water solubility. Poly(sodidhstyrene  sulphonatéy,
poly(diallyldimethylammonium chloride¥ poly(ethyleneimine} and PEG® have

all been sucessfully used in previously reported works.

Thinemaanet al demonstrated that poly(ethyleneimine) (PEI) can absorb onto
maghemite nanoparticles to act as a primary layer in a stabilisation system along
with a poly(ethylene oxidegdo-poly(glutamic acid) seandary layer. PEI can absorb

on the nanopatrticle surface due to the electrostatic interaction between the numerous
ammonium groups within the PEI structure and the oppositely charged surface ions
on the maghemit¥® St abi |l i sed nanoparticles were f
approach, with bare particles prepared first, then coated by PEI, and then finally
coated by the sepaedy synthesised copolymer. Once the final polymer layer is in

pl ace, the ©primary PEI | ayer S ef fecti
stabilisation provided by the secondary layer. When placed into a physiologically
mimetic medium (0.15 M sodiumhioride solution) no change in particle size
distribution was measured during the 30 day duration of the experiment.

PEO has also shown promise in the stabilisation of magnetite nanopaftitiés.

Riffle et aldemonstrated the synthesis of PEO stabilised nanoparticles that remained
dispersed in physiological conditions and possessed high magnetic saturation

values!??
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PE] PEO-PGA

Figure 2.6: Sketch of polymer coated maghite nanoparticles and the associated polymer
chemical structures prepared by Thiinemetaal*°

PEO polymer chains were immobilised onto magnetite particles through the
electrostatic interactions of carboxylic acid groups that was weteopa triblock
copolymer consisting of PEO tail blocks and a polyurethane based central segment.
Nanocomposites produced by this method remained stable at pH values of 7 and
lower, and also remained in solution for approximately one week at pH 8. ttagne
saturation values of stabilised particles were lower than of bulk magnetite, but
remained in line with values reported of other stabilised magnetite indicating that

PEO is not inherently detrimental as a stabiliser.

2.4.3 Nanopatrticle contrast agents

Perhaps the most wethown use of magnetic nanoparticles is as contrast agents for
magnetic resonance imaging (MRI). MRI is a technique that shares its base
principles with NMR, which was briefly discussed in the previous chapter.
Medically, it is usedas a norinvasive imaging technique that utilises the same
principle of magnetic moments to generate images of the internal structures of an

organism.
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Within the body there is a large number of proton as a result of the high water and
lipid content of liung organisms. When these protons are placed into a magnetic
field there is an alignment of their magnetic moments either with the field (parallel)
or against it (antparallel). There will always be a difference in the number of
protons that align oneay or the other due to the slightly higher energy requirement

of the antiparallel alignment. If a radio frequency (RF) pulse is then applied across
the protons, they will become excited andatign with the previously applied
magnetic field. As the RIpulse only occurs briefly, the protons will eventually
(detectibly) relax back into alignment with the external field, and after multiple
measurements these relaxations can be used to create an image that is composed of
proton densities. Relaxations oceaither longitudinally (T), when energy from the
excited nuclei is lost to the surroundings, or transversely ({#hen the energy loss
occurs as a results of interaction with other nuclei.

MR images can be improved through the usage of a contrast agemignetic
material that shortens the relaxation time of protons within the magnetic field,
improving the resolution of the image. The key considerations for contrast agents
are their solubility in water, and magnetic saturation. The solubility anditytaibi

the particles is critical because it dir
the proton rich aqueous environmémtvivo. Further to this, it is desirable that the
particles remain stable for as long as possibl@itro, as it allavs for a greater
period of time between when the particles are prepared, and when they have to be
used. A high magnetic saturation means that the particle generates a stronger
magnetic field during the course of the experiment.

Various iron oxide contrasagents are already available commercially, and are
stabilised by a range of polymers. Feridex is stabilised by dextran, Resovist by a
carboxydextran, Lumirem by a siloxane, and Clariscan by a PEG coml6sitke
stabiliser that is chosen for the particles can dramatically affect their magnetic
properties, with different coatings changing relaxivity values far ofF T,
independently so in order to achieve the desired results care must be taken in
coating choice.
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2.4.4 Magnetically targeted drug delivery

Whilst chemotherapy is already a highly effect treatment for numerous forms of
cancer, it is a nosite-specific treatment, ofn highly detrimental to the patiefit.

Due to the inherently cytotoxic nature of the agents used in chemotherapy, when
healthy cells come into contact with chemotherapeutics they are also destroyed. A
solution to this would bea method of targeting these drugs specifically to the
location of cancer cells. Magnetic nanocomposites have the potential to accomplish
this through their stabilising shell which, can be functionalised in numerous ways,
and their magnetic core, which détes guiding to a site via an external magnetic
field.1%%%%° The effect of this is to localise the drug to a specific region, lowering the
detrimental effets on the rest of the system.

One of the earliest demonstrations of this technique was performed by étibbe

who bound the ant ancer agent AEpirubicind to an
stabilised by starch based polym&sThis drugpolymernanoparticle composite

was held in proximity to the site of a tumour by an external magnetic field and after
one to two weeks the appearance of the tumour had been reduced, which led to a
complete loss of the growth.

An example that isnore relevant to the work presented in this thesis was carried out
by Ghoshet al, who used free radical polymerisation to produce magnetic
nanospheres stabilised by a POEGMAPOEGMA surface network® This
system maintained the thermoresponsive nature of the POEGMA, which could be
activated the application of an alternating magnetic field, heating up the nanoparticle
cores. The nanospheres could also be readily taken up during cell activity studies,
and showed minimal negative effects on cellular systems. This system shows great
potential as a drug delivery vehicle and highlights the desirability of a

POEGMA/iron oxide nanoparticle composite.

2. Goncl usi ons

The potential medical applications oflpmers and polymenanoparticle hybrids are

enormous, with only a handful having been touched in this chapter.
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By careful selection of monomer, polymers can be prepared which are able to react
to external stimuli such as pH and temperature. The forrthisf response is
normally a swelling or dewelling of the polymer chains in response to their local
environment, which when coupled with a carried molecular payload allows a
triggered release when the stimulus is applied. This principle has been shiogvn to
effective in biological systems where the complex architectures composed of
copolymers or polymenanoparticle hybrids have been utilised to deliver drug
payloads with less detrimental effects than would be observed if the drug was
applied conventionf.

Magnetic nanoparticles play a crucial role in MR imaging, acting as contrast agents
that improve the overall quality of images. These nanoparticles need to be stabilised
in order to remain in solution for longer periods of time, and prevent their
degmadation from biological action. Stabilisation is often provided by polymers,
with polyelectrolytes being of particular interest due to the electrostatic interactions

they can have with oppositely charged surface ions on the nanopatrticle.
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ChaptAmi e and ester

3.1 I ntroducti on

Atom transér radical polymerisation (ATRR)as been shown to be anfastic tool

for the creation of weltlefined, complex, polymer architectures from a wide array of
monomer feedstocks and a large range of initiating moiktieslowever, certain
functional initiators have been shown to inhibit its efficacy, especialtije@ case of
initiators containing amide bonds> Whilst searching through the literature reveals
many possible reasons behind this apparent problem, there are often cases where
differing sources disagree directly with each other resulting in conagliesults”

11, 1418

The use of an amide bond within an initiator would be favourable for polymers
whose application is in a biological environment dutheohighbond strength when
compared to the more ubiquitously used ester bond, and mimicry tfi@é&onds

found within living organisms. The successful use of amide bonds within a material
also opens up additional synthetic routes that can be used either prior or post
polymerisation that can increase functionalization beydmat which may be
available to other initiating moieties.

This chapter outlines the synthesis mdly(oligo ethylene glycol) methyl ether
methacrylatd POEGMA) materialsby ATRP, using both a common ester containing
initiator (ethyl 2bromoisobutyrate) and an analogous amidé&ator (2bromo2-
methytN-propylpropanimde) and their subsequent characterisation by nuclear
magnetic resonan@pectroscopyNMR) and size exclusion chromatography (SEC).
Further to this thé&inetics involved in the reactiomere monitored using UWisible
spectroscopy in order to ast@n the difference in resultgnd the two initiators

were compared using DFT modelling techniques. The reason for experimental
differences between amide and ester initiators has never fully been discovered, and
as suclthis investigation was launched to fitite lack of efficacy of an amide bond
Finally, two different techniques (ARGEATRP and SEILRP) were tested for the
preparation of POEGMA to ascertain if they provided any benefit over conventional
ATRP when usingn amide initiator.
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3.1.1 Poly(oligo ethylene glycol) methyl ether methacrylate
(POEGMA)

C CH, 0
/
0/ \o/€ \CH2 >m\CH3

Figure 3.1: A single OEGMA unit as part of a polymer chaiDiffering molecular weight:
of OEGMA can be formed by varying the number of ethylene glycol units in the side «
andthe monomer isommercially available with a mamljfferent length chainsTypical

values formrange from 4 to 32, providing a molecular weight range from 300 to 4000

Poly(oligo ethylene glycol) methyl ether methacrylate is part of a family of polymers
composed from a backbone of methyl methacrylate, each with differing numbers of
ethylene glycol units found after the ester bond, as denotedmyigure 3.1 above.

The applications of POEGMA have expanded greatly in the last few years, with
copolymers of the material finding uses in a wide array of roles within
bioengineering® Two key reasons for this are that it both increases the protein
resistance of materials it is applied to and that it also possesses a lower critical
solution temperature (LCSTY %

The cor e olfi ktehbe PACCEOGMWA st ruct ur eMMA)Ss a me
backbone. Synthetically this is invaluable as MMA based polymerisations have
been studied for decades using a wide range of different polymerisation
mechanismé®?* Specifically for ATRP, MMA was one of the first monomers
investigated by both the afyjaszewski and Sawamoto groups in the 1990%.
Further to this, PMMA has been used extensively within the dental and medical
industries due to its biocompatibility and low toxicity.

By attaching polyethylene glycol (PEG) units to the side of BNEVIA backbone

the solubility of the polymer is dramatically improved. PMMA is insoluble in water,
and even at low molecular weights will only form an emulsion. PEG on the other
hand will readily dissolve in water with a solubility of around 630 mg/n#iCatC

for polymers with a molecular weight averaging 8690.The addition of this
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pendant PEG chain to the MMA backbone creates a water soluble polymer with both
hydrophobic and hydrophilic sections.

LCST is a reversible phenomenon that results in a padypmecipitating out of
aqueous solution above a critical temperature, contrary to general practice where
solubility increases as temperature rises. PEG has been shown to possess a LCST
around 85°C.**%? Work with poly(N-isopropylacrylamide) (PNIPAAmM)ds shown

that the LCST of thermoresponsive polymers can be adjusted by increasing or
decreasing the hydrophillicity of the polyni&r® For POEGMA this can easily be
carried out by changing the length of PEG chain attached to the PMMA backbone,
or copolymerisation with another desired copolyrfi®r.

The solubility of a system is controlled by the Gibbs energy of mixing (Gmix) and

can be expressed as shown in Equation 3.1.

DG, =DH, .- TDS

mix mix mix

Equation 3.1

In order for spontaneous mixing to occur Benix must decrease, otherwise the
components present will remain immiscible. Hydrogen bonding between water
molecules and the hydrophilic components of the polymer can cause mixing to occur
even though G is positive, despite it being entropically unéavable overall.
Once above the LCST the material behavew@dd be expected, as the additional
energy within the system overcomes the relatively weak attraction from the
hydrogen bonding (Figure 3.2). Various physical properties of the materials can
affect the LCST, these include: the B, Mn, degree of branching and ratio of
monomers present in copolyméfs®

Previous work by Lutzt al. has shown that copolymers of POEGMA an{22
methoxyethoxy)ethyl methacrylate can exhibit LCSTs aroundG5andcan be
tuned to specific temperatures by adjusting the ratio of constittfen&his is
interesting as this puts materials made of these polymers in the range of being

responsive to changes within a living system.
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Figure 3.2: For POEGMA in water below the LCST there is hydrogen bonding be
the solvent and hydrophilic portions of the polyméss the temperature increases al
the LCST the hydrogen bonding that previously held the polymer soluble is no
enough to keep the Gibbs free energy of the system negative. As polymers v
dissolve in a solvent when the Gibbs free energyeadeses, the result is POEGI
precipitates out due to polymer chains collapsing and agglomerating into hydrc
clusters pushing water molecules out into the bulk solvent.

The protein resistance of this matesééms from the ethylene glycol structure and

means antibodies vivo cannot target materials coated with this polymer. This

effect has been known about for decades and has been used successfully to
APEGyYyl ateo various t her aopempatbilitysandtbie i ncr ¢
availability of drug release systeffisPEGylation is the process of attaching strands

of pol yethylene gl ycol to drugs in orde
action of clearing waste from blood plasma) by reducing immeniity (the ability

of a substance to provoke an immune respcfiéé).

3.1.2 Ethyl 2bromoisobutyrate and 2-bromo-2-methyl-N-
propylpropanimide

CHy O CHy O
Br—(li—C‘—O—CHg—C‘Hg Br—T—C—NH—CHg—CHZ—CH3
CH; CH;

Figure 3.3: Chemical structures of ethylH&omoisobutyrate, in green, anebBomo-
2-methykN-propylpropaninde, in blue. The amide structure is analogous to the es
with the only difference being an additional £dtoup following the amide bond.
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Ethyl 2-bromoisobutyrate (EBriB) is a simple, cheap, initiator that has been used
successfully for the ATRBf numerous monomef&. The terminal bromine, which

acts as a leaving group to create a radical and allow polymerisation, is activated by
the presence of an e sdaban®™ Thaeffdctoontyidista dj ac e
delocalise the local electron cloud, enhancing thHarigation of the carbehalide

bond, and increasing the stability of the resulting radical that is fotfned.
Matyjaszewskiet al demonstrated using the polymerisation of MMA, that whilst
EBriB has a comparatively lower reactivity than highly reactivéatars such as
benzhydryl chloride, it still creates a fast rate of polymerisation, producing polymers
with low dispersities and Mclose to theoretically expected (from the ratio of
initiator to monomer}* However, where the rate of initiation in higbactivity
initiators is faster than the rate of propagation of the monomer, instead of initiating
radicals encountering dormant polymer chains, radawical recombination occurs,
triggering irreversible terminations and the failure to initiate furteain growth.

This in turns leads to a builgp of Cu(l) that slows down the rate of polymerisation
considerably and produces low monomer conversion over comparably long periods
of time. This is displayed in Scheme 3.1, where it is clear that if taefanitiation

(kinit) is greater than the rate of polymerisatiog) @n excess of initiator radicals will

0 ') 0
R' R X R’
.. ~ .. +
R 6" R 57" R o
0 0 o0
R' R' X R
.. N .- +
R N R N R N
0 H H

Figure 34 : Resonance structures for ester (gle@nd amide (blue) carbonyls. Tt
delocalisation of the carbonyl electron cloud enables of the activation of halides |
to ARO. I't also has the effect of
dissociates from the alkyl chain during polmsation.
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form, decreasing the chance of initiator and monomer interaction, and increasing the

chance of termination occurringXk

Scheme3.1

The problems associated with amide based initators are well known and have been
widely reported within the literature. Table 3.1 summarises some of these papers,
and be can be found at the end of Section 3.1. The most common problems were
poor initiator efficiencies that lead to higher than predicted molecular weights and
slow polymeristions with low conversion$™ *°The efficiency of an initiator )

within a polymerisation can be calculated with Equation 3.2, wheyesMhe
observed molecular weight of a polymer, and \ is the theoretically calculated
molecular weight devied from the masses of monomer and initator used, as well as

monomer to polymer conversion.

O

Equation 3.2

Teodorsecuet al initially suggested that the low conversions were not being
triggered by the loss of active ¢hg, but insteagtemmed from a loss of activity in

the catalytic syster. It was suggested that polymers produced still had end group
activity, but reactions stopped due to the complete deactivation of the catalyst
system.

One possible explanation forishwas given by Limeet al who stated that during

the initial initiation step a high concentration of radicals was likely to forithe

result of this is radicaladical coupling and disproportionation in direct competition
with the initiation and promgation of the ATRP. To control this it was suggested

that lowering the temperature at the start of the reaction ({62%rior to heating to
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reaction temperature (9C), would slow the rate of initation and this coupled with
the usage of CuCl as opgexl to CuBr would enable controlled polymers to be
produced. This was used to synthesis polymers with molecular weights in good
agreement of theoretical values and dispersites around 1.20.

Contrary to this however was the work of Adams al who found that the
previously suggested method failed to produce controlled polymers when using
oligopeptidebased initiatord® Using an initiator that was analagous to one reported
by Limeret al, they found significant initiator remaining at the end of a reacéiod,
suggested that this may result from significant termination reactions in the early
stages of the reaction despite attempts at thermally controlling the initiation step.
Finally, it has even been suggested that the prescence of amide bonds theraselves ¢
trigger poor polymerisation performance. Polymerisation of -N,N
dimethylacrylamide using a range of initiating system all produced monomers with
broad dispersities, low conversions and higher than expected molecular Weihts.

17

Rademacheet al suggested that this may be due to Cu salts complexing to amide
groups within the polymer chain, resulting in radical stablisation which retards the
deactivations step in ATRP. Without the deactivation step the rate of initiation
becomes faster than praaion, and radicaladical terminations occur.

