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Abstract

Abstract

The work n this thesis focuses on stimuesponsive gly(glycerol
monomethacrylatepoly(2-hydroxypropyl  methacrylate) (PGMRHPMA) diblock
copolymer nancobjects preparedby polymerisaibn-induced seHassembly (PISA)sing
reversible additiofiragmentation chain transfer (RAFT) aqueous dispersion polymerisation.

PGMA-PHPMA worms formsoft freestanding ged at room temperature due to
multiple interworm contacts. Cooling this géhduces a wornito-sphere transitiomue to
surface plasticisation of the cei@ming PHPMA block which leads to degelatiotn this
thesis it is demonstrated that these worms are alscegpbnsive when prepared with a
carboxylic acidfunctionalised RAFT agentonisation of the terminal carboxylic acid on the
PGMA stabiliser block increases the hydrophili@racter of this blockndhencedrivesthe
worm-to-sphere transitionA control experimentusing an analog@unonionic ester RAFT
agent only ld to pHinsensitive worma. The pHresponsive behaviour od series of
analogous HOOGPGMA-PHPMA vesicls prepared with a fixed PGMAdegree of
polymerisation (DP) and a variabRHPMA DP is explored. For relatively short PHPMA
DPs, orderorder transitions are obseteon ionising thecarboxylic acid endgroup.
However, longer PHPMADPs yield pHinsersitive vesicles as the greatkydrophilicity
from the ionised endroups is insufficient to induce a morphological transition.
Furthermore, the dual responsive naturthete vesicle both pH and temperature triggers
is investigated.

The effect of statisticallycopolymerisingvarious amounts of pifesponsive 2
(diisopropylamino)ethyl methacrylate (DPA) residues in the core of PGHPMA-DPA)
sphereswormsor vesiclesis explored. Kineticstudies of the chaiaxtension revealed that
DPA monomer is initially consumed faster than HPMA. This yield3P#-rich sequence
next to theblock junction point, which allows ordesrder transitions to lower order
morphologiego tale place

Finally, core crosdéinked worms are prepared by chartending PGMA with
HPMA and glyci/l methacrylate (GlyMA), followed by pogolymerisation reaction with
3-aminopropyltriethoxysilangAPTES). Theprimaryamine in APTES ring opens the epoxy
group in GIyMA and undergoes aoncomitant hydrolysiscondensation reaction to
covalently crosdink the worm cores. Oscillatory rheology studies indicttat core cross
linking affords stiffer worm gels that are no longer themasponsiveFurthermoreutilising

similar epoxybasedchemistry enabled the preparation fluorescentlyiabelled worns.

Vi
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Chapter 1: Introduction

1.1 Polymer Science

Over the past century or sthe use of polymers in everydaifel has
increased significantly. With an evircreasing polymer design complexity
advances in polymer techniques have had to match this development. The first
example of modern polymer science waported byBraconnot in the 1830svho
developed derivatives from the naturally occurring polymer celldiétawever, the
true longchaired nature of polymers was not prdgerecognised for another
cenury. Prior to polymers, the highest known molecular weightao€hemical
structurewas of the order of 50@altons. Moreover, it wasong thought that
polymersmerely consisted of aggregated smaller moleculedt was not until the
1920s that Staudinger propostt long-chain nature of polymeré.In 1929, tlis
hypothesis was provetbrrectby a series of reactiongerformedby Carotherswho
categorised polymers as either condeansabr aldition depending orstructural
differences betweenthe polymer and its monomerf)Condensation polymers are
synthesised by a reactidiat involves elimination of a small molecuweln contrast
addition polymers are formed witholaiss ofsmall molecuts and possesgrecisely
the same chemical composition as the correspondmagmomer(s). However, this
classification leads to inconsistencies. For example, polyurethanes have the same
elemental conposition as their monomer, barte structurallynuchmore smilar to a
condensation polymer. Therefoia 1953Flory classified polymerisationss chain
or step depending on theformation reaction mechanisthChain polymerisations
proceed by the sequential addition of monomers at a reactive centre. Conversely,
stepgrowth polymerisations form dimers and oligomers befiie generation of

long-chain polymers.

Unlike small molecules, polymers do not possess a unique molecular weight.
Each polymer consists of a variable number of monomer repeat units, resulting in
molecular weight distributioh.The two most common moments of the molecular
weight distribution are the numbaverage molecular weighM() and the weight
average molecular weight(,), which are defined as follows:
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(11)

(12)

Where M is the molecular weight of the repeat unit (or monomer) ans the
number of chainsM,, is biased towards higher molecular weigktains Thus, its
molecular distribution is skewed in favour of the higher molecular weight species.
Combined M,, andM,, give useful information on the molecular weight distributions
of polymers.The M,,/M, is known as the polydispersity index of the polyraed is

alwaysgreater than unitginceM,, > M.
1.2 Free Radical Polymerisation (FRP)

Free radical polymerisation (FRP)tlee mostpopularcommercialtechnique
as a wide range of vinyl monomers can be conveniently polymerisedrious
sdvents without he requirement foprotection group chemistfyMoreover, as
radical polymerisations are unaffected by protic impurities, they can be carried out in
bulk, solution, dispersion and emulsion conditibftowever, FRP reactions must be
conducted in an inertmosphere as oxygen actsaa®tarder. FRP is an example of
a chain polymerisation with a radicbhsed reactive centre. These radicals are
generated by an external sourtgically by thermal or irradiate degradation of an
initiator molecule. There arfour essentiaktages in FRP; initiation, propaion,

termination and transfes; full detailed mechanism is shownRigure 1.1.*®
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I-1 L, 2r Initiator decomposition
Initiation k.
M —r > Py Initiaton of monomer
k . .
Propagation -I: P,+M —2 » P, Propagation
[ ke Potm Recombination
Termination 4 Pj + Py,
kaisp p,+P, "1  Disproportionation
. ktrM .
P,+M P,+P; Transfer to monomer
. ktrS
P, +S P,+S Transfer to solvent
k
Transfer 4 P, +P, trPol P,+P; Transfer to polymer
. k14
P, +TA P,-A+T°  Transfer to transfer agent
R+T kivtar Py Reinitiation

Figure 1.1 Elementary steps fdree radical polymerisatioh.

Initiation consists of two steps; generation of free radivia thermal
decompositiorand their subsequent initiation of monomer. The first step typically
proceedsby homolytic cleavage of an initiator molecule | to give two primary
radicals £ These radicalthen react with a monomer unit M to generate aaive
centre R Since the rate dhitiator decomposition is relatively slow compared to the
rate of reaction of the primary radisakith monomer, theverallrate of initiationR,

is given by:

(1.3)

Here, kg is the rate constant fatecompositionf is the initiator efficiency andhe
numerical factor of two signifies thatvo radicalsare generated per initiator
molecule. The initiator efficiency indicates the ability of the primary radical to
initiate a monomer.Equation 1.3 is only valid for thermalinitiation, which is

applicable to this thesidg~ollowing initiation, monomer units sequentially add to
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produce polymer radica&Aduring propagationlt is assumedhat the rate constant
for propagation(k,) and termination i) are both independent of thaize of the
radical species Therefore, the rate of propagatidR,)(is assumed to be equal for

eachmonomer addition, agdicated by equatiofh.4.

M

.1 (14)

Here k, is typically ~ 107 to 10" M s™.”® Propagation contingauntil two polymer
radicak PnAand I?nA react with one eachther, resulting in the annihilation bbth
radicals. The two most common terminatiomchanisms areombination and
disproportionation. Tk former occurs when twpolymerradicak reacttogether to

form one dormant chaiwith a mean degree of polymerisation (DP) eqadahe sum

of the DPs othe twooriginal polymerradicak. Alternatively, disproportionation can
occur whenone polymerradical abstracts hydrogen from another, resultingha
formation ofsaturated and unsaturated polymer chains. The respective rates of these

reactions are shown in equatiadn§ and1.6.

(15)

(16)

Depending on the monomer type, thetent to which othese termination
mechanismsoccur can differ. For example, styrenaormally terminates by
combination, whereas methacrylates temderminate mainly by disproportionation.
Furthermore, the relative degrees of eawthanisntan have a large effect on the
polydispersity and the molecular weight of the polymers. The overall rate of

termination R) is expressed as:




Chapter 1: Introduction

(1.7)

1 <

Here the rate constarfior termination k;), is equal tothe sum of the rate constdot
termination by combination k) and the rate constantfor termination by
disproportionation Kgis,). Terminationis extremely fastk; > 10° M s*) compared
to propagatior. Therefore, to grow long polymer chains by FRP it is essentiaRthat
is relatively slow compared tdR,. This is achieved by using low radical
concentrations sind& is seconebrder with respect to the radical contations(see

equationl.7), wherea®, is first-order ee equation.4).