In this chapterethyl 2bromoisobutyrate (EBriB) will be compared with an
analogous amide initiator,-l2romo2-methylN-propylpropanimide NIBrPA), for

the ATRP of OEGMA in an effort to ascertain the reasbesind the clear
differences in polymerisation rates and mechanisms at work, and to attempt to clarify
the observed differences in the molecular weight parameters and physical

characteristics of materials produced.
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Table 3.1

Author/Date

Article Title

Amide Problem Listed

Reason Given for Problem/Possible Solution

Senoocet al'’

(1999)

Rademacheet a

(2000)

Teodorescet a

(2000)

|14

|15

Living radical
polymerization of N,N
dimethylacrylamide
with RuChL(PPh)(3)-
based initiating systems

Atom transfer radical
polymerization of N,N
dimethylacrylamide

Controlled
polymerization of
(meth)acrylamides by
atom transfer radical

Living radical polymerization of
DMAA to give polymers with
contolled molecular weights and
[high] B > 1.6

Broad molecular weight
distributiors, poor agreement
between theoretical and experimen
M, [problems with] incremental
monomer addition experiments anc
end group analysis.

The polymerization rezned limited
conversion, which could be
enhanced by increasing the
catalyst/initiator ratio.

Slow initiation and slow interconversion between the dormant ai
the radical species.

Cu salts complex to the amide group of the chain ends and stak
the radical. This stabilization retards the deation step in ATRP
and produces an unacceptably high concentration of radicals wi
leads to spontaneous termination reactions.

The limited conversion is not due to the loss of the active chains
rather to the loss of activity of the catalytic system. At this mome
it is still uncleathe mechanism through which the catalyst is
inactivated.
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Author/Date Article Title Amide Problem Listed Reason Given for Problem/Possible Solution

|16

Neugebaueet al Copolymerization of N,N Limited conversion of monomer t¢ The limited conversion cannot be explained by a total

dimethylacrylamide with  polymer indicating the occurrence decomposition of the growing centres, since thisili@rovide

(2003) n-butylacrylate via atm of termination reactions or loss of polymers with much higher polydispersity. The lower molecular
transfer radical the catalyst. weight tailing in the GPC chromatogram suggests ehegaking
polymerization reactions

Li et al® Biomimetic stimulus Poor living character was achieve Ami de i nitiators have been r.
responsive star diblock  using an amiddased trifunctional leads to low monmer conversions and produce polymers with hi

(2005) gelators initiator, but the analogous triestel polydispersities.

initiator gave reasonably well
defined thermaesponsive and pH
responsive star diblock

copolymers.
Limer et al® Amide functional Amide-based initiators result in ~ With amide initiators the initial initiation step likely occurs rapidly
initiators for transition polymers which have a higher leading to a high concentration of free radicals, which results in
(2006) metalmediated living molecular weighthan expected.  radicatradical coupling/disproportionation in competition with
radical polymerization initiation/propagation. A low tempenatke at the start of the reactiol

to 25 °C still allows initiation to proceed, but more slowly. The u:
of Cu(l)ClI as opposed to Cu(l)Br also reduces the rate of homol
bond fission.
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Author/Date

Article Title Amide Problem Listed Reason Given for Probn/Possible Solution

Adamset al'°

(2009)

Habrakeret al*!

(2009)

Oligopeptidebased amide Amide-based initiators results in  In many cases significant initiator remains [after polymerisation]
functional initiators for polymers which have a higher suggesting that either not all peptides successfully initiate
ATRP molecular weight than expected polymerization or that significant termination reactions occur eal
and a significantly higher in the reaction. Thitow initiator efficiency agrees with other repor
polydispersity than those grared for amino acidbased initiators.
from estetbased initiators.

Peptide block copolymers ATRP macroinitiation from the Analysis of the reaction products and model reactions confirmec
by N-carboxyanhydride  polypeptides resulted in higher thi that this is due to the high frequency of termination reactions by
ring-opening expected molecular weights disproportionation inhe initial phase of the ATRP, which is
polymerization and atom inherent in the amide initiator structure.

transfer radical

polymerization: The

effect of amide

macrointiators
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3.Materi als and Apparat
3.2.1 Materials

Oligo(ethylene glycol methyl ether) methacrylate (M 3 6 0, -Ald8adh)g ma
triethyl ami neAldrich) Tapper (0)Snie g irdanm, 99.9%, Sigma
Aldrich), ethyl bromoisobutyrate (98%, Sigmddrich) 4 , -dironyl2 , -Bigyridine

(97%, SigmaA | d r i c-hipyridine2(98206 Sigmahldrich), copper () bromide
(98%, SigmaAldrich), copper (I) chloride (99%, Sigrradrich), copper (II)
bromide (99%, Sigmaldrich), copper (Il) chloride (99%, Sigmaldrich),
propylamine (98%, SigmaAldrich), 2bromo2-methylpropanoyl bromide (98%,
SigmaAldrich), sodium bicarbonate (analytical reagent grade, Fischer Scientific),
activated charcodBigmaAldrich), aluminium oxide (activated, neutral, for colam
chromatography5@ 00 e m, Acr os Organics), magnesiu
Acros Organics), methanol (analytical reagent grade, Fisher Scientific),
N, N, N 6-peNtametkyddiethylenetriamine (99%, Sigvirich), N-
Methyltrimethylacetamide (98%, SigaAldrich), Ethyl trimethylacetate (99%
SigmaAldrich), tin 2-ethylhexanoate (92-500%, SigmaAldrich), 2-propanol
(HPLC grade, Fisher Scientific),toluene (laboratory grade, Fisher Scientific),
diethyl ether (laboratory grade, Fisher Scientific), tetdabfuran (HPLC grade,
Fisher Scientific), ethanol (analytical reagent grade, Fisher Scientific), and water
(HPLC gradient grade, Fisher Scientific) were purchased and used without further
purification. Dichloromethane (analytical reagent grade) washpsed from Fisher
Scientific and immediately before use dried and distilled over calcium hydride. The
deuterated solvents used f6€ and'H NMR were d-chloroform, d-methanol or
ds-ethanol purchased from Cambridge Isotope Laboratories Inc. and werasise

supplied.

3.2.2 Characterisation

'H and'*C NMR spectra were recorded using a JEOL ECS spectrometer (400 MHz)
at 293 Kin solutions of deuterated chloroform (CRXId;-methanol or gtethanol.

Molecular weight parameters were recorded by size sxaiuchromatography
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(SEC) of THF solutions wusing tGvand&®em mi
Shodex RI101 refractive index detector. The SEC system was calibrated using
poly(methyl methacrylate) standards.

UV-visible spectra were recorded using eitheéshamadzu UV1800 spectrometer

using quartz cuvettes with a path length of 10 mm. IR spectra were recorded using a
Shimadzu IRAffinityl spectrometer equipped with a Golden Gate Diamond ATR.

3.E3Xxperi ment al
3.3.1 Synthesis of -bromo-2-methyl-N-propylpro panimide

0 (0]
\/\NH: + . N N/\/
Br Br H

Scheme 2: Synthesis oR-bromo2-methytN-propylpropaninde (MBrPA)

In a typical synthesis:-Bromo2-methylpropionyl bromide KBrPBr) (6 g, 26.1
mmol) was dissolved irtioluene(40 ml). In a second vessegiropylamine(1.54 g,
26.1 mmol) andtriethylamine(0.330g, 3.3 mmol) weredissolved intoluene(40 ml)

and cooled to 6C in an ice bath. The solution MBrPBr was added dropwise to
the pre-chilled solution andthe resultant cloudy mixture was left stirring at@for
three hours, then at room temperature for a further 10 hourscohf@etedeaction
was passed through filter paper to remove any salisthen evaporated under
reduced pressur® leawe a viscous brown liquid. PufdBrPA was recovered by
redissolving the liquid in 40nl of diethyl ether prior to passing it through a short
alumina cdumn. This solution was then washed five times against a 10% saturated
solution of aqueous sodium hydrogen carbotia@ left stirring overnight witts g

of activated carbon andghof anhydrous magnesium sulphate prior to filtration. The
final productwas collected under reduced pressure to yield a yellow li(h86b
yield) prior to analysis by NMRnd FTIR
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'IHNMR  Un(400 MHz; CDCls; ppm) 0.95 (3H, t, J7.53,-CHy-CHa), 1.6 (2H,
m, J=7.29,-CH,-CH»-CHy), 1.95 (6H, s, CHs),C-) 3.25 (2H, q,
J=6.92,5.93, NFHCH,-CHy-), 6.7 (1H, br sNH)

BCNMR  Uc(100 MHz; CDCls; ppr) 11 (CHp-CHs), 23 (CHo-CH,-CHg), 34
((CH3),C-), 42 (NHCH,-CHy-)

FTIR (Vma/cm®) 3350s (NH) , 2940s (CH), 1740 (CO), 1460s (CH), 1370s (CH),

510w (CBr).
a Br
H,C
o
CH,
[0 —{®
A €
/T\H
b,c ]
\CHZ 75 7.0 6.5 6.0
/
dH3C a
c d
bw
! ! I ! | l I . ! I I |
35 3.0 25 2.0 1.5 1.0 0.5

Figure 3.5: '"H NMR spectra of sbromo2-methytN-propylpropanimide (amide
initiator synthesised for ATRP), with proton signal assignments made correspc
to the structur displayed inset.
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Figure 3.6: "*C NMR spectra of sbromo2-methytN-propylpropanimide
(amide initiator synthesised for ATRP), with carbon signal assignm
made corresponding to the structure displayed inset.

3.3.2 Synthesis of POEGMAy ATRP

\/\NJH( + -
i B 0 n\e/\( a/ TN,
L ey
Scheme 3B : MBrPA as anATRP initiator for OEGMA

A typical synthesis was as follows: A Schlenk tube containing OEGMA3(0d,5

g, 18.1mmol), CuCl (00364, 0.362mmo | ) -dinodyl24, &igyridine (ANBpy)

(0.2959¢, 0.724mmol) and ethanol (13nl) was sealed and degassed with nitrogen

for 45 minutes.MBrPA (0.0507 mL, 0.362 mmol) or EBriB (0.053 mL, 0.362

mmol) was injected via gastight syringe ahdrt left stirring at room temperature for

15 hours. 1mL samples were removed via syringe, exposed to air and then passed

through a short alumina column to remove the catalytic system before being dried to
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remove reaction solvent They werethen separatgl diluted in tetrahydrofuran
(THF) for SEG and CDC} for NMR. At the end of polymerisatiomeé full reaction

was exposed to air then diluted with TH#O mL), whereupon the reaction mixture
turnedfrom dark brown to greemgndthen passed through an alima column to
remove the catalytic system. The combined solution was added dropwise to an
excess of cold, stirring hexane. The product precipitated as a clear viscous liquid
and was collected by centrifuge prior to drying overnight under vacuum &€ 35
prior to SEC and NMR analysis.

The quantities of reactants, initiator, catalyst, solvent, and details of the products can
be found in Tables: 3.23.5 in Section 3.4.2.

'HNMR  (i4(400 MHz; CDCls; ppm)  0.8-1.1 (3H, br,-CH,-C-CHs), 1.7-2.0
(2H, br, CH-C-CHy-), 3.1 (3H, br, CB+O-CH), 3.33.8 (4H, br, G
CH»-CH,-0), 4.1 (2H, br, C(=GD-CH),)

BCNMR  Uc(100MHz; CDCls; ppn) 24-27 (CH-C-CHg), 31-34 (CHy-C-CHy-
), 57-60 (CH-C-CHy-)/( CHp-O-CH3), 6669 (O-CHp-CH»-O), 177
179 C=0)

ppm
Figure 3.7: 'H NMR spectra of a MBrPA initiated POEGMA reaction mixture, w
proton signal assignments made corresponding to the structure displayed inse
ratio of proton e (monomer) to ed
conversion ed i s s p eggrodipifodowihgahe esteemoiety in the sic
chain of POEGMA.

87



3.3.4 Synthesis of POEGMA by ARGETATRP

A typical synthesis was as follows: A Schlenk tube containing OEGMA309,4

g, 1449 mmol), N,N,NNyNjNpgntamethyldiethylenetriaminéPMDETA) (0.076

ml, 3.62 mmol), water(15 ml), CuBr, (0.0323 g, 0.145 mmol) andBrPA (0.0507

mL, 0.362mmol), was sealed and degassed with nitrogen for 45 mintitas2-
ethylhexanoate (Sn(EE))(0.0217 ml, 0.66 mmolyvas injected via gastight syringe

and then left stirringt room temperature f&0 hours. 1mL samples were removed

via syringe, exposed to air and then passed through a short alumina column to
remove the catalytic system before being dried to remove reaction solVeety
werethenseparatelgiluted intetrahydrofuran THF) for SEG and CDC} for NMR,
although no successful polymerisation occurred (Table 3.8 in Section 3.4.3.1).

3.3.5 Synthesis of POEGMA by SEALRP

A typical synthesis was as follows: A Schlenk tube containing OEGMA3(0,5

g, 18.1mmd), N,N,NNjINJNp¢ntamethyldiethylenetriaming®MDETA) (0.076 m|

3.62 mmol), MBrPA (0.0507mL, 0.362mmol), ethanol (15ml), CuBr, (0.0081g,

0.06 mmol) and a magnetic stirring bar wrapped in copper wire held above the
mixture, was sealed and degassed with niéodor 45 minutesThe reaction was
initiated by lowering the copper wire into the reaction mixture beléwL samples

were removed via syringe, exposed to air and then passed through a short alumina
column to remove the catalytic system before beinglddeemove reaction solvent
They werethenseparatehdiluted intetrahydrofuran THF) for SEC and CDC} for

NMR. At the end of polymerisatiomé full reaction was exposed to air then diluted
with THF (40 mL), whereupon the reaction mixtutarned fom dark brown to
green,andthen mssed through an alumina column to remove the catalytic system.
The combined solution was added dropwise to an excess of cold, stirring hexane.
The product precipitated as a clear viscous liquid and was collected bijugent

prior to drying overnight under vacuum at ®5prior to SEC and NMR analysis.

Results of these reactions can be found in Table 3.9 in Section 3.4.3.2.
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'IHNMR  U4(400 MHz; CDCls: ppm)  0.81.1 (3H, br,-CHp-C-CHs), 1.7-2.0
(2H, br, CH-C-CHy-), 3.1 (3H, br, CB+O-CH), 3.33.8 (4H, br, G
CH,-CH,-0), 4.1 (2H, br, C(=0P-CHy)

BCNMR  Uc(100MHz; CDCls; ppn) 24-27 (CH-C-CHs), 31-:34 (CH:-C-CHy-
), 57-60 (CH-C-CH2-)/( CHp-O-CHs), 6669 (O-CH,-CH»-O), 177
179 C=0)

3.36 UV-visible analysis

CuCl (4.14mg, 0.042mmol) or CuC} (5.61mg, 0.042mmol) was placed in a quartz
UV-VIS cell (1cm path length) and purged withh.NTo the cell was addedr3L of
adegassedt o c k s ol -dinonye2n, -Bigyfidind (ANBpy) in ethanol (1.98
mg/mL, 0.0048nmol/mL). The cell was sealed under nitrogen via a rubber septum.
EBriB (0.006 mL, 0.042mmol) or MBrPA (0.006 mL, 0.042mmol) was injected

into the cell through the paum via gas tight syringe. After vigorous shaking the
cell was placed in the UVIS spectrometer for measurement. Measurements were
taken every five minutes for a total of 50 minutes. In the case of the amide analogue,
N-methyltrimethylacetamide (3.0vhg, 0.042mmol) was added prior to the cell

being sealed and dassed with nitrogen as normal.

3.3.7Chemical modelling

Chemical nodelling was carried out by Dr. Simon Holder at the University of Kent.
Initial molecular conformations were assessed andinmsed using the semi
empirical PM6 method through the CS MOPAC interface in ChemBio3D Ultra
version 12.0.2 (Cambridgesoff). All density functional theory (DFT) calculations
were run using the GAMESSS code version 11 (R1J. All minimum energy
confirmations and frequencies were determined at thé- ¥BR3/6-31+G(d) level of
theory at 298.15K% “° Singlepoint energy calculations were conducted with the
BMK,* M06-2X>* and B2GPPLYP? functionals using the augmented trigle
Dunning augcc-pVTZ basis sét and unrestricted wave functions. DIPB
dispersion corrections were utilised in all ca¥es’with additional parameters for

the D3 corrections taken from the literatdfe®’ Calculations in solvents were
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performed using the conductlike polarisable continuum model {ECM)
combined with the universal solvation model (SMD) of Trulelzal>®

S3.Rlesul t s

3.4.1 Synthesis of 2bromo-2-methyl-N-propylpropanimide
(MBrPA)

The synhesis of 2-bromo2-methytN-propylpropaninde (MBrPA) was
accomplished through the nucleophilic addition/elimination2jSreaction of
propylamine an®-bromao2-methylpropionyl bromide MBrPBr). Mechanistically

this occurs through the nucleophilic aktaaf the carbonyl atom in MBrPBr by the
lone pair of electrons on the nitrogen in the propylamine. The attack is specific to
the bromine adjacent to the carbonyl due to the relative positivity of the carbonyl
resulting from the C=0 bond. The eliminatie@action occurs with the ejection of a
BrE atom as the carbonyl bond refor ms,
from the nitrogen, completing the formation of an amide bond.

This mechanism is well known, and was experimentally facile to perfioitiglly
producing a dark brown liquid once solvent had been removed following the reaction
and prior to any purification. Following purification steps (addition of activated

("o
B1>—< N
Br
H,N

N

(0]

_— + HBr

IIN—\_

Scheme 3.4 The mechanism for the synthesis of MBrPA as a result of a nucle
attack/elimination reaction.
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carbon) the final product was recovered as a yellow liquid which showedra clea
spectrum iftHNMR (Figure 3.5).

The ATRP of OEGMA was attempted using MBrPA as initiator, as will be discussed
in Section 3.4.2, but early reactions had variable success rates leading to further
investigation into the synthesis of the initiator. Onselanspection of a new
'HNMR spectrum of MBrPA, an additional signal at 1.9 ppm (2{FHvas
observed. The noticeable change in the signal relating to the dimethyl groups
adjacent to ATRP initiation site, with no clear difference across the rest of the
spectrum, strongly suggests the loss of the Br atom. This would account for some of
the issues with ATRP reactions using the initially synthesised MBrPA, as with some
initiator molecules lacking the Br atom they would not be able to participate in any
polymerisations.

MBrPA was purified through sequential washings with sodium hydrogen carbonate,
and following drying with anhydrous magnesium sulphate, filtration, and
recollection, newH and**C NMR spectra showed no sign of impurities. Previously
MBrPA hadbeen stored at room temperature in colourless glass sample jars, but the
storage method was changed to keep it at low temperature (4 °C), whilst wrapping
the sample jar in foil to minimise UV exposuréHNMR spectra were produced
monthly following the intoduction of these measures and showed no further sign of

degradation.

3.42 Amide vs ester polymerisationdy ATRP

The successful ATRP of OEGMA has previously been demonstrated in a range of
solvents including water, methanol (MeOH), ethanol (EtOH)icadkeile (MeCN),
isopropanol (IPA), dimethyl sulfoxide (DMSQO) andl,N-dimethylformamide
(DMF).® Previous work within the group demonstrated that a 7:3 mix of IPA and
water enabled the synthesis of well controlled POEGMA using ethyl 2
bromoisobutyrate (EBB) as an initiator, so this was the solvent system first
attempted with the ATRP of OEGMA usiggbromao2-methytN-propylpropanimde
(MBrPA). All reactions proved unsuccessful, resulting in trial polymerisations using

a range of solvents and the resoltshese experiments are displayed in Table 3.2.
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Whilst the polymerisations initiated by EBriB (B) were carried out successfully
in all three solvent systems, tBrPA initiated reactions (Ab) were not as
successful. Several attempts were madeatoyaut a polymerisation of OEGMA
using MBrPA in the IPA/water (7:3) mixture, but the polymerisation solution
invariably changed from a brown colour to green aft8riburs (A1 and A2, as well
as others not listed). CuBr complexed to bipyridine (Bpy3ahution possesses a
brown colouration, whilst CuBrhas a green hue. The colour of the solution
changing to green could have been a result of the persistent radical effect (PRE), as
CuBr; is generated at initiation, but the failure to synthesise anynmol suggests

that the catalytic system was irreversibly deactivating in the IPA/water mixed
solvent system’

The polymerisations run in pure IPA (E2, A3, and A4) sometimes produced
polymers; but they possessed drastically different degrees of sudé2sshows a

low dispersity (1.19) and experimental molecular weight values in close agreement

Table 32: Amide and ester polymerisatiosing CuBr/Bpy catalyst system in
1:2 ratio and 2:1 solvent to monomer ratibh varying solvents

Sample Time M M Conv.
I Solvent . b
ID (hrs)  (exp) (thed (%)
El Ester IPA/water 12 11850 12150 1.17 87
E2 Ester IPA 20 22700 21900 1.19 73
E3 Ester EtOH 24 25300 26400 1.21 88
Al Amide IPA/water 24 n/a n/a n/a n/a
A2 Amide IPA/water 48 n/a n/a n/a n/a
A3 Amide IPA 48 8300 5250 1.56 35
A4 Amide IPA 48 n/a n/a n/a n/a
A5 Amide EtOH 35 5520 3000 1.49 20
A6 Amide EtOH 48 6130 5700 1.39 38

M teg Was calculated by : [M]/[I] x M) X % conversion.

®Conversion calculated Bi# NMR
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with theoretical values, as would be expected in a living polymerisation. A3 on the
other hand only proceeded to 35% conversion after twice the time as E2, and
produced a polymer with a broad dispersity, and a higher molecular weight than
expected and A4 failed to polymerise.

Samples A5 and A6 were polymers produced using ethanol as solvent, and again the
materials prepared were indicative of a lack of contrahiwithe polymerisation.
Ethanol solvated reactions were however more successful overall, regardless of the
quality of the materials produced, and generally proceeded to produce polymers
instead of terminating before a polymerisation could take place.

It has previously been demonstrated that the solvent chosen for the ATRP of
OEGMA can have a drastic effect over the level of control in the redttion.
Bergenudcet al carried out the ATRP of OEGMA, using CuBr/Bpy as the catalyst
system, in a range of s@mts including: water, IPA, DMSO and MeCN, and found
that there was a rough correlation between the level of control in a reaction and the
polarity of the solvent, with lower polarity solvents providing higher degrees of
control® Whilst IPA has a slightlyower relative polarity (0.617) when compared to
EtOH (0.654) suggesting it would provide more control, it was decided to use EtOH
as the solvent in subsequent ATRPs due to the increased success rate of EtOH
solvated polymerisations.

The ligand used in thcatalytic system is also known to affect the activation rate
constant in ATRP® Initial polymerisaibns were carried out using CuBr and
bipyridine as a catalysas in many of the early ATRP systetn&® Whilst this
produced goodpolymers forthe eser initiated reactionswith Myeyp) in close
agreement to Mmeg, low dispersitieshigh conversions and an initiator efficiency
close to 1,the amide initiated reactions took up to three times as longdate
polymers with higtdispesities and verydw conversions. Further to this, molecular
weights were much higher than anticipated in the MBrPA initiated polymerisations
resulting from the poor initiator efficiency of the amide system. The results of some
of these polymerisations are shown in Tab& 3

As had been previously observed in the various solvent trial polymerisations, EBriB
initiated polymerisations (E8) again showed high levels of control, even when
targeting different degrees of polymerisation (50 for E4, 100 for E5 and EB6).

SamplesA8-11 show results that are in close agreement with those previously
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Table 3.3 Amide and ester polymerisation using CuBr/Bpy catalyst systen
1:2 ratio and 2:1 solvent to monomer ratio.

Sample _ Time a Conv.
ID I [M][I] (hrs) M n (exp) M n (theg b (%)b Ieff
E4 Ester 50 24 11900 12150 1.31 81 1.02

ES Ester 100 20 22700 23700 1.22 79 1.04
EG6 Ester 100 24 23950 25200 1.29 84 1.05

A7 Amide 50 24 n/a n/a n/a n/a n/a
A8 Amide 50 34 2750 4050 1.3 27 1.47
A9 Amide 50 42 4300 3150 1.66 21 0.73
Al10  Amide 50 48 6520 3600 1.45 24 0.55
All Amide 50 72 7130 4800 1.37 32 0.67

M teg Was calculated by : [M]/[I] x M) X % conversion.
®Conversion calculated By NMR
“Initiator efficiency calculated by: Mexg / Mngn

reported in the literature, with very low monomer to polymer conversions, high
dispersities, and poor Mxp t0 Maieg agreement. 1% 1 The reliability of the
polymerisation in EDH was again shown to be improved, with only one out of five
experiments failing to react, as displayed with sample A7.

The literaturesuggestedhat changing to a system utilizing CuCl and dNEpwld

help, as the catalyst may both improve the rate ofymperisation (as the A,
associated with dNBpy is higher than bpy) and also improve control over materials
produced®” ®* % The results of these reactions amesented in Table 3.4 on the
following page. The effect of using CuCl instead of CuBisetduce the relative
rate of propagation of growing polymer chains in comparison to the initiating
species™®” This causes more control over the growing chains within the system,
lowering dispersity and bringing molecular weights closer to thosslided
(Mnreg). This is triggered by the higher bond dissociation energy of chlorine,

slowing the rate of polymerisation.
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Table 34 : Amide and e®r polymerisation using CuCl/dNBpy catalyst systen
a 1:2 ratio and 2:1 solvent to monomer ratio.

Sample | MU Time Mg Mo goect 5 Conv. »

ID (hrs) (%)°

E7 Ester 50 24 11100 11400 1.26 76 1.02
Al2  Amide 50 20 19843 6000 1.31 40 0.30
Al13  Amide 50 21 19288 8322 1.18 55 0.43
Al4d  Amide 50 28 20079 7950 1.33 53 0.40
Al5  Amide 50 36 22067 7800 1.21 52 0.35
Al16  Amide 50 36 18627 8904 1.18 59 0.48
Al7  Amide 50 48 21749 11034 1.23 74  0.51
Al8  Amide 50 70 18540 6900 1.29 46  0.37

*Mnneg Was calculated by : [M]/[1] x Moy X % conversion.
®Conversion calculated i NMR
“Initiator efficiency calculated by: Mixp / Mign)

The data showshat the system had been improvadsome regardswith amide
initiated polymerisations (A%28) producing polymes with much higher molecular
weights than observed in previous experimentghilst therewas little difference
within the resultsof an EBriB initiated system (E7 compared to-B}% the majority

of MBrPA reactions proceeded to >50% conversion. WhilsEiGuasa higher bond
dissociation energy than CuBhe increase of k;: resulting from the change of
ligand was enough to offset any detrimental effect this would have on the overall
reaction®® Amide initiated materials were still not as close to thhgoretical
molecular weights as the esteggnerally still being double or more than the
theoretical value, and initiator efficiencies dropped from around 60% -80%4)
mirroring results that have previously been obtained in the literatdré® 18

In an effort to fully optimize the system the ratios of reagents were varied and further
polymerisations carried out with the resutisplayedin Table 35. By increasing

the ratio of solvent to monomer in the &\ further controlvas obtained ovehe
system as the chance of any activdicdal meeting a dormant chain wagain

reduced
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Table 35: Amide and ester optimization polymerisations using CuCIl/dNBp:
catalyst syeem and a 3:1 solvent to monomer ratio.

Sample Time a Conv.

D (M]/[1] (hrs) Mnexp) M (theo) b %) I eff

ES8 Ester 50 20 12600 12000 1.17 80 0.95

E9 Ester 50 24 14877 13950 1.3 93 0.94
Al9 Amide 50 48 13632 9410 1.26 63 0.69
A20 Amide 50 66 12390 9810 1.13 65 0.79
A21 Amide 50 70 19025 9600 1.19 64 0.50
A22 Amide 50 72 20780 9150 1.2 61 0.44
A23° Amide 50 24 11730 6000 1.14 40 0.51
A24°  Amide 50 70 15240 5280 123 35 0.35

M teg Was calculated by : [M]/[I] x M) X % conversion.
®Conversion calculated i NMR

“Initiator efficiency calculated by: Mg / Mngn

dLigand to copper ratio 1:1

The ratio of ligand to copper was also varied in a pair of experinfd23 and

A24); however the results showed a much lower monomer conversion than with the
otherwise identical experimental systems. This is to be expected as with half as
many ligands for complexing much of the CuCl will not be dissolved due to its low
solubility in polar solventsmeaning even fewer radicals are present and able to
propagate the retion.

The optimized system of 3#tOH to monomer and:1 dNBpy to CuCl as catalyst
system was themitilised as part of a sampled reaction in order to monitor the
livingness of the systemPseudoifst order kinetic plots oboth an amide and ester
initiated reaction were produced from the data collected, and are displd&ygdres

3.8 and 3.9 onthe followingpagden a ful ly #Alivingo reactd.i
molecular weight against conversion, and |lgf¥) over time will produce a linear
seies of data points. As expected, the ester initiated reaction displays strongly living
characteristics, with a decent linear fit on the pseudo first order plot (Figure 3.8).
The start of the amide polymerisation appears to possess living charactdrigtics,

after 20 hours the plot becomes Horear. This plateauing has been explained in
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the literature by the loss of the catalytic system by irreversible oxidation, causing
termination of

propagating polymer chaifi$.Even within the system optimized ftme ATRP of
OEGMA using an amide initiator the ester initiated polymerisation occurs at a much
faster rate than the amide. Polymers of a similar molecular weight were produced in
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Figure 3.8: Pseudo first order pt displaying In(M/M) over time during the ATRF
of OEGMA using an EBriB (green) and MBrPA (blue) as initiators and

optimized reaction system developed for amide initiators.
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Figure 3.9: A plot displaying molecular weight of POEGMA over time during 1
ATRP of OEGMA using an EBriB (green) and MBrPA (blue) as initiators and
optimized reaction system developed for amide initiators. The red line indicat
theoretical value expected in an ideal system.
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6 and 48 hours by the ester and amide respectively, meaning that the rate o
polymerisation of for EBriB is around 8 times faster than MBrPA.

3.4.2.1 U\visible analysis of amide and ester initiators

The rate at which both initiators produce radicals was monitoret\byisible
spectroscopy where the main peak at dad0corespads to C(l)Cl and as radicals
are prodicedabsorptiondecreaseas Cu(l) is converted into Cu(Jlin line with the

processes occurring in Equation 3.3.

Equation 3.3

A typical spectra series is displayed in Figure 3.10, clearly showing the drop in
absorptionat 440 nm. Correspondingly, at 740nm a peak is expected to appear as a

result of the creation of Gli) Cl, (as has been shown in the literaff ™

—T1
T2
—13
—T4
—T5
—T6
T
—T8
T9
T10

Absorption

400 600

Wavelength (nm)

Figure 3.10: Plot of UV-visible spectra prduced by the addition of EBrii® a solutiol
of CuCl complexed by dNBpy in ethanol. The dotted line is centred on the peak a
decline of C(l) in the solution (440 nm).
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This was achieved experimentally by placing CuCl, dNBpy, and EtOH in a quartz
cuvette and then adding either the amide or ester initiators (the full procedure is
explained in Section 3.3.3). UV spectra were recorded every 5 minutes, ford total
50 minutes, with each individual experiment being repeated 3 times.

The plot of the data derived from tbgax Of the spectra is displayed in Figure 3.11,
but it was impossible to elucidateddference between the two initiatoh®m this
data,but when a fist order plot is constructed (Figure 3,11 is clear that the ester
initiator is producing radical@CuCl peak decaying) faster than the amide initiator.

This implies that the rate of activation for the ester is higher than the amide, or:

~ ~

Q Q
Equation 3.4
2.0 4
Ester
" ® Amide
n
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® | |
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| |
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Figure 3.11 Plot of absolute data points at 440 nm derived frofavisible spectra of
ATRP initiators in a CuCl/dNBpy solution.
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Figure 3.12 A plot displaying In(absorbance at 440 nm) against time for amide
ester initiators. MBrPA (blue) clearly displays a shallower gradient than EE
indicating that the rate of activation for the ester is higher.

Oneexplanation given for this effect in thieerature is a complexation between the
N-H bond in amide initiatorsand copper catalyst present in the systerthis can

be tested simply by placing CuCl in the presence of an amide bond withcathany
ligand.CuCl is insoluble in polar solventso anysolvationof the metalhalide must

be the result of complexation with the amide bord-methyltrimethylacetamide
(MTMEA) was used as for the study, as it is analogous to the amide initiator but
without a bromineatomwhich would initiate a reactionThis was compared against

a solution of CuCl irethanolalone and also a solution of CuGINBpy and ethanol

O O

N/\/ N/

H H
Br

MBrPA MTMEA

Figure 3.13  Structure of MBrPA (blue), andN-methyltrimethylacetamide
(MTMEA, red). The structure of MTMEA is roughly analogous to MBrPA, |
does not contain a bron@ratom.
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Figure 3.14: UV-VIS data for: CuCl and only ethanol (black), CuCl with dNBp
ethanol (red), and CuCl witdTMEA in ethanol (blue).

(Figure 3.14) Without any additives CuCl is insoluble in the solvent, and with a
goodligand (dNBpy) the absorptionvalue at 440hm rises to 0.-0.8. MTMEA has
negligible effect, with the copper halide remaining insoluble, clearly showing that
MTMEA, and by inference the amide bond within it, does not complex with CuCl.
Another reason givewithin the literaturefor the ineffectiveness of amidmitiators

is that the amide bond caomehowinterrupt the catalytic process simply by being
present as suchany reaction with an amide present would be impaired. Again this
is experimentally simple to test by addiMjTMEA to an ester initiated Kirie
study. As a control, an ester analogethyl trimethylacetate, ETMEA)vas

O

0
()/\ >Ht()/\
Br

EBriB ETMEA

Figure 3.15 Structure of EBriB (green), arkethyl trimethylacetate (ETMEA, red)
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Figure 3.16 First order plot UWvisible data at 440nm corresponding to using
ester initiator (green), the ester initiator with ETMEA (black) and the ester ir
with MTMEA (red).

also added to an identical reaction, the results of these experimedispagedin
Figure3.16 The original data for EBriB from Figure 3.11 is shown as a reference
for the rate of radical formation. Clearly, both the ETMEA and MTMEA have a
detrimental effect on the rate at which absorption decays, as displayed by the
shallower gradient on both of their plots. However, the amount by which the decay
is diminished was vgrsimilar whether it was an unreactive ester (ETMEA) or an
unreactive amide (MTMEA) moiety added to the system. This is suggestive that it is
merely the presence of additional molecules within the solutions causing the effect,
not specifically the amide.

A further explanation for thiower amide activity could be thahe amide initiator

speeds up the rate of disproportionation of CuCl, to create Cu(0) and, GnGlar

to the effecthat is proposed to be occurring withirsiagle electron transfer living
9,72

radical polymerisation (SELRP)

cO 60D 0 OTt 0 600

Equation 35
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kact
Cu(I)L

Kdis

/
P,-X Cu(0) + Cu(IDXyL P, k, + nM

Kdis

y
Cu(I)/L

Schemel.14 : The proposed mechanism for SERP. The disproportionation
Cu(l) occurs spontaneously within the solution providing Cu(0) species to activ
alkyl halide and allow polymerisation.