In FRP the polymer radicals al¢endto undergochain transfer reactions
with monomer, solvent, dormant polymer chains or transfer agent&itaee 1.1).
Theseside reactionsshauld have littleor no effect on the overall kineticgncethe
reactions are fast and no radicals are destroyed. However,sideseactions can
result in cosslinking or branching. Henctheycanhavea considerable effecn the
polydispersity and mekular weight of the resulting polymerhe overall rate of
polymerisation Ryoym) is only affected by the initiation, propagation and termination
steps. More simply, the overall rate of polymerisatioapproximately equal tthe
rate of propagation. Hwever, quantifying thepolymer radical concentratiors
difficult. This problemcan beovercomeby assuming steaelstatekinetics,or R & R.
Combining and rearrangingquatios 1.3 and 1.7 gives an expression for the

concentration of polymer radica[lBl]:

(1.8)

This expressioncan be substitutethto equationl1.4 to give the overall rate of

polymerisation Ryolym):
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(1.9)

Equation 1.9 indicates that Ruoym is proportional toboth [M] and ]2

providedthatthe initiator efficiencyf) is high. Incases where efficiency is low, the
Roolym IS only a function of 1]. Somewhat counterintuitively, many free radical
polymerisations exhibit a significant increaseate towards the end of the reactfon.
This is knownas autcacceleration and is most prevalenttive bulk or at high
concentration Becausef the highsolutionviscosity,polymer radicalgliffuse more
slowly, resulting in a reduction in the rate ofrteénation ), and thus an increase in
theoverall kinetics. In contrast, the smaller monomer units are able to difeedg,
allowing for propagatiorto be maintainedAlthough widely used on an industrial
scale FRP offers limited control on the polymr molecular weightpolydispersity

and essentially no controlerthe polymer architecture.
1.3 Living Anionic Polymerisation (LAP)

Living anionic polymerisation (LAP) is another example of chain
polymerisation. Unlike FRP, which involves raditelsed etive centres, LAP
propayates through anionic specieshe first truly living polymerisation was
reported in 1956 by Szwar@and ceworkers, who conductedthe anionic
polymerisation of styrene itetrahydrofurart® The remarkable feature efich living
polymerisationgs that there is no termination (or transfer) step in the polgatérn
mechanism, provided all protic impurities are ab&efiermination is prevented
because carbanions are unable to react with one another. An intrinsic feature of LAP
is tha the rate of initiation is far greater than that of propagati®re% R,). This
means that initiation is complete prior to any propagadiad results in the uniform
growth of polymer chains. Furthermore, as the concentration of propagating species
remans constant throughout the polymerisation (even at %®0conversion)
polymers with narrow molecular weight distributions are obtaidégNl, < 1.20).

Hence a characteristic linear evolutiaf polymer molecular weht with conversion
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is observed. Irstak contrast FRP producesigh molecular weightgvenat low
conversions (sekigure 1.2).

Free Radical Polymerisation

Living Anionic
Polymerisation

Conversion

Figure 1.2 Variation of numbeiaverage molecular weightM{) with monomer
conversion for notliving free radical polymerisation (dashed line) and living anionic
polymerisation (solid line).

Another advantage of the living charactéranionic polymerisations that
well-defined block copolymers can be prepared with good control over composition
by sequentialmonomer addition Furthermore, if no transfer or branchiside
reactions occur during the polymerisation, the mean DP can be calculated according

to equatiori.10

Al
1.10
b (120

Here M]o and []o are the respective initial concentrations of the monomer and

initiator prior to polymeris@on. Additionally, the M, of the polymer can be
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calculated by multiplying the DP of the polymer the molecular weightof the

monomer repeat unit

Although living anionic polymerisation is a wedktablished technique, it has
somedrawbacks protic solvents (such as wateasr alcohols) and electrophilesact
with and terminate the active centre. Therefore, reactions must be conducted under
rigorously anhydrous conditions usiegtremely pure reagents and aprotic solvents.
Unlike FRP, LAP is more selectiand is limited to monomers thpbssess electren
withdrawing groups. It is noteworthy that living cationic polymerisation is also
possible’* However, terminatiorreactions and-proton transfereactions toeither
monomer orthe counterion are more préeat than in LAP. Despite these
restrictions cationic living polymerisation has been shown to be succeasfldng
as theinitiator, monomer and solveate judiciously selectetf° Other examples of
living polymerisation include ringpenind® and goup transfer polymerisatior but
these are beyond the scope of thessis

1.4 Controlled Radical Polymerisation (CRP)

Over the last two decades or gbere have been many advances in the
development of living radical polymerisations. Such reactioasheghly desirable as
almost all vinyl monomersan be polymerised by radical polymerisation. A living or
controll ed radi cal pol ymeri saltiwinng(OGCR®3
termination isonly suppressed relative to propagation, rather than editeih If the
rates of propagation and termination in FRP are considered; the rate of propagation
directly proportional to the polymer radicabncentration K, © PZ]), whereas the
rate of termination is proportional to the square of the polymer radical concentration
(ke © Pﬁz). Henceby reducing[PZ], the rate of termination is reduced relative to the
rate of propagation. This can be achieved by deactivatimgducing the reactivity
of polymer radicals, thugreventing radical coupling an@roducing a more
controled polymerisation. A key aspect of CRP is the dynamic equilibrium between
dormant and active states. There are two types of such equilibria, areikhown
as reversible terminatiorS¢hemel.1a) and reversible transfeB¢heme1.1b).%"8

The former equilibrium is more common aimcludes both nitroxidenediated
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polymerisation (NMP) and atom transfer radical polymerisation (ATRP), where X is
a nitroxide species or a halogen atoraspectively. Both topics will be covered

briefly in sectionsl.4.1and 1.4.2respectively.

kda _
@ P+ X . TPX
kp(+M) "k ’
\

ex

by ~~P, + P —X—=—P X + P,
A A

Scheme 1.1 Dynamic equilibria formed in (a) reversible terminatiamd (b)
reversible transfer, which enables controlled ragiciymerisatiorf’

Reversible termination utilises the persistent radical efféttThis poceeds
by homolytic cleavage of an initiator, which yields one reactive radical and one
stable (or persistent radical, X). The reactive radical initiates polgatinm,
allowing for polymers to grow over an equal tirmeale. These propagating chains
(Pﬁ) are rapidly capped and deactivated by the persistent radical, kihese¢he rate
of deactivation. This dormant species can be reactivated and propagation can
continue, wherek, is the rate of activation. TBe tworate constants determine the
living character of the polymerisation. It is essential that the equilibrium lies in
favour of the dormant species (j.&ga > ki) in orderto reduce the propagating
radial concentration, and therefore suppress termination. However, the
concentration of the propagating radical imbe highenough for propagation to
occur. When the propagating species is in its active sl?été)(éth propagationkg)
and terminationl) can take placeln contrast the persistent radical isaapable of
termination with itself, an@nly reversibly couplewith a propagating chain. Hence,
when termination occurs there gradual accumulation of X. This shifts the
equilibrium in favour of thedormant propagating species afuither reduces the
concentration of the ppagating radical specieb contrast, reversible transfer does
not involve the persistent radical eff§seeSchemel.1b). Instead it proceeds by a

10
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mechanism more similar to FRwhere the steadstatekinetics are established by
relatively slow initiation and fast termination. Control ovéte polymerisation is
facilitated by using a transfer agent, which moves from one propagating chain to
another. When the polymer radical® arapped by the transfer agent they are in a
dormant unreactive state. However, when they are (briefly) in their radical form they
are able to propagate (atefminate. It is essential that transfer is fast relattoe
propagation Kex >> ky) and the corentraton of the transfer agent is significantly
higher than the primary radical fluo achieve good control. This isethbasis for
reversible additiofragmentationrchaintransfer (RAFT) polymerisation, which will

be discussed in more detailsaction1.4.3

In both mechanisms it is critical thite rate of exchange from an active to a
dormant species is faster than the rate opagation. This allows focontrol over
the targetmolecular weight andaffords narrow polydispersitiesMw/M, < 1.3Q
ratherthanM,,/M, > 1.50 for FRP) as the growing chains spend the majority af the
time in a dormant stat&. Like LAP, the polymerM, evolves linearly with
conversion (sed-igure 1.2). Furthermore, weltlefined block(or star or graft)

copolymes (seeFigure 1.3) canbe prepared by sequential monomer.

AB diblock
copolymer

(2 U

AB alternating
block copolymer

AV,

ABC triblock
copolymer

B)VARY

AB star copolymer

Graft copolymer

Figure 1.3 Graphical
architecture$??

illustration of the most common block copolymer

11
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1.4.1 Nitroxide Mediated Polymerisation (NMP)

NMP follows the reversible termination mechanism and relies on the
persisten radical effect>?® Key to this mechanism is the reversible homolytic
cleavage of a relatively weak-@ bond to produce an active propagatiadical
species and a stabpetsistent radical (se&echemel.2). As previously discussethe
persistent radal (nitroxide species)siunable to terminate with €6 and can only
reactwith a propagating radical. In this caselftermination of the nitroxide species
is prevented primarily by steric hindrance. Reactions can be initiated by either an
alkoxyamineor by using a conventional initiator with a nitroxide species, which
forms an alkoxyaminan situ. NMP is arguably the simplest CRP technique,
particularly since the development si-called universal alkoxyamines which allow

the controlled polymerisationf severainonomer classegg>2°

Weak Bond
R
P ’O—N/R L B >‘—0—N/
‘\+ AN k N
kp +M l\(t R a R

Schemel.2 Reversible termination equilibriuior NMP-based reactiorfs.

Originally, nitroxide species were utilised as irreversible radical traps to
investigate reactions between initiators and radf¢alsHoweve, it was only in
1993 when Georgest al reported thesynthesis of polystyrene using,2,6,6
tetramethylpiperidinyloxy (TEMPOWhich possessed a narrow molecular weight
distribution that NMP became of widespreamterest® Here the nitroxide species
reversibly caped a propagating chaienabling a controlled polymerisatio8ince
then, thetemperatur@equired to reactivate the dormant chains have been reduced by
optimisation of the nitroxide specie for specific monomer ckE&s€his is achieved
by adpstingthe steric and electronic properties of the nitroxide, which govern the
rate of homolysis of the alkoxyamine-O bond? Nowadays, there is quite an
extensive library of nitroxide and alkoxyamine species available. Despite these
advances, controllegolymerisation of methacrylates by NMP have had limited

12
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success due a hydrogen abstraction side reaction. Nevertheless, some recent progress
has been made to address this probfeth.

1.4.2 Atom Transfer Radical Polymerisation (ATRP)

ATRP was independdgt developed byWang andMatyjaszewskf and
Sawamotaand ceworkers® in 1995. Since then, there have been many examples of
well-defined polymes with varying functionalities that have been prepared using
ATRP3*% Like NMP, ATRP relies on the persistenadical effect. The main
dynamic equilibrium is shown i8chemel.3 where X is a halide (usually Br or Cl)
and Mt"/L is a metal catalyst (with oxidation state m and ligand(s) L). Typicthléy
metal catalyst is Gbased butnany other transition metalabve alsobeen reported,
such as Fe, Ru, N.

kda -
v P+ X—MET ), —— wwP—X + Mt"™/L

- ka
kp +M ) K¢
N

Schemel.3 Revesible termination equilibrium foATRP based reactiors.

The basicprinciple of ATRP involveshomolytic cleavage of an initiator
comprising a labile halide bond (usually an alkyl halide)abtransitional metal
catalyst. This resudtin the oxidation of theatalyst and formation of a reactive alkyl
radical, which can propagate, terminate to form dead polymer chains or undergo
reversible reactions with ¢hmetal catalyst to form halogeappeddormant chains.
Thus conventional ATRIEust be conducted in the absence of oxygen or oxidants to
preventirreversible oxidation of the catalystefRersible capping is mediated by the
metal catalyst, Wich undergoes redox reactions. This equilibristmondy favours
the dormant speciegqf, >> ky), which enableshe controlled simultaneous growth of
propagating chains. Ae meanDP of the resulting polymer chains prepared by ATRP
is equal to themonomerconcentration divided by thmitiator concentrationsee
equationl.10), and is not affected by the concentration of the metal catalystafée r
of ATRP isgoverned by the followingxpression

13
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p2 a1

1.11
L TR (+11)

g P

Here Katrpis the atom transfer equilibrium constant and is equéth/iga.*2*® The
equilibrium constants in ATRP, and therefore rate, strongly depenent on the
structure of the metal catalyst and its ligands, the initiator and the mohgaelt is
noteworthy that the equilibrium constants also increase strontfiytemperature. To
obtain weltcontrolled polymerisations with effiait rates of polymerisatioreach of
theseparametersnust be judiciously chosen. In general, the initiator reactivity is
inversely proportional to the-® bond dissociation enerdy.Thereforethe rate of
initiation increases with higher degrees of substh around the halogen, more
activating substituents around the halogen (dJgarbonyls) and by the leaving
group ability of the halogen (i.el > Br > CI)*%*! Furthermore, this makes up the
basis ofthe principle of6 hal ogen e x c h aadypnerénade wfhdess e b y
active monomer can be chamtended with anore active monomer (e.gchain

extension of poly{-butyl acrylate) with poly(methyiethacrylate)j>+3

A prerequsite for ATRP is that thé&ransition metal catalyst must be able to
exparl its coordination sphere and have two readily accessible oxidation states one
apart from one anothée.g., Cu(l)/Cu(ll)) Moreover,the metal catalystieally must
be soluble in the reaction solvent. Solubility can be facilitated by the choice of
ligand@), which also has an effect dlatre Nitrogenrcontaining ligands are
commonly used because they do not bind strongly to polar soflv&htsactivityof
metal catalysts is governed by the structure of the ligands (dyatiged > branched
> cyclic > linear), the nature of the N atom (imine > aliphatic amitr®number of
linking units between each N (2 > 3) and steric efféts.

A significant drawback of ATRP is the requirement to remove the metal
catdyst after the polymerisatiorSuch impurities i@ well known to be harmful to
living organisns. Various methods foremoval of metal catalysts havseen
developed (e.gsilica chromatography, use of supported catalysts étatthe cost

and time of its removal aresually uneconomic¢® Furthermore,termination in

14
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conventionalATRP results in the buildip of the deactivator speciesMt™ /L and
reduced polymerisation rates, see equatidd. In cases wherthe degree of radical
termination is greatethan that of the initial metal cayeit the polynerisation will
completely halt. However, significant progress has been nmadembat thesevo
majorissues™>* For exampleactivators generated by electron transfer (AGET) was
developedn 2005, wherby the metal catalyst is added in its deactivatethfand a
(subktoichiometric amount of reducing agent (such aglljir2-ethylhexaoate,
ascorbic acid or triethgimine) is used to activathe metal complex and initiate
polymeriationsin situ.***° Subsequently, this led t@cognition that usingxcess
reducing agent enablése regeneration of ML from Mt™%/L by a technique called
éactivators regenerated by electron trarsfékRGET)>%*! Therefore, reduced
concentrations othe metal catalyst (sometimes less tHdh ppm) can be used
without diminishing the rate of polymerisation, which depends on the ratio of
concentrations of the activator (ML) and deactivator (Mt™%/L ) metal catalyst,
see equationt.11* Initiators for continuous activator regeneration (ICAR) proceeds
by the same princlp. However in this case the metal catalyst is regenerated by free
radical initiators which slowly decorope throughout the reactihMore recently,
Matyjaszewski and cworkers have reported electrochemicaltyediated ATRP
(eATRP), where the relativeoncentrations of oxidised and reduced metal catalyst

can be controllediia an applied electrochemical potenfial.

1.4.3 Reversible Addition Fragmentation Transfer (RAFT) Polymerisation

RAFT was first developed in 1998 by Rizzardo andmookers at CSIRO!
Unlike NMP and ATRP, RAFT controls chain growth through reversible (chain)
transfer and does not rely on the persistent radical effect. RAFT polymerisation
follows the same mechanism as FRPibutediated by a RAFTEhain transfer agent
(CTA), which trarsfers from one propagating chain to another to control the

polymerisation. The main steps in tRAFT mechanism are shown Figure 1.4.>*

59
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1. Initiation

Initiator ka > I > P,

2. Reversible chain transfer

k k
add P 7

P+ S S—R ..S—R —— P—S S + R
kp@ Y k—add Y k'ﬁ ! \f

Z Z Z

3. Reinitiation

R —»R—M" = = P;l
i

4. Chain equilibration

Kqaap K_qaap

—_—

P, + S S—R P,—S.._S—P, P,—S S + P,
k k
K, @ Y -addP Y addP \f kp @

Z Z Z

5. Termination

. . k
P,+P, — ' » Dead polymer

Figure 1.4 The RAFT mechanism illustrating the initiation, reversible chain transfer,
re-initiation, chain equibration and termination step$>°

Generation of free radicals (stepirl Figure 1.4) occurs as in FRP and
typically proceedsby the homolytic cleavage difitiator molecules bitherheat or
UV radiation These radicals can then react with monomeraaptbpagating chain is
formed (F,%’S). This species quickly reacts with the CTA (step 2) and undergoes
fragmentation to afford either the original CTA or a polymeric CTA and a new
radical source (ﬁ The latter is able to +mitiate more monomer (step 3nd
produce anothempropagating chain (Eé) These polymer chains continue to
propagate in the chain equilibrium step (step 4), whereby they undergo a rapid
reversible equilibrium between active and dormant states. As with FRP, fadical

radical reactions redt in termination and the production of dead chains (step 5). For
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an efficient RAFT polymerisatigrihe initial CTA (or macreCTA) should possess a
reactive C=S bond figh kagg). The intermediate species should fragment quickly
with no side reactionm favour of release of theA@roup (i.e, ko > kagd), Which is
capable of monomere-initiation (ki > k). In the main chain equilibrium it is
essential that the rate of transfer is faster than the rate of propagation to obtain a
well-controlled polymeris&n. It is this rapid equilibrium which allows the polymer
chains to propagate equally and therefore possess uniform chain lengths and low
polydispersities. It iessentiathat the polymer chains retain the CTA egrdup to
preservetheir6 | i v i n @B espedialyr far the synthesis wkll-defined block
copolymers. Thegeneralisedchemical structure of a CTA and its characteristic

features are depicted belowkigure 1.5.