Within a SETLRP reaction it is proposed that Cu(0) activates the alkyl halide to
produce a radical, instead of the Cu(l) species as in a conventional ATRP. The
Cu(0) is raply createdn situ by the disproportionation of Cu(l)Cl to Cu(ll)Cind
Cu(0)”® The advantage of this mechanism is that the spontaneous generation of
Cu(INCI, (propagating chain deactivators) enables an increased level of control
within the system aghe persistent radical effect (PRE) is bypaséedin a
conventional ATRP Cu(ll)Glwould not be present in the reaction at initiation, but
early stage bimolecular terminations of propagating chains lead to aulpuibd
Aiper si st enwhich proeedsitd mediate the rest of the polymerisation.
SET-LRP avoids these early termination reactions by generating the mediating
Cu(ll) species at reaction onset. It has previously been shown that the solvent choice
for the reaction has a large effect owenether SETLRP occurs’ Percecet al
demonstrated that the polymerisation of methyl acrylate in DMSO possessed
characteristics of SELRP (>98% polymer bromine functionality indicating few
bimolecular terminations), but if reaction conditions remaioedstant and MeCN
was used as solvent the reaction had characteristics in line with conventional ATRP
(80% bromine functionality at 86% monomer conversidi. addition to this, SET
LRP have also been demonstrated to be occurring within water and alcohol
systems> "®which suggests that in principle the rapid disproportionation of Cu(l)Cl
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could be occurringvithin the system that was optimized for the ATRP of OEGMA
using an amide initiator (ethanol, CuCl/dNBp¥yhis can be tested experimentally

by addng initiator to a solution containing Cu(0) and a ligand. If the Cu(0) is
attacking the alkyl halide of the initiator a signal corresponding to the generation of
Cu(INCI, would be expected to appear, this signal has been demonstrated to occur

around 7401m.”°
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Figure 3.17: VIS spectra showing the wavelength where Cu(l)€lexpected to
appear (around 740 nm)rf€ug in ethanol with dNBpy. The top spectra displa
the addition of MBrPA ( blue), and EBriB is displayed on the bottom (green)
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Figure 3.18: A plot of the data produced from the VIS spectra of Cu(0) in eth
with dNBpy. The absorption at 740 nm is shown for MBrPA (blue) and EE

(green).

The spectra produced by these experiments are displayed in Figure 3.17 on the
previous page, whilst the absorption at 740 nm for each spectrum is displayed in
Figure 3.18 abovelt is clear that there does not appear to be any disproportionation
from either nitiator under these conditions and there is no increase or decrease in
absorptionfor either initiator. 1t should be noted that the Cu(0) powder that was
added to each of the cuvettes was observed to simply settle at the bottom. Further to
this, no colour change was observed in either of the cuvettes, whilst in all previous
experiments the generation of Cu(ll) species through the loss of Cu(l) had been
accompanied by a colour change from brown to green, as was also observed during
the ATRPof OEGMA.

Matyjaszewsket al demonstrated a method where thg, kalue for an initiator can

be calculated by observing the concentration ofllfuagainst timé” * By
monitoring the increase of the Cu(ll) peaksorptionat 740 nm following the
addiion of an initiator to a solution containing CuCl, dNBpy and ethanol, the value

of karp Can be obtained using Equations 3.6 and 3.7.
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Equation 3.6

_ |Gradient
katrp_ T

Equation 3.7

The spectra produced by these experimentslismayed in Figure 3.20, whilst the

plots derived from the spectra and Equation 3.6 are displayed in Figure 3.19 below.
It should be noted that because the extinction coefficient that was used as a reference
for determining the concentration of @) was for a bpy/CuGlsystem, rather than

the dNBpy with mixed halide (bromiaitiators with copper chlorides) system used
here, the assumption of a constant extinction coefficient for t(i¢) Complex may

not be valid. However the relative values betwehe initiators should still be
revealing, as any error will be applied equally to both sets of results.

F((Cu,, X,))

F( [('u‘ mXah
-

Figure 3.19: Plots derived frontEquation 3.2 by monitoring the rise absorptionat 740nm
corresponding to Qi) species being generated by the amide (left) and eggét)(imitiators
using Cl)Cl/dNBpy in ethanol.
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Figure 3.20: VIS spectra showing the increase in signal relating to the generati
Cu(Il)Cl; following the addition of MBrPA (blue, top) and EBril

(green, bottom).

karp Values for the initiators were calculated at 5.37 X 0 the amide initiator, and
8.32 x 10P for the ester. This means that thuivty of the ester is around 15 times
greater than that of the amide, going a long way towards explaining the frequent

observations of low initiator efficiencies within amide initiated polymerisation.
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The kup of EBriB has previously been reported a$) X 10° using tris[(2
pyridyl)methyl} amine (TPMA) as a ligand and CuBr in MeCN as solVérithis

value is only 1.2 times larger than the value calculated in this experiment (8.32 x 10
®), implying a level of confidence in the result. The differebeéween the two
values is to be expected because whilst the same initiator was used, the other
reagents in the previously published experiment were varied.

To further understand this result, and attempt to actually explain rather than observe
the diffeence between amide and ester initiated system, quantum chemical

calculations were performed on model systems.

3.4.2.2 DFT modelling of amide and ester initiators and analogues

DFT calculations were carried out on a selection of chemicals analog&Bri®

and MBrPA. Methyl 2bromo2-methylpropanoatéMBriP), N-methyl 2bromo2-
methylpropanamide (MBriPA), N,N-dimethyl 2-bromo2-methylpropanamide
(MBriPA2), methyl 2chloro-2-methylpropanoatéMCliP) andN-methyl 2chloro-2-
methylpropanamid¢éMCIiPA) were al tested, and their structures are displayed in

figure 3.21 on the following page.

Geometries of the molecules were optimized using the B3LYP functional with the 6
31+Gd basis set that has previously been used to analyze ATRP inftidfoFe

B3LYP functional is known to give inaccurate values for themhemical
calculations, especially in free bond dissociation energies, so additional functionals
were utilized for the free energy calculatidfs®* Both the BMK and MO&X

functionals have been repedt to give good results for bond dissociation energy
calculations,”® % 8%° and the doubkaybrid functional B2GPLYP has been

reported to be accurate for thermizemical calculation¥ *” 8 For all of the

cal cul ati ons Gr i mgyearsction @as empbyee as & has beene n e r
shown to improve the results of bond dissociation energies as well as
thermochemical values for most function#ts:” ®8and theaug-cc-pVTZ basis set

was used> Ref erence values for &H and -2eG for

bromine bond were taken from work previously published by Ceb@®®. The
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Figure 3.21 Structures of the molecules used in DFT calculations.

data produced from these calculations compared to literature values is displayed in
Table 3.6 on the followip page.

The closest values for e&eH and &G when
using the BMK functional (UHF), reiterating that this function is of great value for
low cost bond dissociation energy calculations. Regardless of the absolute value
that were calculated for all the molecules, of particular significance were the results
pertaining to the amide and ester initiators (MBriP and MBriPA), which showed a
large difference in bond dissociation energy (BDE) between the two molecules.
Apart from in the B3LYP results, values obtained were very consistent, with an
overall average difference in BDE #1.7kJ mof with a mean standard deviation

of only 1.25kJ mot between the different methods.

Within the literature it has been stated tha BDE values for ATRP initiators are

the major factor for the equilibrium constants for activation of the initiators by the
copper catalystS. If everything remains equal in terms of reaction conditions and
reagents, then the relative BDE values can leel i3 evaluate the relative reactivity

of initiating species.
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Table 3.6: Summary of the results from the DFT calculations, calculated at 298
in the gas phase. All values are in kJ Tnol

RBr Y RA + Br A
B2G-
Compound B3-LYP® BMK" MO06-2X" b lit®
PLYP
&G 185.0 2178  206.5 207.7 221.2
MBriP
aeH 230.1 2630 2516 252.8 258.5
G 208.9 239.8  226.4 228.7 NA
MBriPA
o 251.0 2820  268.6 270.8 NA
#GG -23.9 -22.0 -19.9 -21.0
oG 195.4 2283 2161 216.2 NA
MBriPA2
aH 238.8 2718  259.6 259.7 NA
&GG -10.4 -10.5 -9.6 -8.5
- oG 225.9 276.0  265.6 254.2 278.5
|
o 271.7 321.7 3113 299.9 315.3
G 254.0 3012 2899 279.6 NA
MCIiPA
o 296.8 3439 3326 322.3 NA
%6-31+G(d).

Paug-cc-pVTZ-D3.
°Calculated at the G3(MP:BAD level of theory aR98K in the gas phas®'

With the values shown here, a difference-21.7kJ mol between the initiators

corresponds to the ester being roughly 6335 times more active than the amide:

Ttnmnpuy

As a comparison, MBriPA2, an analogue of the amide initiator but with tertiary
amide bond as opposed to a secondary, gave an average BDE&3&f) mof. This

means that the ester is only 47 times more active than this secondary amide:

TIngp-t
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It has previously been reported that thg kalues for the secondary ATRP initiators
ethylbromopropanoate andb?omaoN,N-diethylpropanamide were 0.30 and 0.044
respectively, having been derived experimiyntd This equates to the ester being
only 7 times more active than the amide and as such should imply that for MBrPA
(the initiator used in the ATRP of OEGMA in Section 3.4.2), where the difference to
the ester was 6335 times, the polymerisation shoatdoocur at all, and if it did,
would have no controlled characteristics at all. Looking at the results of the chloride
based initiators shows that if an active amide initiator molecule reacts with Cu(II)ClI
then the newly formed alkyl chloride is unlikab be able to take part in any further
reactions for the duration of the polymerisation as the BDE required to cleave the C
Cl bond is 61.4kJ mdlhigher than for the ®r bond.

This low initiation activity for amides should mean that polymerisationsqad
extremely slowly, and would result in an initiator with extremely low efficiency due

to the difficulty the amide initiator has when forming a stable radical as its halide
dissociates. This was observed in polymerisations of OEGMA, where the amide
initiator often took double or more time to produce polymers of the same molecular
weight as those by the ester. The higher BDE of the amide structure compared to the
ester shows that it is easier for the catalytic system to activate the ester initiator,
where less energy is required to remove the halide and form a radical. The fact that
theseamides are less reactive than esteraot surprising, as it has been reported
previously that they have lower radical stabilisation energies than their ester
equivalents’® What is interesting is that the BDE difference between the molecules
analysed in these calculations is so much larger.

One possible reason for this could be to do with the minimal energy conformations
that these three molecules assume.s/Ahown in Figure 3.22, the-Br bond angles

for MBriP (top left) and MBriPA2 (bottom) to the plane of COO and CON are
around 77 and 65 respectivelyWhereas for MBriPA (top right) the angle is only
around 4. This appears to be caused byimtnamolealar H-Br hydrogen bond.
This is a phenomenon t hat-Bribads intammeatic obs e
amides? This hydrogen bondppears to have the effect of strengthening the carbon

bromine bond, and thereby increasing its bond dissociation energy.
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MBriPA2

¢=-115.3 ¢

Figure 322 Optimised minimum energy conformations (B3LYR/6+G(d)) with
O=C-C-Br dihedral angles obtained for model initiators.

The most obvious reason for the significant difference between theidible

results and quantum chemical calculations is that the UV data were recorded in a
solvent (ethanol), which the calculations were were carried out in the gas phase, with

no consi@rations taken for a solvent system. In order to investigate this a further set

of calculations were carried out at the BMK¢rcc-pVTZ level, making use of the

universal solvation model of Truhlat al>®

Xylene was chosen to act as a fpmiar solventiue to its lack of hydrogen bonding

and was compared against ethanol, which was used as the reaction solvent in the
optimized polymerisations using MBrPA and OEGMA. Figure 3.24 shows the
calcul ated results for @&@H andphas& withcr os s
Table 3.7 giving details ofdppand &G rel ative to the est
significant drop in the enthalpies when moving from the gas phase to the xylene
system for both MBri P and MBri PA. MBr i F
change, but actually gains a small amount
change for the ester initiator when moving from the-polar xylene solvent into

t he polar ethanol environment, whereas t

and aHmowrgemore polar systems.
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Table 3.7 Calculated (BMKaug-cc-pVTZ) relative differences in BDFEs and relati
KampVvalues for the aide initiators from the ester initiator.

Compound Gas Xylene Ethanol
e B 0 0 0
MBriP
KIK o 1 1 1
e B -20.4 -12.6 -6.6
MBriPA
KIK  0.000264 0.00626 0.0710
Y o0 -10.5 -15.2 5.5
MBriPA2
K/K o 0.0144 0.00216 0.107

Difference bet ween &G for C
initiator (MBriP).
PK/K , = ratio of kurp for compound to k&, for ester (MBriP)

MBriPA and MBriPA2 were calculated to be around 14 and 9 times less reactive
than MBriP when in ethanol. The value for MBriPA fits extremely well with
previous experimental results, where in the UV analysis MBrPA was arbbind
times less reactive than EBriB. It is clear that whilst solvation in a polar protic
environment drastically increases the rate of activation of the amide structures for
ATRP, their reactivity is still less than that of the esters. Significant sobffauts

such as this have been noticed before (DMF vs DM$6&).

0 0
&—é Br >—§ Br
—0 ——NHI

MBr1P MBriPA
0] O
O NH

EBriB MBrPA

Figure 3.23 : Structures of molecules used for calculations (top) compared tc
structures othe two initiators used for the ATRP of OEGMA in Section 3.4.2
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Figure 3.24: Free energies and bond dissociation energies for Inmtitlators in
solvents calculated at the BMddg-cc-pVTZ//B3LYP/6-31+G(d) level of theory.

3.4.3 ARGET-ATRP and SET-LRP of OEGMA using
MBIrPA

In addition to the main body of work on the ATRP of OEGMA proposed in this
chapter, several reactions were carried out using both taratac regenerated by
electron transfer ATRP (ARGEATRP) and single electron transfer living radical
polymerisation (SEALRP) conditions.
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3.4.3.1 ARGET-ATRP of OEGMA

+Mkp
ka [ ] .
R-X + Cu'-X/Ligand-k; R + Cu'-X,/Ligand
A da H
K

v
R-R + Cu'-X, / Ligand

Oxidized Agent
Reducing Agent

Schemel.12 Proposed mechanism for ARGETRP !

Activator regenerated by electron transfer ATRP (ARGHRP) is a variant of

ATRP thatmakes use of a reducing agent to mitigate the persistent radical’&ffect.

% The result of this is that any Cu(ll) species that form within the reaction are
reduced back to Cu(l), and the total amount of copper halide that is required in the
system is dwered. Common reducing agents that have been used intlude:
ethylhexanoate (Sn(Eb)) ascorbic acid and gluco¥e®® ARGET-ATRP has also
demonstrated ability to mitigate the adverse effects of any oxygen within the
polymerisation, with some repged polymerisations progressing without any
specific effort to remove oxygen from the syst&n{®

Whilst the reaction conditions that were developed for the ATRP of OEGMA using
MBrPA enabled successful polymerisations in most cases, some reactiods still

not proceed at all, and in these cases the reaction mixture was observed to change
from a brown colour to green soon after initiation. Two reasons proposed for this
effect occurring were an overly rapid generation of Cu(ll) species upon initiation as

a result of termination reactions, or oxygen being present within the reaction
atmosphere despite practices being in place to stop this (degassing the reagents with
nitrogen for 4%ummti hawe si)s afitFeelkemzieque t h
reduce lhe oxygen content of a reaction flask, but using this process did not improve

the success rate of polymerisations compared to only degassing with nitrogen.
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It has been demonstrated that ARGETRP can be used for the synthesis of
POEGMA in both alcohol andqueous solution¥: %8 It was suggested that the
utilisation of ARGETATRP would provide a higher rate of success for
polymerisations due to the observed buifa of Cu(ll) species on initiation being
reduced back to active Cu(l) species.

Sn(EH) was closen as the reducing agent as it has frequently been used in
successful ARGETATRP > % 9% N N,NNJNNMjé¢ntamethyldiethylenetriamine
(PMDETA) was also used in this reaction as it has been shown to be an effective
ligand for the ARGETATRP of methacrylates and is readily available
commercially’™® The results of these reactions are displaye@iable 3.8 below.

The polymerisation was attempted three times, with both varying degrees of
polymerisations targeted and different lengths of reaction time. None of the
reactions produced polymers that could be analysed by SEC as any product was
indistinguishable from the reaction mixture at initiation. Upon initiation the
reactions possessed a green colouration that persisted throughout the duration of the
polymerisation. This was expected due to the increased amount of Cu(ll) species
within the systenat initiation when compared to a conventional ATRP.

The reason for reactions being unsuccessful was unclear, as experimental conditions
similar to those used in these experiments have previously produced polymers were
low dispersities and controlled hecular weights® It was proposed that the failures
were again due to the amide initiator, where thBr®ond dissociation energy was

high enough that activation of the initiator was unfavourable with the specific

Table 38: ARGET-ATRP of OEGMA using Sn(EH) PMDETA, CuBg, water

and MBrPA
Sample | MU Time Moo Maes? Convetr)sion
ID (hrs) (%)
ARGl Amide 50 24 n/a n/a 0
ARG2  Amide 100 36 n/a n/a 0
ARG3  Amide 100 72 n/a n/a 0

Mg Was calculated by : [M]/[I] x M) X % conversion.
®Conversion calculated i NMR
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components of the system that had bebanged over that used in conventional
ATRPs, mainly the ligand as PMDETA, and the solvent as water. Whilst quantum
calculations had suggested that polar protic solvents (such as water) increase the
activity of amide initiators, earlier ATRPs carried autan IPA/water mix had also

all been unsuccessful, indicating this solvent systems incompatibility with amide

initiators.