Weak bond S }active double bond
R\—S/U\

S

Good radical /

Stabilisi
leaving group abilising group

Figure 1.5 Generic depiction athe chemical structure of a RAFT CTAghlighting
I ttiekey components.

Common examples ofeffective RAFT CTAs include dithioester¥,
trithiocarbonate&? dithiocarbamaté4®® and xanthate®® Ultimately, the choice of
the CTA and its Z and R groups are governed by the monaitieough solubiliy
mustalsobe taken into consideratiofi>*®*®® The rate of addition of a propagating
radical to the CTA is determined by the stabilising Z group. In general, strong
stabilising groups favour the formation of the intermediate radical and increase the
reactivity of the C=S bond. Furthermore, electrathdrawing groups enhandbe
C=Sbondactivity, whereas interacting adjacent heteroatoms reidsieetivity (i.e,
dithiocarbamates and xanthat&sfrragmentation of the R group is mainly controlled
by its electronic and steric properties. Typically, more electrophilidaarzulkier
radicals ardetter leaving groups, bthe ability of the radical to rmitiate must also
be considered. For efficient polymerisatianis importantthat R is a betterleaving

group tharthe propagating speci€&To obtain welcontrolled polymerisations and
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narrow molecular weight distributiongt is critical to matchthe readivity of the
CTA with that ofthe monaner. A set of guidelines faelection otthe correciCTA

for a given monomer clagsve been reported by Moad andveorkers,seeFigure
1.6.°® There are two types of monomer; maweivated monomers (MAMs) and less
activated monomers (LAMs). MAMs are those where the double bond is conjugated
to a carbonyl gwup (such as methyl methacrylate (MMA):hgdroxypropyl
methacrylamide (HPMAM), methyl acrylate (MA), acrylamide (AM)), a nitrile (such
as acrylonitrile (AN)) or an aromatic (for example styrene (2#)Ms are those
where the double bond is adjacent asatarated carbon or a heteroatom lone pair
(such as vinyl acetate (&), N-vinylpyrrolidone (NVP) or N-vinylcarbazole
(NVQ)).

CHj3 CH, CH,3
N ? N~ N~
Z: Ph >>SCH; > Nij Xy ~ CHj; >> sz > OPh>OEt~ ", ~ > N(Et),
(Addition Rate) | P | P
N+ N
H
MMA, HPMAM ——---—~ VAc, NVC, NVP——----~
St,MA,AM,AN— -

CH, CH,
R: kCN~ H'h > kph > kcooa >> $CH2+CH3 kCN kPh > kCH3 kCN~ kPh

CH; CH; CH; H; CH; CH; CH; CH;
(Fragmentation

Rate
) <«~—— MMA, HPMAM —---------- -

St, MA, AM, AN
i —  VAG,NVC,NVP---—

Figure 1.6 Guidelines for selection dRAFT agents for polymerisation of various
monomers as reped by Moad and caorkers>® Solid lines represent good control,
whereas dashed lines indicate partial control.

In general, welcontrolled polymerisation of MAMs can be achieved using
dithioesters or trithiocarbonates, whereas poeoogtrolled polymerisations are
usually observed wdn dithiocarbamates or xanthates are employed. For LAMSs, the
opposite behaviour is observelh. principle, the rate oh RAFT polymerisation
shauld follow the kinetics of the corresponding FRP as the clvansferside

reactions have no effect on the alerate. However, inhibition at the beginning of
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the reaction and retardation during the reaction are reguibdgrved®>® In some
casesthis can be attributed to inappropriatection ofthe CTA and the Z and R
groups. For example, the polymerisat of LAMs with dithioesters or
trithiocarbonates is usually accompanied by both inhibitiwh rgtardation, because

of the relativelyhigh stability of the intermediate relative to the leaving ability of the
propagating radical. Polymerisations of MAMg @ithiocarbamates or xanthates are
ineffective, due to the relatively poor reactivity of the CTAs to the monomer.
However, they can be effective when the heteroatom is part afomatic ring or if
electronwithdrawing groups are presefit®®® Retarddion becomes more
pronounced with increasing CTA concentration, particularly when dithioberszoate
areemployed-#°8%* Two main mechanisms for the phenomena have been proposed;
side reactions with intermediatésand slow fragmentation of the intermedi&te
There is still some controversy on thisibject® Despite this, lowpolydispersity
polymerscan be prepared. Inhibition has been attributed to slow fragmentation of the
initial intermediate to afford Rfollowed slow reinitiation of new polymer

chairs./%"*

In theory, only two different CTAs areequired to achieve reasonably
controled polymerisationfor the majority of the monomers (s€igure 1.6):24°%>°
one CTA designed for the synthesis of the MAMs (such as a tertiary cyanoalkyl
trithiocarbonat) andthe otherfor the polymerisation of LAMs (for example
cyanoalkyl dithiocarbamate or xanthate). However, different CTAs may be required
for certain solvents or if specific efgtoup functionality is required. More recently,
so-called switchable auniversal CTAs have been desigrikdt enable theontrolled
polymerisation of both LAMs and MAM&"® Thang and cavorkers demonstrated
that the deprotonated form of -(d-pyridinyl)-N-methyldithiocarbamates could
mediate the polymerisations of LAMbut when protonatedhese CTAscould be
used to prepare MAMs (s&ggure 1.7). Moreover, such CTAs provide a facile route
for the synthesis of polyMAMoOIyLAM block copolymers, which cannot be
prepared by conventional RAFT methods. It is essential thatwbeblocks are
preparedn the correctorder due to the poor leaving group ability of the polyLAMs

relative to the polyMAMSs.

19



Chapter 1: Introduction
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Figure 1.7 Chemical structurs of a switchable N(4-pyridinyl)-N-
methyldithiocarbamateCTA in its deprotonated and protonated foand their
resonance form&"?

Unlike other examples of CRP, the concentration of the mediatar@iTéd)
affects the number of polymer chains formed aedcethe targetDP. The overall
number of growing chains is determined by the sum of the €diferration and
the concentration ofradicals that arecapable of initiatioff. Assuming that the
monomer reaches 19® conversion, thetarget DP is given by the following

expression

Al
112
rh (122

1= F

However, high concentrations of CTA with large chmansfer constants are
typically used, whereas the initiator is usedalativelylow concentrations andnly
slowly decomposes. Therefore, thamber of polymer chains formed due to the
initiator is normally negligible compared tthose capped bthe CTA (i.e, [CTA]o

>> 2f[1] o). Under such conditionthe DP can be simplified w@ive:
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T ”_ 4 (1.13)
F '|| =
RAFT is argudly the mo st versati |l e G&dontrelledn g 6

polymerisations of avide range of monomers are possible when a suitable RAFT
agent is selected.Unlike NMP and ATRP, RAFT can be used to efficiently
polymerise LAMs>® Furthermore, acidic monomerscde polymerisedn their
unprotectedorms, whereas ATRPormallyrequires protecting groughemistry’*"
However, thesulphurbasedCTA (ard resulting polymer) are malodbus andalso
possessintrinsic colour and must be removed for mapgtential appications.
Several methods have been developed to remove the CFéreagor to exploit its
chemistryfor functionalisatiod®’’ Some common examples includé feactions
with nucleophiles or reducing agents to vyield thiol groups, which can be
functiondised further (ii) thermolysis to afford an alkene egtbup (iii) radicat
induced reactions with initiators to removefaulendgroups. Furthermore, RAFT
has proved an elegant method for the preparation of block copoliapeequential
monomer additin.”® This thesis focuses on the preparation of methacrpased
diblock copolymers using RAFT polymerisation. Thudiothioester and
trithiocarbonate RAFT agents can be employed to obtain weelhtrolled

polymerisations.
1.5 Conventional Heterogeneous Pgmerisation in Water

Over the past few decades, considerable effort has been made in the
preparation of monodisperse latex particles by various different polymerisation
methods? These include emulsion, suspension, precipitation or dispersion
polymerisatons. However, this section will focus on conventional agueous emulsion
polymerisation and aqueous dispersion polymerisation formulations. The basis of
both these methods is the formation of a watsoluble polymer in the presence of a
stabiliser to formcolloidally stable latexes. A typical emulsion formulation consists
of water, a watesoluble initiator, surfactant and a vinyl monomer of limited water

solubility (although often additives may also be preséhf)n application of shear,
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surfactant mice#ts and large polydisperse surfactstatbilised monomer droplets are
formed (sed~igure 1.8a). Initiation of monomertakesplace in the aqueous phase,
whereas patrticle nucleatiman occur through two routes: (i) homogenous nucleation
or (i) heterogeneousucleation which occurs within surfactant micelf&sThe
former produces oligomeric radicals that remain relatively wst@rble. On
reaching a critical length, these growing chains become suafdine and either

enter a preexisting micelle or aggrege with surfactant to form a micelle (see
Figure 1.8b).2°8 The polymer chain propagates rapidly as the local monomer
concentration in these micelles is relatively high. Monomer now migrates from the
reservoir droplets to the polymerising particles. Aty agiven time during the
emulsion polymerisation, the particles contain either one or zero radical species due
to rapid radical annihilation. Eventually, the monomer reservoirs become completely
consumed and only monomer within the growing particles re@itgire 1.8c).
Typically, emulsion polymerisation produces particles of the order 65000nm’®

One example of an emulsion polymerisation is the preparation of polystyrene latexes
using potassium persulfate initiator and cetyltrimethylammonium broraglea

cationic surfactarftt

2. o] [« 0 L]
é = surfactant )
L | £
| ., ZX@ | ., :@ M ! é
M M
|| W 1§
P x
M
Figure 1.8 Schematic illustration of the main components and three stages of

agueous emulsion polymerisation: | is the initiator moleclistHe radical initiator,
M is the monomer and ﬁnepresents the propagatiraylicak.’®

Monomer
droplet

In contrast, an aqueous dispersion polymerisation formulation consists of
water, a watesoluble monomer, a watspluble initiator and a polymeric stabiliser.
Importantly, the watesoluble monomer polymerises to afford a watesoluble

polymer. Thee are very few monomers that fulfil this criterion in water, whereas
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there are many examples of dispersion polymerisation formulations in polar-or non
polar medid>** The generally accepted mechanism for formation of particles by
dispersion polymerisath is as follows®®* Initially all the components in the
reaction solution are fully soluble. Monomer reacts with initiator radicals and forms a
soluble propagating oligomer. However, at a critical DP this chain becomes insoluble
and aggregates with othehains to form nascent particles and the stabiliser starts to
adsorb on their surface. These particles then coalesce with other unstable particles
until sufficient amounts of stabiliser are adsorbed on the surface to form colloidally
stable particles. Ithe absence of a suitable stabiliser, a precipitation polymerisation

IS obtained.

As mentioned above, there are currently very few literature reports of
particles prepared by aqueous dispersion polymerisation. For example, étrales
prepared polypyrrel latexes in the presence of various stabili$gts. These
included polyN-vinylpyrrolidone) (PNVP), poly(vinyl alcohol), polgthylene
oxide) (PEO) sodium dodecylbenzenesulfonatéore recently, Ali and cavorkers
prepared 100 1000 nm diameter poly{Bydroxypropyl methacrylate) (PHPMA)
latexes, by freeadical aqueoudispersion polymerisation of HPMA in the presence
of a PNVP or sodium dodecyl sulfa&SDS) steric stabiliser Kigure 1.9).%
Incorporating a dimethacrylate crelgsker, produced latexsethat exhibited microgel

character in good solvents for the PHPMA chains (e.g., methanol).

Free radical

initiator
H,0, 60 AC
O (o) >
K( &0
HPMA n

PNVP

Figure 1.9 Preparation of PHPMA latexes by aqueous dispersion polymerisation of
HPMA in the presence of a PNVP polymeric stabilfer.
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1.6 SelFAssembly of Amphiphiles

1.6.1 Water and the hydrophobic effect

Water is one of the most abundant molecules on Earth and is essential for life.
Considering its relatively low molecular weight alone (18 g tholater should be a
gas at room temperature and atmospheric presslowever, water actually melts at
0 °C and boils at 100 °C. This is because of extensive intermolecular forces known
as hydrogen bonds. Such bonds are predominately electrostatic attractions which
form between an electronegative atom (such as oxygehadydrogen atom bound
to an electronegative atom. Typically, the strength of a hydrogen bond for neutral
molecules lies between 10 and 65 kJ Traoid are significantly stronger than that of
van der Waal forces (1 kJ mi9l®® Furthermore, unlike van daVaals, hydrogen
bonds express some directionality. Therefore, water adopts a tetrahedral coordination
as the two lone electron pairs on the oxygen atom and the two bound hydrogen atoms
in a water molecule are each able to form hydrogen bonds with othter w

molecules.

Water is often called a 6universal SO
different ionic or polar solidswhich is usually due to the formation of hydrogen
bonds between the substrate and water molecutescontrast, hydrophobic
molecules (e.g., a hydrocarbon chain) are unable to form hydrogen bonds. Therefore,
water molecules surrounding a hydrophobic molecule must lose at least one
hydrogen bond, although this is thermodynamically unfavourable. Thus water
molecules rearrange theetges to form a cage (or clathrate) around hydrophobic
molecules in order to maximise the number of hydrogen bonds. This reordering of
water moleculs is known as the hydrophobic effé€t? Although
thermodynamically favourable, the increased order m gkistem is entropically
highly unfavourable. The entropic penalty increases whth surface areaf the
hydrophobic substrate. Thus mixing water with hydrophobic molecules normally

results in phase separation.
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1.6.2 Thermodynamics for selfassembly of arfactants

The hydrophobic effect accounts for some interesting phenomenon in water,
including the spontaneous selsembly of amphiphiles in aqueous solution. An
amphiphilic surfactant consists of a hydrophilic head group and a hydrophobic tail.
The headgroup is solvated in agueous solution, whereas the hydrophobic tail drives
aggregation. The selHfissembly of such amphiphiles is governed by weaker
interactions such as hydrogen bonding, van der Waal and electrostatic interactions.
Figure 1.10 illustratesthe equilibrium of single amphiphilic molecules (unimers or

monomers) and their aggregates.

Where:

Unimer/monomer
N,:l
A .J\/\N

X
! Hydrophobic ~ Hydrophilic
tail head

‘% Aggregate (micelle)

N -
l% KA
Xn

o\ W

Figure 1.10 Schematic representation of the ssdembly of amphiphilic unimers
(or monomers) to form an aggregate (e.g., micelles) in agueous solution and thei
corresponding parameters used in thermodynamic equafions.

The equilibrium constant, K, for this exchange between unimers and

aggregates can be writtenas:

(1.14)
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Here k; and ky are the rates of association (aggregation) and dissociation
respectively,N is the aggregation numbekg is the Botlzmann constant and T
represents the absolutemperature. If we consider equatibi4, it is apparenthat

for aggregation to take place K must be positivek{asky). Therefore, the chemical
potential of a unimen®;, must be larger than the chemical potential of an aggregate,
M°N, With an aggrgation numbeN. Equationl.14 can also be written in terms Xf
(concentration/activity fraction of molecules existing as part of an aggrégate

unimers):

(1.15)

Here X; is the concentration/activity of an isolated unimer and the total solute
concentrationC, is equal to:

(1.16)

I~
I~
I+
[Th

|_

C (and X\) cannot exceed unity. It is also important to note that the above
equations assume ideal mixing in dilute solutions so thataggregate interactions
can be ignored. Formation of aggregates from unimers requires the chemical
potentials of the agggated molecules to be lower than that of isolated unimers (i.e.,
p°y > u°n) and thatu®y decreases with increasimg However, the dependence of
pu°yon N is related to the geometry and shape of the aggregate. If it is assumed that
keT i s equal to the 6bondd energy bet wee
isolated unimers (wheld i s a const animonoreer and rmodomero mo n
solvent interactionsyhen, for a onalimensional aggregate (i.e., a chain), the total
interacton free energyNu°y for an aggregate made up Bf moleculescan be
described a&
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(1.17)

where N T 1) represents terminal unbound monomers at each end of the chain.
Equationl.17 canbe rearranged to be expressed irmteofp°y:

(1.18)

Here pu°p defines the bulk energy of a molecule in iafinite aggregate. Similar
calculations can be conducted for tdimensional structures (e.g., disc) and three
dimensional structures (e.gmicelles or spheres). In the case of the formers
proportional to the area of a discry) and the number of unbound molecules is
proportional to the circumference of the discrj2For threedimensional structures,

the number of bound molecules importional to the volume of a sphere (443)

and the number of unbound molecules is proportional to the area of a sphere

(4" r®).Thereforegquationl.18 can be generalised to give:

(1.19)

where P is depetent on the geometry of the aggregate. For example, in a three
dimensional structure P H#3. From equatiorl.19it is clear thaj.°y decreases with
increasing N, regardless of geometry. However, othmsirameters have to be
considered for seldissembly, sth as concentration. The concentration at which
aggregation first occurs is known as the critical aggregation concentration, which is
more commonly known as the critical micelle concentration (CMC). Typically,
micellisation occurs at low concentrations tlas entropic cost of forming an ordered
system is more favourable than unimer dissolution due to the hydrophobic effect.
Inspecting equationd.15, we cansee that this occurs a§ approaches exgjt°; -

u°y) / ksT], as Xy cannot exceed unity. Increasitige concentration of amphiphilic
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molecules in solution beyond this point, results in an increased concentration of
molecules within an aggregate, whereas the concentration of molecules in their

unimeric state remains relatively constant (Segire 1.11 beow).