3.4.3.2 SETLRP of OEGMA

kact
Cu(D/L

Kis

P,-X Cu(0) + Cu(DX,/L P, k, + nM

Schemel.14: The proposed nehanism for SEILRP.

Single electron transfer living radical polymerisation (SERP) revolves around

the rapidin situdisproportionation of Cu(l) species to Cu(0) and Cu(ll), and it is the
Cu(0) species that activate the alkyl halide initiator to trigger polymerisation. The
Cu(ll) formed fulfils the same role as in conventional ATRP, by acting as a
deactivator to a propagagiradical. This method has been demonstrated to rapidly
synthesise controlled polymers from a range of vinyl mononiers.

Amide initiated ATRP of OEGMA generally took double or more time to produce

polymers with similar molecular weights to those inagctby an ester (Table 3.5,
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Section 3.4.2). SELRP polymerisations occur rapidly, often completing in
minutes, as opposed to hours as in AFRPDue to the rapid rate of polymerisation

that SETLRP provides, it was decided to attempt the SIRP of OEGNA using
MBrPA (amide initiator from Section 3.4.2) in experimental conditions similar to
those previously reported for the polymerisation of methyl methacryfaf@sThese
conditions were: ethanol as solvent, Cu(0) wire wrapped around a stirrer bar,
PMDETA as ligand, CuBras radical deactivator, and the reaction carried out at
room temperature. Results from these polymerisations are displayed in Table 3.9,
with a pseudo first order kinetic plot of a reaction shown in Figure 3.24 on the
following page.

Upon initiation all polymerisations appeared colourless and then changed to a light
blue indicating the formation of Cu(l), apart from SET3 which remained colourless
for the duration. The delay in Cu(l) generation, an induction period, is an eti¢ct th
has been observed previously and is a explained by the presence of oxygen within
the systent®® Whilst this would be detrimental in conventional ATRP, its effect is
diminished in SETLRP as Cu(0) will react with oxygen to form copper oxide,
which can mitiate and disproportionate itself, but at a much lower rate than Cu(0).
Polymers synthesised in SET1, SET2, and SHfivlariably possessed broad
dispersities, low conversions, and molecular weights considerably larger than

theoretical values. In facte values recorded wecensistentlyworsein these

Table 39: SET-LRP of OEGMA using MBrPA as initiator in ethar
using: PMDETA, Cu(0) wire, and CuBr

Sample Time M, a Conv.
I [M]/[I] . M n (theo) b
ID (mlns) (exp) (%)
SET1 Amide 50 240 56000 4541 140 29
SET2 Amide 50 240 48450 3341 1.45 21
SET3 Amide 100 240 n/a n/a n/a 0

SET4  Amide 100 180 37200 4991 1.39 32

Mg Was calculated by : [M]/[1] x Moy X % conversion.
®Conversion calculated Byl NMR
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Figure 3.24: Pseudo first order kinetics plot (tophd molecular weight against tim
(bottom) for SETLRP of OEGMA using MBrPA as initiator.

SET-LRP thanthe equivalentpolymers prepared by ATREsing MBrPA across all
measured characteristicsThe pseudo first order kinetic plot highligithe non
living nature of the reaction (Figure 3)24This is confirmed by observation of the
plot displaying molecular weight against conversion, where the data possesses little
linearity and each sample had a molecular weight thatsigasficantly larger than
the theoretically calculated value.
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Whilst the polymers produced by SHTRP wer e i n no measur e
reactions were generally successful in the production of POEGMA without any
optimisation of the system, and high molecular weight polymers, 3300) were

prepared in a time period measunedninutes rather than hours or days as in ATRP.

Further research into evaluating the ideal reaction conditions could enableRFET

to be a valuable tool in the synthesis of POEGMA using an amide initiator.

3.8oncl usi ons

To conclude, OEGMA has sugsully been polymerised using ATRP with both a
common, frequently used ester initiator (EBriB) and a novel analogous amide
initiator (MBrPA) that was synthesised specifically for the polymerisation. Whilst
the amide polymerisations were initially not sisccessful as the ester, by careful
control of the experimental conditions the system was optimised to produce
pol ymers that were a | ot closer to havin
The reason for the discrepancy between the two initiatossawalysed by both UV
visible spectroscopy and by quantum chemical calculations to determine bond
dissociation energies. Whilst initial UWisible investigations failed to validate
previous reasons given in the literature for the lack of control in amitiated
polymerisations, the i, of both EBriB and MBrPA was calculated by using a
method that had been reported by Matyjaszewskl'> "* This value of ki,was in

close agreement with density function theory calculations that were performed once
solvent effects of the reaction environment were taken into consideration.

It appears that the key reason for the amide initiators having such a low efficiency is
that the bond dissociation energy of amides is much higher than that of analogous
esters. Tis means that polymerisation of methacrylates using amide based initiators
will always suffer from slow reaction times and relatively poor control due to the
difficulty in cleaving the carbon halide bond in an amide initiator. The higher bond
dissociatim energy of the amide might stem from an intramolecul@rBond, and

this effect can be somewhat mitigated by using a polar protic solvent.
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By looking at the bond dissociation energies of some chlorine based initiators, it is
highly likely that if thereis any deactivation of amide initiator molecules by a
coppe(ll) chloride complex (creating an-Cl bond) then that molecule is effectively
terminated to any other significant reactions for the duration of the polymerisation,
as the bond dissociation engrig larger than for Br bonds. This backs up the
experimental data of Adanet alwho detected evidence of unreacted amide initiator
even when polymerisations had proceeded to high conver§ions.

Both ARGETATRP and SEILRP were evaluated for the synsieof POEGMA as

each technique has qualities that would be beneficial for polymerisation. It has been
demonstrated with ARGEATRP that the amount of catalyst required for
polymerisation is lower than in a conventional ATRPFurther to this, ARGET
ATRP is a robust polymerisation system as it provides some mitigation to the effects
of oxygen within the reactioff: '° Unfortunately the ARGETATRP of OEGMA

using MBrPA failed to synthesise any polymer, possibly as a result of changing the
solvent and lignd used for the reaction. SERP showed more potential, and was
used to prepare three polymers with high molecular weights in reactions that were
significantly faster than ATRP, but without any controlled characteristics. If
reaction conditions were tipised, then SE-LRP could become a much faster
method for the production of controlled POEGMA using MBrPA.

3. Fbef erences

1. W. A. Braunecker and K. Matyjaszewskrogress in Polymer Science
2007,32, 93146.

2. V. Coessens, T. Pintauer and K. Masgawski, Progress in Polymer
Science2001,26, 337-377.

3. D. J. Siegwart, J. K. Oh and K. Matyjaszews$kipgress in Polymer Science
2012,37, 1837.

4, K. Matyjaszewski and N. V. Tsarevskyature chemistry2009,1, 276288.

121



10.

11.

12.

13.

14.

15.

16.

17.

J. S. Wang and K. MatggzewskiMacromolecules1995,28, 790%£7910.

H. Bergenudd, G. Coullerez, M. Jonsson and E. Malmstrom,

Macromolecules2009,42, 33023308.

H. Rettig, E. Krause and H. G. Born&acromol. Rapid Commun2004,

25, 12521256.

A. Limer and D. M. Hddleton,Macromolecules2006,39, 13531358.

P. M. Wright, G. Mantovani and D. M. Haddletodgurnal of Polymer

Science Part A: Polymer Chemist®008,46, 73767385.

D. J. Adams and I. Yound, Polym. Sci. Pol. Chen2008,46, 60826090.

G. J. M. Habraken, C. E. Koning and A. Heise,Polym. Sci. Pol. Chem.

2009,47, 68836893.

K. Y. Baek, M. Kamigaito and M. Sawamotdournal of Polymer Science

Part A: Polymer Chemistry2002,40, 19371944.

Y. Mei, K. L. Beers, H. M. Byrd, D. LVanderHart and N. R. Washburh,

Am. Chem. So0c2004,126, 34723476.

J. T. Rademacher, R. Baum, M. E. Pallack, W. J. Brittain and W. J.

Simonsick,Macromolecules2000,33, 284-288.

M. Teodorescu and K. Matyjaszewskilacromol. Rapid Commun2000,

21, 196194.

D. Neugebauer and K. Matyjaszewsklacromolecules 2003, 36, 2598

2603.

M. Senoo, Y. Kotani, M. Kamigaito and M. Sawamokdacromolecules

1999,32, 80058009.

122



18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

S. Monge and D. M. HaddletoBur. Polym. J.2004,40, 37-45.

C. de las Heras Alarcén, S. Pennadam and C. Alexa@temical Society
Reviews2005,34, 276285.

J. F. Lutz, O. Akdemir and A. Hotd, Am. Chem. Sqc2006,128 13046
13047.

W. Feng, S. P. Zhu, K. Ishihara and J. L. Br&bijnterphases20@, 1, 50
60.

W. Zimmt, Journal of Applied Polymer Scienc959,1, 323328.

R. M. Fitch, M. B. Prenosil and K. J. Sprick, 1969.

S. Balke and A. Hamieledournal of Applied Polymer Scienc&973,17,
905949.

M. Kato, M. Kamigaito, M. Sawaoto and T. Higashimura,
Macromolecules1995,28, 17211723.

J-S. Wang and K. Matyjaszewski, Am. Chem. Sqcl1995,117, 56145615.

R. Q. Frazer, R. T. Byron, P. B. Osborne and K. P. Wiestrnal of long
term effects of medical implan®005,15.

S. Aldrich,Polyethylene glycol Product InformatipR015.

M. S. Kim, H. Hyun, K. S. Seo, Y. H. Cho, J. Won Lee, C. Rae Lee, G.
Khang and H. B. LeeJournal of Polymer Science Part A: Polymer
Chemistry 2006,44, 54135423.

Z. Hu, T. Cai ad C. Chi,Soft Matter 2010,6, 21152123.

123



31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

J. A. Yoon, C. Gayathri, R. R. Gil, T. Kowalewski and K. Matyjaszewski,
Macromolecules2010,43, 47914797.

C. R. Becer, S. Hahn, M. W. Fijten, H. M. Thijs, R. Hoogenboom and U. S.
SchubertJournal of Plymer Science Part A: Polymer Chemist2(08,46,
71387147.

K. B. Doorty, T. A. Golubeva, A. V. Gorelov, Y. A. Rocheyv, L. T. Allen, K.
A. Dawson, W. M. Gallagher and A. K. Keen&sgrdiovascular Pathology
2003,12, 105110.

M. C. Hacker, L. Klada, B. B. Ma, J. D. Kretlow and A. G. Mikos,
Biomacromolecules2008,9, 15581570.

H. Feil, Y. H. Bae, J. Feijen and S. W. Kimlacromolecules 1993, 26,
2496:2500.

X.Yin, A. S. Hoffman and P. S. StaytdBiomacromolecule2006,7, 138t
1385.

V. Aseyev, H. Tenhu and F. M. Winnik, 8elf Organized Nanostructures of
Amphiphilic Block Copolymers,IBpringer, 2011, pp. 289.

O. V. Borisov, E. B. Zhulina, F. A. Leermakers and A. H. Muller Self
organized nanostructures of amphiphili@bk copolymers, ISpringer, 2011,
pp. 57129.

J. F. Lutz Adv. Mater, 2011,23, 22372243.

F. Veronese and J. M. Harri8dvanced drug delivery review2002, 54,
453.

F. F. Davis Advanced drug delivery revienw002,54, 457458.

124



42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

A. Abuchowski, J. R. McCoy, N. C. Palczuk, T. van Es and F. F. Dauvis,
Journal of Biological Chemistiy1977,252, 35823586.

K. MatyjaszewskiMacromolecules2012,45, 40154039.

K. Matyjaszewski, JL. Wang, T. Grimaud and D. A. Shipp,
Macromolecules1998,31, 15271534.

Y. T. Li, Y. Q. Tang, R. Narain, A. L. Lewis and S. P. Armeangmuir,
2005,21, 99469954,

J. J. StewartJournal of Molecular modeling2007,13, 11731213.

M. W. Schmidt, K. K. Baldridge, J. A. Boatz, S. T. Elbert, MGardon, J.
H. Jensen, S. Koseki, N. Matsunaga, K. A. Nguyen and SJ&unal of
Computational Chemistry1993,14, 13471363.

A. D. Becke,The Journal of Chemical Physjcs993,98, 13721377.

C. Lee, W. Yang and R. G. PaRhysical Review B1988,37, 785.

A. D. Boese and J. M. Martid,he Journal of Chemical Physjc2004,121,
34053416.

Y. Zhao and D. G. Truhlaifheoretical Chemistry Account2008,120, 215
241.

A. Karton, A. Tarnopolsky, &. Lamere, G. C. Schatz and J. M. riitg The
Journal of Physical Chemistry, 008,112, 1286812886.

T. H. Dunning JrThe Journal of Chemical Physjcs989,90, 10071023.

S. Grimme, J. Antony, S. Ehrlich and H. Kriéghe Journal of Chemical
Physics2010,132 154104.

125



55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

R. Pewerati and K. K. Baldridge,Journal of Chemical Theory and
Computation2008,4, 20362048.

L. Goerigk and S. Grimmelournal of Chemical Theory and Computation
2011,7, 32723277.

L. Goerigk and S. Grimméhysical Chemistry Chemical Physi@911 13,
6670-6688.

A. V. Marenich, C. J. Cramer and D. G. Truhl&he Journal of Physical
Chemistry B2009,113 63786396.

H. FischerChemical Review001,101, 3581+3610.

W. Tang and K. Matyjaszewskacromolecules2006,39, 49534959.

J. S. Wang, D. Greszta and K. Matyjaszewskistr. Pap. Am. Chem. Spc.
1995,210, 227+PMSE.

K. Matyjaszewski, S. Coca, S. G. Gaynor, M. L. Wei and B. E. Woodworth,
Macromolecules1998,31, 5967#5969.

N. V. Tsarevsky, W. A. Braunecker, A. Vagc P. Gans and K.
MatyjaszewskiMacromol. Symp2007,248 60-70.

D. A. Shipp, JL. Wang and K. MatyjaszewskiVlacromolecules1998,31,
8005-8008.

K. Matyjaszewski, D. A. Shipp, -L. Wang, T. Grimaud and T. E. Patten,
Macromolecules1998,31, 6836:6840.

J-D. Tong, G. Moineau, P. Leclere,-LJ. Brédas, R. Lazzaroni and R.
JérdmeMacromolecules2000,33, 470-479.

X.S. Wang and S. P. Armddacromolecules2000,33, 66406647.
126



68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

S. Patai,The chemistry of the carbdralogen bondJdn Wiley & Sons,
1973.

K. Matyjaszewski and J. Xi&zhemical Review2001,101, 29212990.

W. Tang, N. V. Tsarevsky and K. MatyjaszewskiAm. Chem. Sqc2006,
128 15981604.

W. A. Braunecker, N. V. Tsarevsky, A. Gennaro and K. Matyjaskziews
Macromolecules2009,42, 63486360.

V. Percec, T. Guliashvili, J. S. Ladislaw, A. Wistrand, A. Stjerndahl, M. J.
Sienkowska, M. J. Monteiro and S. SahdoAm. Chem. Sqc2006,128
1415614165.

D. Konkolewicz, Y. Wang, M. Zhong, P. Krys, A. Isse, A. Gennaro and
K. MatyjaszewskiMacromolecules2013,46, 87498772.

G. Lligadas, B. M. Rosen, M. J. Monteiro and V. Perd#acromolecules
2008,41, 83608364.

G. Lligadas and V. Percedpurnal of Polymer Science Part A: Polymer
Chemstry, 2008,46, 27452754.

N. H. Nguyen, B. M. Rosen and V. Percdcurnal of Polymer Science Part
A: Polymer Chemistry2010,48, 17521763.

W. Tang, Y. Kwak, W. Braunecker, N. V. Tsarevsky, M. L. Coote and K.
MatyjaszewskiJ. Am. Chem. Sq2008,130, 1070210713.

A. A. Isse, A. Gennaro, C. Y. Lin, J. L. Hodgson, M. L. Coote and T.
Guliashvili,J. Am. Chem. Sq2011,133 62546264.

M. L. Coote, C. Y. Lin, A. L. Beckwith and A. A. ZavitsaBhysical

Chemistry Chemical Physic2010,12, 95979610.
127



80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

C. Y. Lin, M. L. Coote, A. Gennaro and K. Matyjaszewski,Am. Chem.
Soc, 2008,130, 1276212774.

H. Kruse, L. Goerigk and S. Grimm&he Journal of organic chemistiry
2012,77, 1082410834.

E. I. Izgorodina, M. L. Coote and LRadom, The Journal of Physical
Chemistry A2005,109 75587566.

A. S. Menon, G. P. Wood, D. Moran and L. Raddrne Journal of Physical
Chemistry A2007,111, 1363813644.

l. Y. Zhang, J. Wu, Y. Luo and X. Xulournal of Chemical Theory and
Comptation, 2010,6, 146214609.