CMC

Molecules in
aggregates

Aggregates

Molecules as
unimers

Concentration of Unimers and

Total Concentration

Figure 1.11 Graphical representation of the concentration of unimers and aggregates
against total concentration. The point at which unimers start to aggregate is known as
the critical micelle concentration (CM&.

1.6.3 The packing parameter

As dscussed above, amphiphilic molecules are capable of spontanesus self
assembly in aqueous solution (assuming the concentration of the amphiphilic
molecule is greater than its CMC). Up to this point, only spherical micelles have
been considered, but thrdenensional assemblies are not limited to this single
geometry (others include worms, vesicles, lamellae, etc.). The final morphology of
selfassemblies is related to the packing of the amphiphilic molecules. The two major
forces that govern sefssembly bsurfactants in aqueous solution are the repulsion

between neighbouring hydrophilic hegbups (caused by steric hindrance and
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preference for interaction with water), and the attraction of the hydrophobic chains at
the hydrocarbomvater interface (i.e.ppposing forces¥ Both of these interactions
have an effect on the surface area occupied per-dgreagh @). Typically, the
positive interfacial energy per unit areg, for a hydrocarbonvater interface is
approximately 50 mJ m(this value issensitie to the length othe hydrocarbon
chain). However,0 is likely to be lower for aggregated amphiphilic molecules
because of heagroup repulsion. Therefore the interfacial free energy of a molecule

in an aggregate can be written as:

(1.20)

Hiﬁ=|=$

where K is a constant. If it is assumed that the repulsive and attractive forces are
operating in the same plane, then the point minimum energy is givemn°ky da =

0. This expression gives the optimal hegdup areaa,. However, this is aather

crude approximation, as specific hegrdup interactions and the effect of interfacial
curvature onp°y are neglectedNevertheless, thisy value still provides useful
insights for the seldssembly of amphiphilic molecules. The geometry alsordipe

on the volume of the hydrocarbon chamand the maximum effective chain length

or critical chain lengthl., which gives the dimensionless packing parampt&T,

(1.21)

)
|
% WL
r

Figure 1.12 indicates how the packing parameter eifethe morphology of
the aggregates formed by an amphiphilic surfactant molecule. Some of the more
common geometries/morphologies are illustrated with their respective packing
parameters, including sphergs<1/3), cylindrical micelles or worms (wher81k p

< 1/2) and vesiclep( 1/2)%%%
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&
107-10% nm

- > > -

________________________________________________________________________________________________________

p = v/agl p<1/3 13<p<12i 12<p<1: p~1

aggregates sphere worm vesicle bilayer

Figure 1.12 Graphical illustration of the relationship between the packing parameter
p, and the morphologgidopted bysurfactant aggregatés.

1.6.4 Self-assembly of diblock copolymers

The spontaneous seiSsenbly of molecules is not limited to surfactants.
Since the advent of controlled/living polymerisation, a large variety ofdegihed
AB diblock copolymers have been prepared. Such diblock copolymers can self
assemble in the bulk (i.e., no solvent) omisolvent that is selective for one block.
First we shall consider the se@§sembly diblock copolymers in bukn AB diblock
copolymer comprisingwo distinctively different blocks can undergo microphase
separation below a specific temperature (knowrthasorderdisorder temperature)
into various morphologie¥:”’ It is essential that the A and B blocks are covalently
bound together; otherwise macrophase separation would be observed rather than
microphase separatioRor spontaneous se#fssembly to tak place the Gibbs energy
of mixing (@ Gix) Mmust bepostive, see equatiod.22 Diblock copolymer self
assembly in the bulk is driven by an unfavourable mixing enthajpiy.() with a

small mixing entropy Six)-

Yeiio Yeiis OV i (122)

The extent of microphasegaration for diblock copolymers in the solid state

depends on three factots(i) the volume fraction of the A and B blocks (denoted as
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fa andfg respectively, (ii) the total degree polymerisation of the diblock copolymer
(N) and (iii) the temperature gendent FloryHuggins parametercfg), which

describes thencompatibilityof components A and B and is given by:

B~ b by (123)

Herez is the number of nearest neighbours per moledgles the thermal energy
andUlg, Uha and(gs are the respective interaction energies between repeat units. From
equationl.23it is observedhat if the AB interaction energy is greater than the\A

and BB interactions [i.e.lhg > 1/2 Cha + (5)], thencag will be negative and mixing

is preferred. Therefore the-B interaction energy must be lower than that eAA

and BB (i.e., 6ag > 0) to drive microphase separation. The degree of microphase
separation of diblock copolymers is determined by the segregation p{eNidEor

lower 6N (often from increasing temperatiireahe compatibility between the two

blocks increases and mixing is preferred to microphase separation.

Several theories (e.g., s@bnsistent meafield) have been used to predict
the phase separation behaviour of blockatgmers in the bulk®*%* These are now
in good agreement with experimental findings (Begire 1.13).%#%%1%2 At high 6N
(6N > 100), segregation between blocks is sufficiently strong that the domains are
nearly pure. This is known as the strong segregation limit. In contras, <f 10,
segregation is incomplete and is close to the eddmrder transition. This is knaw
as the weak segregation limit. &N values above this critical value, oremder
transitions from bodgentred cubic spheres to hexagonglficked cylinders to
bicontinuous gyroid to lamellae are observed on increasing the volume fraction of
one blockup to 0.5 (se€igure 1.13).%°
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Disordered

Disordered

0 ! ! 1 ! 0 . ) L
0 0.2 0.4 0.6 0.8 1.0 0 0.2 0.4 0.6 0.8 1.0

A A

Figure 1.13 (a) Graphical illustrations of various morphologies of AB diblock
copolymer melts with an increasing volume fraction of componerfh)A \(Vhere S
and SO -aentredc bbdy spheres, C -paaket] cyCliadera,r e
G and G6 are gyroid and L is | amell ae.
copolymer meltslepending offix and the segregation produchj predicted by self
consistent meafield theory. (c) Experimental phase diagram constructed for
polyisopropengolystyrene diblock copolymers where polysiopropene is the A
block and PLrepresents perforated lamella phag¥??

The addition of a solv@ to a diblock copolymer increases the complexity of
its selfassembly behaviour, as interactions between polymer and solvent must now
be taken into accourt®*** Nevertheless, amphiphilic dibloasopolymers (i.e.,
where one block is hydrophilic aride other is hydrophobia)ndergo spontaneous

selfassembly in aqueous solution to form various morphold§ié®’ Such systems

can be viewed as being analogous to the small molecule surfactants discussed earlier.

Similarly, the packing parameter stilblals for diblock copolymers in a selective
solvent (seeFigure 1.14).*'° However, block copolymers typically exhibit much
lower CMCs compared to surfactants. For example, CMCs determined for
polystyrenepoly(acrylic acid) (PSPAA) diblock copolymers are gpoximately 56

orders of magnitude lower than that of SBS'? Furthermore, block copolymer
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aggregates are significantly more stable as the exchange between unimers and

aggregates is much slower than for surfactant aggregates.

Traditionally, diblock copolymer seHassembly is achieved by peost
polymerisation techniques such as direct dissolufidsplvent switching?*4
pH switchind*® or thin film rehydration****® Such processes are usually conducted
in dilute solutions (e.g., < 1 % w/w polymer). However, the recent development of
polymerisationinduced seHassembly (PISA) allows the direct preparation of many
complex copolymer morphologies in concentrated solution (> 10 % w/w copolymer).

This approach is discussed in detaiection1.7 below.