R. J. O'Reilly, A. Karton and L. Radormternational Journal of Quantum
Chemistry 2012,112, 18621878.

Y. Zhao and D. G. Truhlaifhe Journal of Physical Chemistry 2008,112,
10951099.

A. Tarnopolsky, A. Kaxin, R. Sertchook, D. Vuzman and J. M. Marfihe
Journal of Physical Chemistry, 008,112 3-8.

B. Chan and L. RadonmThe Journal of Physical Chemistry, 012,116,
49754986.

W. Tang and K. MatyjaszewsKlacromolecules2007,40, 18581863.

Y.-Y. Zhu, L. Jiang and ZT. Li, CrystEngComm2009,11, 235238.

S. Steig, F. Cornelius, P. Witte, B. B. Staal, C. E. Koning, A. Heise and H.
Menzel,Chem. Commun2005, 54266422.

128



92. W. Jakubowski, K. Min and K. Matyjaszewshkilacromolecules2006, 39,
39-45.

93. W. Jakubowski and K. Matyjaszewski\ngewandte Chemie2006, 118
45944598

94. H. Dong and K. MatyjaszewsKkylacromolecules2008,41, 68686870.

95, L. F. Zhang, Z. P. Cheng, S. P. Shi, Q. H. Li and X. L. Ztanlymer 2008,
49, 30543059.

96. K. Matyjaszewski, H. Dong, W. Jakubowski, J. Pietrasik and A. Kusumo,
Langmuir, 2007,23, 45284531.

97. C. Porsch, S. Hansson, N. Nordgren and E. MalmstRistymer Chemistry
2011,2,11141123.

98. A. Simakova, S. E. Averick, D. Konkolewiczné& K. Matyjaszewski,
Macromolecules2012,45, 63716379.

99. Y. Kwak and K. MatyjaszewskRolymer internationgl2009,58, 242247.

100. V. Percec, T. Guliashvili, J. S. Ladislaw, A. Wistrand, A. Stjerndahl, M. J.
Sienkowska, M. J. Monteiro and S. SahdoAm. Chem. Sqc2006,128
1415614165.

101. B. M. Rosen and V. Perce€hemical Review2009,109, 50695119.

102. K. Min, W. Jakubowski and K. Matyjaszewskilacromol. Rapid Commupn.
2006,27, 594598.

129



Chapt er-gdefOEELIMA

4. 1 | nthnroducti o

As has been discussed in the previous chapters, the field of polymer science has
expanded dramatically since the middle of the 1990s as new techniques were
developed for the synthesis of novel polymers conforming to complex
architectures® One areatat has seen a surge of interest is the biomedical field,

where polymers can be produced to react to specific triggers thainexisn.*°

4.1.1 Bioapplications for polymers

By wutilising one or more polymerdos t hat
materials can be developed to fulfil specific roles. These roles can include, but

are not limited to; polymer coatings to increase bioavailability of drug molecules,

targeted drug delivery systems (DDS) for localised treatments’o, magnetic

resonane imaging (MRI) contrast agents, and separation techntdjifes.

Due to the modular way in which polymers composites can be assembled, one
possi ble method for synthesising HAsmart
complete polymer chains to functionalbstrates. For many years magnetic
nanoparticles have held a leading role in medical diagnosis, acting as contrast

agents in MRI. The fundamentals of MRI lie in the same processes which occur

in *H NMR, utilising a strong magnetic field to align protonshivi the sample.

A radio frequency (RF) pulse is then applied across the field, causing the protons

to shift alignment, then Arelaxo back to
removed. This relaxation causes a small emission of further RF frem th

affected protons, which can be detected and used to eventually make ah’image.

MR images can be improved up by the utilisation of contrast agents, magnetic
materials whose presence changes the rate at which protons will relax, bringing

about an increase resolutiont® *°

In general the agents used are either
compounds of gadolinium or iron oxides, depending on the specific image that is

required. There are a wide range of contrast agents available on the market, but
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most share two key properties:ghi stability in water and high magnetic
saturation. Water stable particles can be dispersed into solutions more readily,
ensuring that the material can come into contact with protons in the body.
Magnetic saturation is a measure of how strong a madiedtiche particle will

exhibit during the experiment, increasing their contrast effect.

Beyond their MR contrast effect, magnetic nanoparticles can also be used as a
substrate for hyperthermia, a process that uses high temperatures to kill localised
area of cancer cell§” #* By exposing the particles to an alternating magnetic
field, heat builds up within the particles due to a combination of Brownian
moti on, direct ther mal activation, and
field by the strongxternal field. If this particle is at or near the site of a tumour,
then the heating effect could reach temperatures high enough to cause cell death.
Even without inducing cell death, this thermal effect can trigger the activation of
thermally response materialsin situ; potentially delivering payloads of
therapeutics directly to the site they are required.

Several drug delivery systems are already on the market, treating a range of
conditions that vary from fungal infections (AmBisome), to cancer XBgxand

even hepatitis (PE®tron)?*?* Polymer drug delivery systems (DDS) offer
many advantages over introducing unprotected therapeutics into a PerSon.
They can be passively targeted by attaching moieties or DNA that are programed
for specifc biological overexpression. This minimises the amount of a drug that
has to be in the living system by making it reggpecific. A secondary effect of

this is an improvement in the therapeutic index of the drug, by possibly lowering
the total amount fotherapeutic agent required, and decreasing any toxic effect.
Also, the presence of a protective polymer coating enables the usage or

therapeutics that would be unable to suniveivo for any great period of time.

4.1.2 Polymers used for biologicahpplications

The numbers of polymers that are being investigated for medical applications is

numerous, many of which have been discussed in the previous chapters. For this
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work, research was carried out usinglyoligo ethylene glycol) methykther
methacrylate(POEGMA) and plyethyleneimingPEl).

4.1.2.1 Poly(oligo ethylene glycol) methy@ther methacrylate (POEGMA)

As mentioned in Chapter 3, POEGMA is part of a group of polymers containing
a methyl methacrylate backbone, with ethylene glycol unitsiiftg side chains

to create a bruslke structure.

It is of interest within this application because it has been shown to increase the
protein resistance in materials it is bound to, and it also possesses a lower critical
solution temperature (LCST) whil®eing highly soluble in watéf*® These
properties would be invaluable for the creation of a multifunctional
detection/delivery system. Increased protein resistance enables the system to
remainin vivo for longer, whilst the LCST can be triggeredarder to release

any drugs being carried by the system.

The thermoresponsive nature of POEGMA can be -timed by
copolymerisation with Z2-methoxyethoxy)ethyl methacrylate (ME@A).*
PMEO,MA exhibits an LCST around 26 °C, making it unsuitable ifonvivo
applications. The LCST of POEGMA is dependent on the length of ethylene
oxide units, a length of eight or nine units exhibits an LCST around 90 °C. Lutz
et al showed that by varying the degree of copolymerisation the LCST can be
fine-tuned between th&CSTs of the homopolymers. At 8% OEGMA the
copolymer produced exhibited a LCST 37 °C, directly in the range of biological
systems?

4.1.2.2Polyethyleneimine (PEI)

PEI is a polymer composed of ethylene units interspersed by primary, secondary
and/or tetiary amines. PEI can come as four distinct forms; linear, branched,
hyperbranched, and dendritic. In a linear arrangement the majority of amines are
secondary, except possibly a primary amine at either end of the chain. Branched
structures have a mixfoamines as secondary and tertiary to create some

branching, and as a dendrimer there are many tertiary amines creating a perfect
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star shaped structure. In a hyperbranched system there are also multiple tertiary
amine sites, but the structure is notfannly branched at each successive amine.
Whilst dendrimers are desirable for a number of applications, the synthesis of
perfect structures is often costly and time consurfiniue to this, branched

and hyperbranched structures are often used, as tfeymény of the same
advantages as dendrimers, and are widely available commercially.

(a) H H

H
HzN\/\/N\/\N/\/N\/\N/\/N\/\N/\/NI L

8 8 H
N
HN™ "N,
(b)
8 8 I

HZN\/\N/\/N\/\N/\/N\/\N/\/N\/\/N\/\NH

H H \
H

HzN/\/N\/\N/\/NH NH,
H

(c)

i d
H

N

N
J/ \/\ NH2
NH,

Figure 4.1: Three different types of molecular structures that PEI can conform tc
linear, (b) branched, and (c) hyperbranched.
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It has previously been shown that PEI can be absorbed onto the surface of
magnetite nanoparticles in order to act as the first layer of a particle stabilisation
system vinerepoly(ethylene oxidefo-poly(glutamic acid)acted as a secondary
layer®? It has also been noted by several groups that aqueous stabilisation of
prepared nanoparticles can be obtained by using a combination of PEIl and
polyethylene glycol, or polyethghe oxide.>*** Due to the large number of
ammonium groups within the PEI structure, it is inherently cytotoxic, due to the
possible electrostatic interactions with phosphate groups within DNA. These
interactions have also led to interest in PEI as & dgkerapy agent, which has

been investigated previousiy*®

PEI has been successfully copolymerised with nfteeesponsive polymers
(poly(N-isopropylacrylamide) (PNIPAAm), or PNIPAAdDasedcopolymers, in

order to produce controlled medical release sysf& “°Quanet alsynthesised a
PNIPAAmM based copolymer coupled to PEI that exhibited a thermal response.
This was then used in drug loading experiments and showed a temperature
triggered controlled release of the loaded drug payld&thenget al syrthesised

a separate PNIPAAmM based copolymer via free radical polymerisation then
coupled it to PEI. The material produced possessed a LCST at 38 °C, and had an

improved DNA transfection efficiency when compared to the unmodifiedPEI.

/\/co-m i1
S

O

Figure 4.2 : lllustration of he ENIPAAM-co-PNDAPM)-b-PEI structure
synthesised by Chereg al**
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4.1.3 PEHgraft-POEGMA stabilised nanoparticles

. X o N PEI Ns
o o i o= ™o no i Y o ™o n iv z Bl ™ g n
o+ 0 ,30 § 0 o}
2 I g ) )
Tz Tg_g 2 Ts-g 2 Ta-s T

MEO,MA OEGMA

o 0 o
X: HO/\’OT({N Y: OCN"(\‘)Q\EAO/\/OWO({” z: WN}LNA(\’)Z\NJLO/\’OEKQV
ol

TP OCN-TP-N; (N3-TP),-g-BPEI 25K

Scheme 4.1Synthetic route used by Zhang et al for the synthesis cHFEMEO,MA -

co-OEGMA). (i) CuBr/CuBs, P MD E T A ,-hydraxyethyl2-broémoisobutyrate, 7C

°C, 12 h. (ii) NalN, room temp., 20 h. (iii) OCN(CHNCO, CHCE, DIEA, reflux, 16 h.

(iv) PEI (M, 25k, branched), CHgl12 h¥
PEIgraftPOEGMA based materials have previously been synthesised through a
multistage reaction wherein the copolymer was synthesised first, then coupled to
the PEI*
Initially Zhanget al carried out atom transferd&al polymerisation (ATRP) to
synthesise P(MEMA-co-OEGMA), producing copolymers similar to those
reported by Lutzt al®*> ** The bromine end group was then changed to azido
group, in order to avoid side reactions during coupling to the PEIl. This was
achieved by the addition of Ngi DMF, in a darkroom environment. Next, the
other end of the copolymer was modified to produce isocyanate functionality.
This was carried out using a modified version of Kigtelb s  m éFihatlyd .
the copolymer w&s coupled to the PEI by dissolving PEI in chloroform, and
adding the copolymer (also dissolved in chloroform) to it dropwise. The
resulting solution was then refluxed at 70 °C under nitrogen for 20 hours prior to
precipitation into diethyl ether to coliethe product! Whilst this method was
successful at creating a gene delivery vehicle, it relied on multiple steps, and
includes reaction conditions that require exacting control of temperature,
atmosphere and light.
One advantage of this system howeigethat it avoided any requirement to use
ATRP with an amide based initiator. As detailed in Chapter 3, amide initiators
for ATRP have proven to cause many problems, including low initiator
efficiencies that cause higher than predicted molecular weigimd, slow

polymerisations with variables rat&g’,
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In this chapter an alternative method to produce-@&ft-POEGMA will be
outlined (Scheme 4.2). PEI (branched, 600) was modified with an ATRP
initiating moiety to produce a macroinitiator for tA§ RP of OEGMA. This
method only relies on two synthetic steps, and utilised the robust nature of ATRP
under relatively mild conditions, and the knowledge of how to minimize the
detrimental effects of amide initiators for ATRP, to produce well defined
polymers that possessed low dispersities and a range of molecular weights.
Furthermore, these polymers retained the thermoresponsive effect provided by
the POEGMA segment, and still possessed the ability to transfect DNA due to
the PEI core. Finally the PigraftPOEGMA was used as a stabiliser for
superparamagnetic nanoparticles, which retained the same characteristics of
particles prepared in the absence of the polymer.

The results of this method were published in 2814.

0O 0,
3 3 >—éf3r $ 8—%]’()]1(”\/]/\
N N
HN HN

0y v
\ ' v
——NH — —_—

(L) )

NH,

(ii)!

O O

Br POEGMA

Scheme 4.2 Outline of the novel, facile, twetep synthesis of Pijraftt POEGMA. (i):
Functionalization of PEI macsimitiator: EkN, DCM, BrC(CH),COBTr, 0 °C, 24 h. (ii):
ATRP of OEGMA using PEI macrimitiator: OEGMA, CuCl, dNBpy, EtOH, 48 h.

42Mat eri als and Appar at
4.2.1 Materials

Oligo(ethylene glycol methyl ether) methacrylate ,(I860, SigmaAldrich),

triethylamine (9%%6, SigmaAldrich), copper (I) bromide (986, SigmaAldrich),
2-broma2-methylpropanoyl bromide (986, SigmaAldrich), N,N,NNJNNMN]
PentamethyldietHgnetriamine (99 %, Sigmal dr i c h) , ethidium br
%, SigmaAl dr i ch) , | ow mol ecul ar wei ght DNA
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protein, SigmaAldrich), sodium bicarbonate (analytical reagent grade, Fisher
Scientific) aluminium oxide (activated, neutral, fmylumn chromatography 50

200 € m, Acros Organi cs) #.a anhydreus, uATros s u |l p h a't
Organics) methanol (analytical reagent grade, Fisher Scientific), tetrahydrofuran
(analytical reagent grade, Fisher Scientific) and ethanol (analytical reagent,
Fisher Scientific) Polyethyleneimine, branched {M600, 99 %, B 1.08,
Polysciences Inc.)were purchased and used without further purification.
Dichloromethane (analytical reagent grade) was purchased from Fisher Scientific
and immediately before use wased and distilled over calcium hydrideerric
chloride (FeG) and ferrous sulphate heptahydrate (FeB3@®O) were
purchased from RiedeleHaen and sodium hydroxide (NaOH) was purchased
from J.T. Baker. All were analytical grade and used without fugthefication.
Distilled water for DLS was obtained from a Millipore MilliQ Ultrapure water
filtration system.

4.2.2 Characterisation

'H and *C NMR spectra of the polymers were recordethgis JEOL ECS
spectrometer (40BIHz) at 25°C in solutbns of deterated chloroform (CDl3),
ds-methanol or gtethanol. Molecular weight parameters were recorded by size
exclusion chromatography (SEC) of THF solutions using two®m mi xed C
PLgel columns at 40C and a Shodex RIO1 refractive index detectorThe

SEC system wasalibrated using poly(methyl methacrylate) standards.

DLS measurements were performed on the-@Bit-POEGMA stabilised
nanoparticle dispersion@nd PElgraftt POEGMA DNA complexesusing a
Malvern Zetasizer Nano ZS with Dispersion Technology Software (DTS) version
5.0 software. All measurements of 10 scans were repeated three times and the
average at each temperature reported.

Fluorescence data was reded using a FluroMag fluorometer at an excitation
wavelength of 500nm, scanning from 530 nm to 700 nm at a 1 nm increment,
using a 950 v lamp.

Particle sizes, distributions and morphologies of the nanopartelds were

analysed byCem Atlan under theupervision of Nico Sommerdijk and Seyda

137



Bucak, Particles were analysed iyl Tecnai G2 Sphera Transmission electron
microscope (TEM) operating at 200 kV by drying 30uL of samples on carbon
coated 200 mesh copper grids. Phase identification of synthespegarticles
was obtained by Rigaku-Ray diffractometer (XRD) by scanningtBeta range

of 20° to 70 at room temperature with 0.02 theta increments per 10 sec.
Magnetic properties of both bare and PHPOEGMA coated particles were

analysed by Vibratip Sample Magnetometer at dry state and room temperature.

4 E3Xxperi ment al

4.3.1 Synthesisof Poly(ethylenemine)-graft-(2-bromo-2-
methyl)propanamide

O 0O

PEI + Br —— 3 PEI
Br Br

Scheme 4.3 Synthesis of PEgraft-(2-bromo2-methyl)propanamide, macroinitiator fc
ATRP of OEGMA

PEI Mw 600 (5 g, 0.0083 mol) and triethylamine (1.5 ml, 0.011 mol) were
dissolved in 200 ml oflichloromethane and placed into an ice bath % and

left stirring. 2bromo2-methylpropanoyl bromide (15 g, 0.0653 mol), pre
dissolved in 100 ml of dichloromethane, was added dropwise to this mixture. The
resulting solution was left stirring at® for 3 hours and then stirring at room
temperature for a further 18 hours. The solution was filtered to remove solids and
then evaporated to leave a yellow viscous oil which wassolved in 40 ml of
dichloromethane. This was washed five times again6®adaturated solution of
sodium bicarbonate then left stirring over night witly ®f activated charcoal

and 5g of anhydrous magnesium sulphate. Finally this was filtered again to
remove solids before being dried under vacufymeld 61%) prior to NMR

anaysis.
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'H NMR 14(400MHz; CDCls; ppm) 1.65 (3H, br, €Hs).C-)), 2.45 (2H, br;N-
CH,-CH,-NH-), 2.6 (2H, br-CH,-CHx-NH-), 3.2 (4H, br, -NH-CH,-
CHz-NH- / -N-CH,-CHz-N-), 3.45 (2H, br-NH-CHy-CHx-NH-C=0),
3.6 (2H, br-CH,-CH,-NH-C=0)

13C NMR ic(100 MHz; CDCls; ppm) 32 (((CH3)2C-), 38 (NH-CH,-CHo-NH- /
C=O-NH-CH,-CHj,), 41-50 (C=ONH-CH,-CH,-NH / -NH-CH,-CH,-
NH- / -N-CH,-CH,-NH-), 50-58 (-N-CHz-CH,-NH- / -N-CH,-CHa-N-
I ((CHs3)2C-)), 172 €=0O-NH)

4.3.2 Synthesis of Poly(ethylenmine)-graft-poly(oligo
ethylene glycol) methyl methacrylate

4 4
Scheme 4.4 PEI macroinitiator for the ATRP of OEGMA

A typical synthesis was as follows: A Schlenk tube containing OEGMA (Mn
300, 5 g, 18.1 mmol ), C-dirohyk2 (, ®ipytidné g,
(dNBpy) (0.2959 g, 0.724 mmol) and ethanol (14 ml) was sealed ardshsh

with nitrogen for 45 minutes. PHhitiator in ethanol (0.1 g/ml) was injected via
agastight syringe and then left stirring at room temperature under nitrogen for 48
hours. At timed intervals 1 mL samples were removed via syringe, exposed to air
andthen passed through a short alumina column to remove the catalytic system
then diluted in THF for SEC and CDGbr NMR. The polymer was isolated by
dropwise addition of the THF solution to an excess of cold, stirred hexane. The
product precipitated as green viscous liquid and was collected by centrifuge
prior to drying overnight under vacuum at ®5before SEC and NMR analysis.

Results of these reactions can be found in Table 4.1 in Section 4.4.2.
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'H NMR i4(400 MHz; CDCls; ppm) 0.751.1 (3H, br,atactic, -CH2-C-CHs),
1.75 (2H, br,-CH,-C-), 3.5 (3H, br,-CH,-O-CHs), 3.6 (4H, br,-O-
CH,-CHy), 4.1 (2H, br;C=0-O-CH,-)

13C NMR Uic(100MHz; CDCl; ppim) 24-27 (CH-C-CHs), 31-34 (CH:-C-CH;-),
57-60 (CH;-C-CHy-)/( CH,-O-CHs), 6669 (O-CH,-CH,-O), 177179
(C=0)

4.3.3 UVvisible analysis of PEtgraft-POEGMA dialysis

PElgraftPOEGMA (0.2 g in 10 ml of deionised water) was placed into a
holder, and enclosed securely behind dialysis tubing. A tank containing 4 L of
water and 10 ml oN,N,NNJNNjdgintamethigiethylenetriamine was prepared,
and set mixing with a magnetic stirrer flea. The sample holder was then added to
the dialysis tank, and allowed to dialyse submerged for the required time. 2 ml
samples of the water/ligand solution were removed and ¢late a quartz
cuvette with 10 mm path length, then analysed byvifible spectrometry to
monitor the dialysis. Finally the dialysed polymer sample was recovered by
removing the holder from the dialysis tank, and then diluting the sample with 100
ml of methanol. Excessnhydrous magnesium sulphateas added to the
methanol and left overnight to remove water. Finally, this solution was filtered
to remove solids, and then the product was collected under vacuum to recover the

dialysed polymer.

4.3.4 DNA complexation with PEI-graft-POEGMA
monitored by DLS and ethidium bromide assay

DNA complexation of PEfgraftPOEGMA was carried out in collaboration with

Tom Ashton as part of a MChem project at the University of Kent.
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4.3.41 DLS of DNA-polymer complexand LCST determination

Aqueous solutions (1 wt%) of PEI g00), PEigraftPOEGMA (M, 26500),
DNA (from salmon sperm), and RBraft-POEGMA complexed with DNA were
prepared using deionised water. Each sample was incubate8Catr2a quartz
cuvettewith path length 10 mm for two minutes prior to analysis.

4.3.42 Ethidium bromide assay of DNApolymer complex

2 ml of a 1 pug/ml solution of ethidium bromide in distilled water was added to a
quartz cuvette with path length 10 mm. 0.2 ml of a 0.15 rhgdmtion of DNA

in distilled water was added by syringe to the cuvette prior to sealing and mixing.
A 0.02 mg/ml solution of PEI or PHjraftPOEGMA was added in 20ul

increments and the resulting emission spectra recorded.

4.3.5Synthesis of magnetite anoparticles stabilised with
PEI-graft-POEGMA

Nanoparticles were synthesised by Cem Altan and U. Ecem Yarar under the
supervision of Nico Sommerdijk and Seyda Bucak as part of a collaboration
between: Yeditepe University (Turkey), Eindhoven UniversityTethnology

(The Netherlands), and the University of Kent (England).

Typically FeC} (0.141 g) and FeS&H,O (0.121 g) were dissolved in distilled
water (40 ml) which was deaerated by bubbling with nitrogen for 30 minutes to
remove any dissolved oxygen. dolution was then stirred for 15 minutes for
complete mixing under nitrogen gas. A solution of Edft-POEGMA (P1 in
Table 4.1) (38 mg) in aqueous NaOH (0.257 g in 10 ml) was added to the iron
salts solution rapidly and solution changes colour fromnggato black
immediately. The resulting solution was then stirred at room temperature for 30
minutes. The particles were collected with a handheld magnet and centrifuged 2
times after washing with water. The final precipitate was then dried in a vacuum
oven overnight at 60 °C. The magnetite nanoparticles without stabilizer were

prepared in an identical procedure but without-gft- POEGMA.
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44Resul t s

4.4.1 Synthesisof Poly(ethylenemine)-graft-(2-bromo-2-
methyl)propanamide (PEI-macroinitiator/PEI -Br)

44.1.1 Structure of commercially bought PEI

In order to assess the result of the synthesis of themf@Etoinitiator, the

structure of the commercially available PEI had to be determined. The
manufacturerdéds descr i pt60®mstatedhat therecowasa nc h e d
a ratio of 25:50:25 between primary, secondary and tertiary amine groups within

the polymer. In order to verify this, a combination '#f, **C, and two
dimensional NMR techniques were used.

Von Harpeet al previously reported®C assignmets for PEI, which were used to

determine the actual ratio of amine groups present within the purchased PEI by

HN—
4 HoN
" g 7\_<NH
6 3 .
N /5
HoN—S 3 _\)—NH ’
2 —\_N/—/z 6
23
3 6 NH
HN—S 3,—/N_Z/_ : sNH 7
Y 4
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6 HoN
HN—3 5
_\7—NH2 6
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l 3
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| X | ¥ | . | v | 2 | y |
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Figure 4.3 : **C NMR spectra of PEI (M600) with peaks assigned from literature. In:
shows an approximate PEI structure that fits the calculated average ratio of 1°, 2°
amines.
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Equation 4.1

The calculated results from th#&C NMR spectrum on the previous page (Figure

4.3) give a ratio of 42.5 : 37.1 : 20.4 for 1°, 2° and 3° amine groups respectively.

This approximates to six 1° six 2° and four 3° amines per PEl G00)

molecule, a significant deviation from the 25:50:25 ratio that had been supplied

by the manufacturer. The structure of PEI that is shown in Figure 4.3 (and the
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Figure 4.4: Two dimensional HMQC NMR of PEI (M600). *H NMR is displayed
on the xaxis at the top, with’C NMR displayed on the-gixis on the right. Contour:
that appear on the main body of the spectra denote directly bonded -paobmm

nuclei.
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Figure 4.5: '"H NMR spectra of PEI (M600) with peaks assigned. gignments
were made from peak correlations discovered in Figure 4.4, and protons group
labelled in accordance with the structure shown in Figure 4.3 previously.

PEFmacroinitiator structurén Figures 4.6 and 4.7) is an approximation only; it
serves as a guideline to illustrate the closest structure possible that can be
constructed using this calculated average of amine sites.

Previously, théH NMR structure of PEI (M600) had not been signed due to

the complex collection of peaks that overlap between 2.3 and 2.8 ppm. Using 2D
NMR techniques (heteronuclear multigl@antum correlation, HMQC) thH

NMR spectrum could be assigned due to the elucidation of cgmodon nuclei.

The 2D HMQC spectrum produced is displayed on the previous page in Figure
4.4, whilst the assigneiti NMR spectrum is given in Figure 4.5 above.

4.4.1.2 Synthesis of PEmacroinitiator

The synthesis of the PHhacroinitiator was carried out by the careful additdn
2-bromo2-methylpropanoyl bromide to a solution of PEI, with both reagents

dissolved in dichloromethane (DCM). After being purified and collected under
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reduced pressure the Pihcroinitiator had the appearance of a dark brown,

highly viscous liquid Whilst the method that is fully described in Section 4.3.1

(and in Scheme 4.5), shows the process that was eventually used to repeatedly
synthesise the initiator, the reaction had to first be fully developed.

Initially the synthesis was carried out in Mm@hol (MeOH), as the
manufacturerds description |listed this
After the reaction had been completed and the product collected, it was

redissolved into DCM in order for it to be washed against an agueous sodium

PEI
HoN
_> HoN
HN\_\ \—\NH
HZN—\_ /_/N _\—Nr/ 0
N

0 [IN—, N
Hr}—( N—\_ —
HN — NH Br
_\_N T

Br

PEI Initiator

Scheme 4.5 The synthetic route to produce the PEI initiator from an unmodi
branché PEI with a molecular weight of 600. The ATRP initiating sites
highlighted in blue and result from the reaction of primary and (some) secol
amine sites on the PEI structure.
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hydrogen carbonate solution. Due to the initiators solubility in both MeOH and
DCM, it was decided to just use DCM for further reactions, removing one
purification  step. Unlike the synthesis of2-bromoe2-methykN-
propylpropanimde(MBrPA, amide initiator fromChapter 3) the addition of
activated charcoal did not appear to reduce the colouration of the-méietor

during purification. The same storage measures were adopted for the PEI
macroinitiator as had been used for MBrPA, namely the material beingakeep

low temperature (4 °C) and left out of direct sunlight. Due to its high viscosity it
was impossible to inject a neat amount of -REcroinitiator through a septum

into an ATRP reaction vessel. Instead, solutions ofrR&droinitiator in ethanol
wereprepared, as it had been shown (in Chapter 3) to be the solvent of choice for
amide initiated ATRPs of OEGMA.

The overall molecular structure of the RB&croinitiator and the unmodified PEI

are comparable, with only some amine moieties being convertadite ATRP
initiator sites, whilst the core structure of the PEI remains unchanged. This is
represented in Figure 4.6. Comparing fie and **C NMR spectra of the
starting PEI and the synthesised &dcroinitiator, the average number of sites
availablefor ATRP initiation could be determined per PEI molecule. Integration
of the area between 2.38 ppm and 2.75 ppm on the startingHPEIMR
spectrum Figure 4.6) gave a signal intensity that was referenced to a known
number of protons derived from thelmdated average structure. Likewise, the
peak centred at 1.9 ppm on the PBdcroinitiator is the result of the dimethyl
group adjacent to the initiating bromine atom for ATRP. The ratio of these two
signal intensities could be corrected to give an ayerthe number of ATRP
initiating sites per PEI molecule; 6.6.

Due to the complex nature of the NMR spectra, and the fact that the predicted
structure of PElI and PHhacroinitiator are only averages, the location of
individual ATRP initiation sites withithe PEI molecules are difficult to discern.
However, the ratio of 1°, 2° and 3° amine sites had been previously determined:
six 19, six 2°, and four 3°.
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Figure 4.6: 'H NMR spectra of PEI M600 (top, in blue) and PEhacroinitiator
(bott om, in red). The signal | abel

group associated with the ATRP init
and is indictive of the presence of an-N proton as part of an amide bond
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Figure 4.7 : **C NMR spectra of PEI M600 (top, in blue) and PEhacranitiator
(bott om, in red). fad and Abd show
respectivel y. The shift of carbon 4

the 2° amine sites reacting, due to its adjacency to the 2° amine site.
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The disappearance of signals corresponding to carbons 7 and 8 1iCthe
spectrum of the PEhacwinitiator suggests that all 1° amine sites have reacted
and now provide an amide function. The number of initiation sites calculated
(6.6), means that it is clear that some of the 2° amine sites must also have reacted.
This can be observed again on ffi€ spectrum of the PEhacroinitiator by
noticing the shift in the signal corresponding to carbon 4 (which is adjacent to a
2° amine and carbon 7) from 52.5 ppm in the starting PEI, to around 45 ppm on

the macroinitiator.

4.4.2 Synthesis of PEgraft-POEGMA

With the successful synthesis of a REdhcroinitiator, the ATRP of OEGMA was
carried out using the experimental conditions that were outlined for amide
initiated ATRP in Chapter 3. It was demonstrated that for the ATRP of OEGMA
using MBrPA, the idal reaction used CuCl and dNBpy as the catalyst system,
and ethanol as the solvent in a 3:1 ratio with monomer. This was shown to
enable polymerisations with higher monomer conversions, producing polymers
with narrower dispersities, and more controlledlgoolar weight parameters,
than had been attainable with other reagents or conditions. It was thought that
the same results would carry over to polymerisations using the PEI
macroinitiator due to the grafted initiating moieties being analogous to MBrPA.
The results of the polymerisations using the-Riakroinitiator were a series of
polymers with differing molecular weights, and dispersities at or below 1.4.

These results are displayed in Table 4.1.

O

: O
\/\ "N\/\
Br Br

Initiator site on
MBrPA PEI-macroinitiator

Figure 4.8 : Structures of MBrPA (blue, amide initiator from chapter 3) and
ATRP initiation site in the PEinacroinitiator (red).
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Table 4.1 : Amide and PEmacroinitiator (PEBr) polymerisations using
CuCl/dNBpy catalyst system and a 3:1 solvent monomer ratio.

Sample M (sec Conv.
I MM Mien . Mo’ i
ID Triple) (%)
Al Amide 50 12400 - 10700 1.12 64
P1 PEI-Br 50 15150 - 1150 1.23 7.5
P2 PEI-Br 50 27350 26500 13700 1.40 83
P3 PEI-Br 50 47200 - 10400 1.40 63
P4 PEI-Br 100 30850 28400 19500 1.25 59
P5 PEI-Br 100 32150 - 32700 1.27 99
P6 PEI-Br 50 n/a n/a n/a n/a n/a

®SEC M, determined from tripleletection SEC.
an(m) was calculated by : [M]/[Ik Mn@) X % conversion.
°Conversion calculated By NMR

Sample Al corresponds to a reaction that was indtiddg MPBrPA (as a

reference) and shows a low dispersity with experimental molecular weight values

close to those predicted theoretically, as was expected from the optimised

reaction conditions. Samples-Blwere initiated by the PEI macroinitiator and

produced much more variable results. P1 displays an extremely low conversion
for the molecular weight of the polymer produced, because of this there is a large

discrepancy between theoretical and experimental molecular weight values. This

is likely to be cased by early termination reactions occurring during the

polymerisation before propagation can occur.

Adansl have previously

observed that following polymerisationsing amide initiators there are high

levels of unreacted initiatdf,and bond dissmation calculations in Chapter 3

suggest this might result from Cu(ll)}Cépecies reacting with initiation sites

before propagation to a polymer chain can occur.

Samples We&re more

successful, with monomer conversion amounts generally reaching®%er 6
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Figure 4.9 : Pseudo first order plot of sample P1 displaying Igi#) over time

during the ATRP of OEGMA using the PRHlacroinitiator.

Similar to amide

polymerisations in chapter threeetplot has a clearly ndimear trend indicative of

early termination reactions
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Figure 4.10: A plot displaying the molecular weight of REtaft POEGMA (P1)

over time during a sampled ATRP using the -fRi&croinitiator.

Due to the

extremely low conversion of monomer thegpermental values for Mwere much |

higher than theoretical values
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P6 represents a polymerisation that failed to produce a polymer. Similarly to
several of the reactions that were carried out in Chapter 3, not every ATRP using
the PElmacroinitiator was successful. Generally an unsuccessful neactio
exhibited a colour change from brown to green following initiation, which could
either be the result of losing control of the nitrogen atmosphere within the
reaction vessel, or an irreversible build of Cu(ll)Ck due to termination
reactions before ppagation could occur.

SEC tripledetection was used on samples P2 and P4 in order to determine
whether there was any significant difference when compared to conventional
single channel SEC. Casqvenni dmadl e SEC1]) |
carried ait usinga Shodex RILO1 refractive index detectocalibrated against
linear poly(methyl methacrylate) (PMMA) standards. However,-d¢i&ft-
POEGMA possesses a hyperbranched structure, with a PEI core providing on
average 6.6 sites for OEGMA chains toywokrise from. SEC tripteetection
utilises a concentration detector (normally refractive index or ultra violet),
alongside a light scattering detector, and a viscometer. In this setup the

viscometer is calibrated against a universal standard, derimedkinown values
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Figure 4.11: 'H NMR spectra of precipitated Pgtaft-POEGMA (PII)
sample with peak assignment.
atactic nature of the MMA backbone ihe polymer chain. Consecutiv
methylene groups along the chain are not magnetically equivalent, g
rise to the appearance more than one signal.
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Figure 4.12 : Conventional SEC molecular weight distributions for the -P
macroinitiator (black, left),ample Al (blue, middle), and P1 (red, right).

that are independent from the properties of polymers to be analysed, and the light
scattering result provides an absolute value for molecular weight. Whilst long
chain branching can have a more profound effect on SEC resultscehor$(as

are often found in ATRP) normally have a smaller impact.