Spheres Worms Vesicles

Figure 1.14 Graphical illustration of how the dimensionless packing paramgtes,
related to the morphology of a diblock copolymer in selective solvent.

1.7 Polymerisation-Induced SelfAssembly (PISA)

Over the past 10 years, there has beenreasing interest in preparing self
assembled diblock copolymer naabjects in situ by utilising heterogeneous
polymerisation using PISA™ Typically, a soluble homopolymer is chaixtended

with a second monomer that, when polymerised, forms an irsotdseforming
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block, hence drivingn situ sel-assembly to form stericalstabilised nanoparticles
(seeFigure 1.15) . Pl SA enabl oot d6herdpaecrati oamnef
rather than the multiple steps normally required using -polgtmerisaion
processing. Furthermore, PISA has been successfully conducted at high copolymer
concentrations (> 30 % w/wj>*?? In principle, PISA can be conducted using any
living radical polymerisation techniqdé&*?**?® However, the majority of PISA
papers tilise RAFT polymerisation. Most relevant to the work described in this
thesis is PISAvia RAFT aqueous emulsion polymerisation (where the second
monomer is waterimmisciblg and PISA by RAFT aqueous dispersion
polymerisation (where the second monomewader-misciblg. These formulations

will be discussed in more detail ipections 1.7.1 and 1.7.2 respectively. It is
noteworthy that PISA is not limited to water; it has been reported for other polar
solvent$***3* (such as methanol and ethanol), spmfar solvents:***%¢ and more
recently ionic liquids®’. However, such PISA formulations are beyond the scope of

this thesis and will not be discussed further.

or

Soluble block
Soluble
macro-CTA

S

In situ self-
Monomer assembly

Insoluble block

Figure 1.15 Graphical representation of the situ formation of nanoparticles by
polymerisationinduced seHassembly (PISA). A soluble macf®TA is chain
extended in a suitable solvent with a monomer that when polymerised, becomes
insoluble. This drivesan situ selfassembly to form a wide range of sterically
stabilised nanmbjects (spheres, wornas vesicles).

1.7.1 PISA by RAFT aqueous emulsion polymerisation

Initial attempts to utilise RAFT chemistry sonventionalaqueous emulsion

polymerisation suffered from several problems, such as colloidal instability and poor
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molecular weight contrd®®'*® One possible explanation was suggested to be poor
transfer of the RAFT agent across the aqueous pffasmwkett and cavorkers
addressed these problems by ckaitending a short PAA macromolecular chain
transfer agent (mactGTA) by RAFT aqueous eatsion polymerisation (in the
absence of a surfactant) using a slow feed-bfityl acrylate (BA):** The diblock
copolymer seHassembledn situ to form naneobjects of 60 nm diameter, in a
surfactanifree technique now known as PISA. THF gel permeatlmomatography
(GPC) studies of this polymerisation indicated a linear evolution of molewelght

with conversion (see diamond data setFigure 1.16). However, as the reaction
proceeded some loss of control over the polymerisation was obséw#l, (>
1.40), with the appearance of a high molecular weight shoulder~{gaee 1.16).

The same group further developed this formulation by preparing ABC triblock

copolymer nanoparticles where the B and C blocks were either PS of*P&A.
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Figure 1.16 (a) THF GPC traces obtained during chain extension of a PAA macro
CTA with BA and (b) molecular weight (diamonds) and polydispersity (circles) data
versus polystyrene standards for the same RAFT polymerisation. Note that the solid
black line indicates theatieal molecular weight**

Since these initial reports, severher researclyroups have explored the
preparation of diblock copolymer nawbjects using PISA by RAFT aqueous
emulsion polymerisatiof/******" In particular, Charleux and eworkers have
worked extensively in this aré&>* Their first report in this field was the chain
extension of a protonatgubly(2-(diethylamino)ethyl methacrylate) (PDEA)acre
CTA (synthesised by RAFT solution polymerisation in ethanol) with styrene to
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prepare dilock copolymer spheré§! However, it was initially thought that the
amphiphilic block copolymers would stabilise conventional latex particles. Hence no
attention was paid to the polydispersity of the resulting copolymer. Following this
initial report, Clarleux et al prepared a PEO mae@TlA by esterification of a
monohydroxyl PEO with a carboxylic aefdnctionalised RAFT agent! This was
subsequently chaiextended with either styrene or BA by RAFT agueous emulsion
polymerisation to yield weltlefinedblock copolymersNl./M, & 1.20), which seH
assembled to form nanoparticles of up to 500 nm in diameter. Since then, the same
research team has have utilised several types of stabiliser blocks (e.g.,
methacrylate$?***° PEO**! acrylate$**!*® andacrylamide$™ and coreforming

blocks (e.g., styrent®43155153 a0y ated?6150151154 ang methacrylaté$!41%) to
prepare diblock copolymer natabjects byRAFT aqueous emulsion polymerisation.

By optimising reaction conditiongf was demorstrated that diblock copolymers
possessingnarrow molecular weight distributior(®1,/M, < 1.30) can be obtained

with high monomer conversior{s 95 %) Moreover, sequential monomaddition

enableghe onepot synthesis of diblock copolymeancobjecs inwater'4¢14®
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Figure 1.17 Evolution ofM,, and polydispersityNl./M, or PDI) during the synthesis
of: (a) PAAPBA™ and (b) P(PEOAstatHEAA)-PS° diblock copolymer spheres
prepared by PISAia RAFT aqueous emulsion polymerisation.

In closely relatedesearch, Riegest al. chainextended a PAA macitGTA

using BA by RAFT aqueous emulsion polymerisation to prepare high molecular

weight PAAPBA spheres using PISAMG & 100 kg mott by THF GPC)*™>®

However, these reactions were poorly controlled WM, values typically greater
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than 1.50 (sedrigure 1.17a). Similarly, Davis and cavorkers prepared high
molecular diblock copolymer spheredl(& 70 kg mot* by dimethyl acetamide
GPC) by PISA®® More specifically, a poly{-hydroxyethyl acrylamidejtat
poly((ethylene oxide) methyl ether acrylate) or P(PESQ2&HEAA) macreCTA

was chairextended with styrene using RAFT aqueous emulsion polymerisation. In
contrast to therevious example, these diblock copolymer chains possessed narrow
molecular weight distributionsM/M, & 1 . 2 OFigyre 1 .eMoreover, by
increasing the styrene concentration in the formulation, diblock copolymers with
molecular weights upto 1,000 kg rifolvere prepared possessing a relatively low
polydispersity of 1.39.

—
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Figure 1.18 (a) Linear relabnship between mean particle diameter and PBzMA DP
for a series of PGMA-PBzMA, spheresas measured by TEM and DLS. (b) Optical
microscopy images obtained for -mikwater emulsions formed using PGMA
PBzMA1oo spheres as Pickering emulsifiers. (c) ARMBiges of PGMA--PBzMA;00
nanoparticles adsorbed onto the surface of a micropatterened phenylboronic acid
functionalised silicon wafef:*

In related work, Cunningham and -emrkers prepared a series of
poly(gylcerol monomethacrylatg)oly(benzyl methacrgte) (PGMAPBzMA)
spheres by PISAia RAFT aqueous emulsion polymerisatitfh. The mean sphere
diameter increased monotonically from 20 to 200 nm when targeting higher PBzMA
DPs, as judged by dynamic light scattering (DLS) and transmission electron
microsopy (TEM) (sedrigure 1.181). Such nanopatrticles were also shown to act as
efficient oilin-water Pickering emulsifiers for several oils (sEgure 1.1&).
Furthermore, the cidiol moiety on the PGMA stabiliser enabled -ptbdulated
nanoparticle adsorptioto be demonstrated on a selectively patterned planar surface
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using boronic acid chemistry. This could be imaged using atomic force microscopy
(AFM) (see Figure 1.1&). Mor e recentl vy, D6Agost o uti
functionalised trithiocarbonate CTA tprepare a PAA mactGTA by RAFT

solution polymerisation in dioxarfé’ This was then chaiextended with styrene by

RAFT aqueous emulsion polymerisation to form alkoxyarteeorated spherical

latexes.

@ P(MAA-co-PEOMA)-b-PS
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e PO S—
'2_15 S it i T 93-9 -----
2 E :
E12 Jr.-.-ouﬂ -------
% : :
8 grdesavadhaiazan Lozl @ sphere
g ® =k = O ~fiber
£ | i Ovesicle
S8 T T T
50 150 250 350 450 550
DP.stvrene
(b) Increasing hydrophobicblock molar mass

or
Decreasing hydrophilic block molar mass

Figure 1.19 (a) Preditive phase diagram fathe RSA synthesis ofP(MAA-co-
PEOMA)PS diblock copolymer narobjects via RAFT aqueous emulsion
polymerisation, where the molar mass of the stabiliser andfeoreng blocks are
systematically varied. (b) TEM images of P(MA&A0-PEOMA)PS diblock
copolymer speres, worms and vesicl&s.