SEC tripledetection provided Mvalues that showed only a 3.1% difference for
sample P2, and 7.9% difference for sample P4. Even though there is a
significant difference in molecular stituce between the linear PMMA standards
and synthesised PHrafttPOEGMA, the maximum chain length possible for
POEGMA to reach from the PEI core is only 15 units, assuming 6.6 initiating
sites, in the highest Msample: P5. These shafiains do not appe#o be long
enough to cause significant deviation in results between SEGdepdetion and

SEC single detection; however SEC trigletection did supply lower Mralues

for both samples, suggesting conventional SEC tends to slightly overestimate the
adual M, in these branched polymers.
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4.4.2.1 Copper removal from PEigraft-POEGMA

Samples of PEgrafttPOEGMA

produced possessed a green
colouration even after multiple
passages through columns and
precipitations. This was due to the
copper catalyst frm the ATRP

forming a complex with the PEI core,

an effect that has been widely
54

Figure 4.13: A portion of sample P1.
showing the green colour of the polym
that persisted following passage throu Complexation occurs due to the

alumina columns and precipitation in ) )
hexane. numerous amine nitrogen atoms

reported previously™

present within the structure, which
can act as electron donors in order to chelate riwtaf® In fact, PE| has been
previously used as part the catalyst system for the ATRP of MMA in an effort to
produce a recoverable catalyst.
In attempt to remove the copper from the Ef-POEGMA samples, a
dialysis system was setup, with the pogmuissolved in water behind dialysis

tubing, and then placed into a tank with a competitive catalyst. Initially EDTA

Figure 4.14: PMDETA/water dialysis tanlafter 48 hours. The polymer sample w
dissolved in water within the holder, behind dialysis tubing. The blue colouration i
to the presence of chelated copper ions.
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Figure 4.15: Plot showing the increasirapsorptionof the signal relating to Cufjl
over time. After two weeks of dialysis no further increase in intensity
observed.

(20 g in 4L of water) was used in order to create the concentration gradient, as it
had been reported that EDTA can compete againstdPtoirin complexes with
copper:’ After leaving the dialysis running for 24 hours, then replacing the
EDTA/water solution and running the dialysis for a further 48 hours, the polymer
was recollected but still possessed a green colour. The dialysis watedepea
using N,N,N’,N',N"-pentamethyldiethylenetriamin®MDETA) (10 ml in 4L of
water) as the competing ligand. This time after 24 hours the tank of ligand/water
turned light blue, indicative of copper complexation with the PMDETA, as is
shown in Figure 44. The external solution was replaced, and then samples
were taken from the PMDETA/water solution for UV analysis.

PMDETA/water samples were recovered over the following 320 hours (two
weeks), until the UV signal associated with ICuépecies stoppedcreasing, as
show in Figure 4.15 above. Again the polymer was recovered, yielding a green
viscous liquid. Samples of dialysed and sthalysed polymer were analysed by
UV spectrometry to determine if any significant reduction in copper had

occurred, wih the spectra displayed in Figure 4.16.
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Figure 4.16 : UV visible spectra of Pl before (black) and after (red) dialysis v
PMDETA/water. The inset shows the region around 684 nm where a peak rela
Cu(ll) species was present in the presence of PMDETA.

The UV spectra of the PEjrafttPOEGMA before and after dialysis show small
differences irebsorptiondue to minor concentration disparity and the spectra do
not display any sort adbsorptionabove 500 nm thavould be expected if there

was chelated copper (ll) species in the sample. Despite this, both samples still
possessed a distinct green hue. A further method of determining the
concentration of copper remaining in the samples would be atomic absorption
spectroscopy, but instead a study was performed to determine how detrimental

the presence of copper was to the binding sites present in the PEI.

4.4.3 Determination of PElgraft-POEGMA DNA
complexation

4.4.3.1 Ethidium bromide exclusion assay

Whilst the geen colouration of both the whalysed and dialysed polymer, and

the blue colouration of the dialysis solution both indicate the presence of
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Figure 4.17 : Chemical structure of
ethidium bromide (EthBr).

remaining catalytic system (copper),
UV-visible spectroscopy was unable to
provide answers to how much copper
was present, or whether it would affect

the for

the of polymer
applications requiring electron donation
in the PEI
Instead, an investigation into the ability

of the PEigraftPOEGMA to complex

ability

from the amines core.

DNA would elucidate how active tHeEl amine sites remained after ATRP with

OEGMA.

PEI is well known for its ability to form complexes with DNA due to the large

number of proton donation sites resulting from numerous amine groups within
the structuré” ** %" A common method of deteining the ability of a molecule

to complex with DNA uses fluorescence spectroscopy to perform an ethidium
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Figure 4.18: lllustration showing the intercalation of EthBr into a strand of DNA. 7
presence of the EthBr causes aonghtion of the DNA strand as it fits between adjac

nucleotide base paif§.
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bromide (EthBr) exclusion assa&y° EthBr is inherently UV fluorescent due to

its aromatic structure, this fluorescence increasesniaqueous solion when

EthBr intercalates between DNA strandse to it having entered a hydrophobic
area away from the solventWithout DNA intercalationEthBr molecules are
quenched by the aqueous solvent, and the fluorescence is reduced. When
something that canomplex with DNA is added to the system, such as PElI, the
EthBr is forced to dissociate from intercalation, triggering thguenching of

the molecule, and lowerinthe observediuorescencelntercalation of DNA
occurs when the heteroaromatic EthBr maolecis inserted between adjacent
nucleotide base pairs of a DNA stralid®® ®* Specifically, hydrogen bonding
occurs between the 3,8 amino substiuents of the EthBr molecule and the
phosphate groups present in the DNA.

To carry out the exclusion assaplutions of EthBr in distilled water were
prepared and placed in a quartz cuvette. A DNA and water solution was added to
this and then gently mixed before recording the initial fluorescence intensity.
The PEI and PEgraftPOEGMA were then added to tBNA/EthBr solution in
portions and with each addition a new emission spectrum was produced, as is
described in section 4.3.4.2. At the start of each experiment the cuvette
contained 0.002mg of EthBr, 0.004mg of DNA, and 0.4 ug of polymer were
added with ach separate addition, with no correction for the difference jn M

between the materials made at this time. The generic emission spectra produced

PEI PEI-graft-POEGMA

200000 1

of polymer

Intensity

100000 A

Increasing concentration

530 580 630 680 530 580 630 680

Wavelength (nm)

Figure 4.19: Generic emission spectra produced by EthBr exclusion assay of {820
(left, blue) and PEfgraftPOEGMA PIII (right, red). As the amount of polym:
increase within the system fluorescence quenching occurs in both samples ar
overall signal intensity decreases.
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Figure 4.20: UV-fluorescence plots of the signal intensity relative to the star
intensity (where 100 is purely EtBINA. The PEI M, 600 sample is displayed &
blue, whilst the PEfraftPOEGMA sample is shown as red. The overall DI
guantity remains constant in the sample, as polymer is added EthBr is forced
intercalation triggering a loss of fluorescencetreéato the starting value.

by the polymer additions are displayed in Figure 4.19, and a plot of the
fluorescence intensity relativéo the starting fluorescence (without either
polymer) is given in Figure 4.20. It is clear that the intensity of the spectra
decreased with the addition of both PEI and

PEIgraftPOEGMA. As more of the polymer was added into the sample, EthBr
dissociatedrom DNA and entered the aqueous environment, triggering a loss of
fluorescence as quenching occurred.

Whilst the overall intensity loss for the PEI sample was greater than that of the
PEIgraftPOEGMA at a given mass of polymer added, the moleculayhisedf

the two samples were vastly different. The PEI sample had @ BDO, whilst

the PEigraft-POEGMA sample had a Mof 27350 (sample Pin Table 4.1).

This means that for every 1 ug of sample P2 added to the EthBr solution, there
was around 46 pgof PEI in the equivalent sample of unmodified PEI.
Additional emission spectra were produced after remaking polymer solutions so
that they contained equivalent weight percentages with respect to PEI core. The
plots constructed from the data (Figure 4.2ddlicate that the PEgdraft-
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Figure 4.21: UV-fluorescence plots of the signal intensity relative to the star
intensity (where 100 is purely EthBr/DNA) against the corrected mass of PEI v
the two samples. The PEI MO0 sanple is displayed as blue, whilst the Rfaft-
POEGMA sample (PIl) is shown as red. PIl clearly displays a greater efficien
displacing EthBr from DNA as evidenced by the rapid loss of signal intensity ir
copolymer spectrum

POEGMA has a significantly increased efficiency at displacing intercalated
EthBr from DNA when compared to the unmodified PEI. It has previously been
reported by Chenget al that PNIPAAmM based PEI copolymers can exhibit

compageble, or even higher, transfection efficiencies when compared to
unmodified PEf® From the data presented here the transfection efficiency for
PElgraftPOEGMA appears to be orders of magnitude higher than the
unmodified hyperbranched PEI. In fact, laege increase in efficiency was so

surprising that further investigation into this result would have been desirable in
case of experimental error; but unfortunately this was not carried out due to

completion of the associated masters program.

4.4.3.2 .S measurements of Polymer DNA complexes

An alternative method to valdiating the ability of RiEaftPOEGMA to
complex with DNA is by using dynamic light scattering (DLS), which gives a
size distribution profile of particles in a solution. 0.01 mg/ml dempvere

prepared of PEI, PEdraftt POEGMA and DNA, as well as 0.01 mg/ml PEI or
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Figure 4.22: Plot produced from DLS data showing number average size distribu
for PEI (bluei 1.5 nm), PEigraft- POEGMA (redi 6.5 nm), and DNA (green65 nm)
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Figure 4.23: Plot produced from DLS data showing number average size distribu
of PEI with DNA (bluei 105 nm) and PEfjrafttPOEGMA with DNA (redi 105 nm).

The disappearance of signals at 1.5 nm and 6.5 nm for PEI angrddEPOEGMA

respectively, indica that both polymers are forming complexes with the DNA.
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Table 42 : DLS measurements of PEI, RE
graftPOEGMA and DNA samples

Number average

Sample
size (nm)
PEI 1.5
PElgraft POEGMA 6.5
DNA 65
PEI + DNA 105
PEI-graft POEGMA + DNA 105

PElgraftPOEGMA with 0.02mg/ml of DNA samples, and then subjected to
DLS at 25 °C after 2 minutes of incubation. Size distributions produced from
these samples can keen on the following page in Figures 4.22 and 4.23, with
specific number average dagtoints displayed in Table 4.2

As expeceted, Figure 4.22 shows that unmodified PEI had the smallest
individual particle size, with a number average of 1.5 nm.-gr&t-POEGMA

was larger than unmodified PEI due to the increased volume associated with
grafter POEGMA

chains, and measured 6.5 nm. Finally the DNA sample possessed the largest
individual size at 68 nm.

The size distibution plot of PEI with DNA and R&ilaftPOEGMA with DNA

both suggest that the polymers are forming complexes with the DNA. The
disappearance of signals at 1.5 nm and 6.5 nm in figure 4.23 implies that there is
no polymer left in solution that is not complexing to DNA. This is reinforced by
the prescence of a single peak for each sample centred at 105 nm, suggesting a
small hydrodynamic expansion as the polymers complex to the DNA, which can
be attributed to the known elongation of DNA strands as intercalation ofcurs.

59, 61

This data, and & EthBr exclusion assay, was performed by Tom Ashton under

supervision of Simon Holder.
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4.4.4 Characterisation of PEigraft-POEGMA stabilised

magnetic nanoparticles
With the data provided by DNA complexation implying that fEdft-

POEGMA still had activeamine sites, a sample was sent to collaborators (Cem
Atlan and U. Ecem Yarar) for the preparation of polymer stabilised magnetic
nanoparticles.

The coprecipitation method for the preparation of magnetic nanoparticles has
been widely reported for the ctem of randomly oriented crystalline particles,

that possess various morphologies and sizes in the 10 nm°®faFgjs. method

was successfully used to synthesise superparamagnetic nanoparticles with, and

Figure 4.24: TEM images of bare (top), and polymer stabilised (bottom) magr
nanoparticles. Both pairs of images show that particles prepared share the same
morphology, size distributions also being similar across both samples.
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without, PEigraft-POEGMA (sample P2 in Table 4.1) acting as a stabiliser. The
morphologies of synthesised particles were analysed using transmission election
microscopy (TEM), with images produced displayed in Figure 4.24. Size, and
size distribution, of pepared particles was calculated by measuring 150
individual particles and determined that bare particles had an average diameter of
7.9 nm (standard deviation: 1.5 nm), whilst stabilised particles had an average
diameter of 7.4 nm (standard deviation:5Lt8n).

X-ray diffraction analysis of the stabilised particles (Figure 4.25) shows that the
spectrum produced has characteristic peaks that can be assigned to magnetite
and/or maghemite, without the presence of any other iron oxide phases, matching
closelyto a spectrum produced by simulation for magnetite/maghemite. Peaks on
XRD spectra correspond to the intensity reflected x-rays as the sample is
rotated through a range of angles, and specific iron oxide phases will display
high counts (generating pedkiepending on their crystal structdfe.
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Figure 4.25 : XRD spectrum of PEgraftPOEGMA stabilised magnetis
nanoparticles (red) and a simulated spectrum for magnetite/maghemite nanope
The polymer stabilised spectrum closely matches the simulated spectrum
obvious peak broadening arising from tleuniform nature of prepared particles.
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The magnetic properties of saturation magnetization, remenance and coercivity
of the PEigraftPOEGMA stabilised particles were compared to the bare
particles using vibrating sample magnetometry. Figure 4.8@/slihe spectra
produced, with both hysteresis loops showing no coercivity or remenance,
indicating that both materials are of a superparamagnetic nature. Polymer
stabilised particles were found to have a saturation magnetisation of 40.7 emu/g,
whereas fo bare patrticles it was 48 emul/g, which is less than bulk magnetite.
This discrepancy is most likely due to the polymer stabiliser due to the fact that
both samples are of similar size and morphology. It has previously been shown
that particles with dirent coatings can have low magnetisation values due to
the normagnetic surface coating that is surrounding the iron oxide®tore.

Magnetic nanoparticles that were prepared were dispersed into distilled water by
sonication immediately after synthesis.olyner stabilised particles remained
stable in suspension over a period of days, whilst bare particles aggregated and
precipitated in a matter of minutes, as is displayed in the photographs shown in
Figure 4.27.
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Figure 4.26 : Magnetisation curves of PigraftPOEGMA stabilised (red), and bal
(black) iron oxide nanoparticles. Both samples show hysteresis loops indicati
superparamagnetism due to the lack of coescimitremenancé’
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Figure 4.27: Bare (top) and polymer stabilised (bottom) nanopatrticles in distilled water. ,
30 minutes the bare particles precipitated out of suspension (top right), whilstra®El
POEGMA stabilised particles remained in suspanfor days.

4.4.5 LCST of PElgraft-POEGMA and
thermoresponsive  nature of PEigraft-POEGMA
stabilised nanoparticles

In Chapter 3 the ability of hydrophilic polymers to possess a LCST was
discussed. Below this temperature a single phase molecular solution exists, and
above it the polymer precipitates out ofigmn as it becomes hydrophobic.
Solubility in water is lost as hydrogen bonds between the water molecules and
the polymer break, causing the polymer to precipitate into a cloudy dispersion at
the cloud point temperature:;cI®>®® Previously, copolymer prepared partly

from hydrophilic polymers have been used to create thermoresponsive materials
due to this effect, as copolymers synthesised often share a similar LCST to the
homopolymers useti®”: ¢

1 wt% solutions of two polymers from table 4.1 (AddaP3) and PEgraft-
POEGMA stabilised iron oxide nanoparticles in water were analysed by DLS
and by visual monitoring in order to characterise the LCST of the prepared

materials, the results of which are displayed in Figure 4.28 on the following
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Figure 4.28: DLS results for 1 wt% aqueous solutions of POEGMA (blue) and |
graftPOEGMA, vertical dashed lines indicate the temperature at which cloudi
the soluti on wa sawaé rsa-gxe)oes altiydensityhveigbe mean
of the hydrodynamic volume of the particles present.
page. Atthe Tcp of the sample particle sizes increase as the polymer precipitates,
this is observable by DLS, and can be visually observed by the solution changing
to a cloudy dispersion. Previous work has shown that POEGMA hassa T
around 64 °C, and this valuarc be controlled by adjusting the,Mf the
polymer, its concentration in solution, or the specific architecture of the
polymer?® ¢
Al, the linear POEGMA homopolymer, displayed & @t 65 °C when observed
visually, and within the DLS data this tennature coincides with when the z
average size distribution of particles became-moiform and increased in
diameter. The variation in sizes that POEGMA patrticles displayed above 65 °C
implies that as the formerly hydrophilic section of the polymer cballapse the
created clusters are agglomerating in random distributions.
A Tcp of 65 °C is in close agreement with literature values reported for
POEGMA with similar overall molecular weights and side chain lengths. P3,
PEIgrafttPOEGMA, observed an inase in zaverage size distributions that

begun at 60.5 °C when measured by DLS, but was not observed visually until 63
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