Unlike conventional emulsion polymerisation, RAFT aqueous emulsion
polymerisation enables the preparation of-catbed higher order copolymer
morphologies such as worms (or fibers) and vesiéfés>>31°® For example,
Chaleux and ceworkers reported that spheres, worms or vesicles could be prepared
when styrene was polymerised in the presence of a hydrophilic poly(methacrylic
acid-co-poly(ethylene oxide) methyl ether methacrylate) or P(MeAPEOMA)
macroCTA.**’ By increasing the molar mass/DP of the hydrophobic block (PS) or
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reducing the molar mass/DP of the hydrophilic block resulted in the formation of
higher order morphologies (sdéigure 1.19). However, most RAFT aqueous
emulsion  polymerisation  formulations vyield gnl kinetically trapped
sphereg?1146148150154157 This nroblem is still not fully understood. Conversely,
PISA by RAFTaqueous dispersiopolymerisation is a much more reliable method
for the synthesis of higher order morphologies, which is discussestiion1.7.2

1.7.2 PISA by RAFT aqueous dispersion polymerisation

As previously discussed above, RAFT aquedispersionpolymerisations
comprise initially homogeneous solutions, since the m&qdrd, monomer (and
initiator) are all watesoluble. Howeer, the monomer polymerises to form a water
insoluble polymer and, at a critical point during the reaction, the diblock copolymer
undergoes selissembly. The soluble block acts as a steric stabiliser and prevents
macroscopic precipitation. In practiseyoa very few monomers fulfil the criterion
for aqueous dispersion polymerisation, some of which will discussed below.

Recently there have beemvo excellent review articles in this ar&&*>°

The first example of RAFT aqueous dispersion polymerisatas conducted
in 2007 by Hawker and eworkers’® A poly(N,NNjlimethylacrylamide)
(PDMAAM) macro-CTA was chairextended withN-isopropylacrylamide (NIPAM)
to prepare spherical nanoparticles at 70 °C [&gere 1.20). However, when these
particles were @oled to room temperature dissolution took place. This is because the
PNPAM core possesses a lower critical solution temperature (LCST) of 32 °C.
Therefore these particles were crisked using bisacrylamide to prepare nanogels,
which are colloidally stale at room temperature. Furthermore, zeta potential
measurements indicated that the nabgects exhibited anionic charge due to the
carboxylic acid functional CTA employed for the RAFT synthesis. Similarly,
Charleux et al. prepared thermoesponsive midkes by polymerising N,N-
diethylacrylamide (DEAAM)in the presence of a PEO ma&dA.***%? Again,
addition of a bisacrylamide cre$isker was required to produce colloidally stable
particles at room temperature, as the PDEAAM <dorming block exhibiéd an

LCST of approximately 32 °C.
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Figure 1.20 Schematic representation of the chaxtension of a PDMAAM macro

CTA with NIPAM by RAFT aqueous dispersion polymerisation, and the subsequent

crosslinking to obtain spherical narabjects™®°

An et al. have published several PISAtudies usingRAFT aqueous
dispersion polymerisatiotf>'®*'%®® For example, a PE®ased macrCTA was
chainextendedwith a mixture of di(ethylene glycol) methyl ether methacrylate
(MEO;MA), PEOMA andpoly(ethylene glycol) diméiacrylate (PEGDMA cross
linker to produce nanogels in wateFigure 1.21).*°% It was also demonstrated that
the nanogel dimensions could be reduced by either increasing stabiliser block DP,
lowering the cordorming block DP or reducing the solids concation.
Furthermore, such nanoparticles demonstrated excellent biocompatibility owing to
their high ethylene glycol content.

PEOMA MEO,MA PEGDMA

PEG-based #
Macro-CTA ~ —X =0 \_
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Figure 1.21 Schematic illustration of the statistical copolymerisation of a P&&ed
macreCTA with PEOMA, MEQMA and PEGDMA usig a RAFT aqueous
dispersion polymerisation formulatidff
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An and ceworkers also synthesised diblock copolymer spheres by
copolymerising a PPEOMA mac®OTA with 2-methoxyethyl acrylate (MEApy
RAFT aqueous dispersion polymerisatféhSuch nanopartiels could be prepared at
high solid concentrations (up to 32 % w/v) and possessed relatively narrow size
distributions, as judged by DLS. Very recently, the team prepared Nobky(
dimethylacrylamide)poly(diacetone acrylamide (PDMAAM-PDAAM) diblock
copolyners using RAFT aqueous dispersion polymerisation a201@ solids-®
Such copolymers possessed narrow molecular weight distribuNgyib{ typically
lower than 1.20) and sedfssembled to form either spheres or vesicles depending on
the DP of the coréorming block DP [igure 1.22). Moreover, the ketone group on

the PDAAM block enabled the particle cores to be functionalised.
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Figure 1.22 (a) Schematic illustration of the chain extension of a PDMAAM macro
CTA with DAAM by PISA via RAFT aqueous dispersiopolymerisation. TEM
images obtained for (b) PDMAAM-PDAAM 1o spheres and (c) PDMAAM
PDAAM ;o0 Vesides'®®

Armes and caworkers have worked extensivetyy PISA synthesesver the

past 6years or sd°®*"’ Their first example washe chainextension 6a PGMAgs
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macroeCTA with varying amounts of HPMA by PIS#ia RAFT aqueous dispersion
polymerisation at 70 °C ant0 % w/w solids (Figure 1.23).}°® According to DLS
studies, the particle diameter increased when targeting longer PHPMAoomiag

block DPs Furthermore, synthesis oP&GMAgs-PHPMAgq, diblock copolymer at 20

% w/w solids led to the formation of polydisperse vesicles, rather than spheres.
However, relatively large amounts of unreacted m&Ffé were observed by DMF
GPC, and high polydispergs were obtained My/M, > 1.50) due to high

dimethacrylate impurities in the HPMA monomer.

X =30
5 - - i
(o]
(0] X o o
HO + 65
HO —)
HO
Poly(glycerol 2-Hydroxypropyl B
monomethacrylate) methacrylate X=100
(PGMA) (HPMA) X
RAFT macro CTA i l i
X =300

Figure 1.23 Schematic representation of the chain extension of a PGMA raacho
via RAFT aqueous dispersion polymerisation of HPMA to form sph&fes.

Monitoring the formation of PGM#Ay-PHPM~Axq diblock copolymer vesicles
by *H NMR and TEM led to some rather fascinating insights regarding the PISA
mechanisnt®” Firstly, a significant increase in the rate of polymerisation was
observed byH NMR at the same time puti corresponding to micellar nucleation, as
judged by TEM Figure 1.24a). It was suggested that unreacted HPMA monomer
migrates into the core of the nascent growing particles, increasing the local
concentration and thus the rate of polymerisation. As HRNPA block continued to

grow, the copolymer morphology changed from spheres to worms to branched
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wor ms to O6jell yfi shdigueenl@sb).fTihia anbrphglogyt o v e

evolution can be rationalised in terms of the packing parameter, because the PHPMA
block DP increases during the polymerisation while the PGMA DP remains constant.

Therefore the packing parameter gradually increases as the polymerisation proceeds.
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Figure 1.24 (a) *H NMR kinetics of the chain extension of a PGMAnacroCTA

with 200 unts of HPMA by RAFT aqueous dispersion polymerisation. The kinetic
datacomprise five distinctegimes where M represents molecularly dissolved chains,

S represents spheres, W represents worms, BW represents branches worms, J
represents jellyfish and V regsents vesicles. The inset sdogarithmic plot
indicates the change in rate during the reaction. (b) TEM images obtained during the
synthesis of PGMA-PHPMAxy, diblock copolymers illustrating the morphology
transition from worms to vesiclé8’
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Detailed phase diagrams have been constructed by -eksending three
different PGMA macreCTA DPs, with differing target PHPMA DPs and variable
copolymer concentratiort§® Post mortem TEM analysis was used to assign the final
morphology for each formulations€e Figure 1.25a-c). The final morphology
depended on three factors: (i) the DP of the PGMA stabiliser block, (ii) the DP of the
PHPMA coreforming block and (iii) the overall concentration. By fixing the overall
copolymer concentration at 20 % w/w solids,master phasdiagram has been
constructed that allows for the reproducible synthesis of a desired morphology
(Figure 1.25d)."® It is noteworthy thatvhen the PGMA bloclDP is approximately
40-60, there is esseniig no concentration dependence for tlepolymer

morphology.
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Figure 1.25 Phase diagrams constructed for PGIRAPMA diblock copolymers at
various copolymer concentrations and PHPMA DPs when the PGMA #iachko

DP is (a) 47, (b) 78 and (c) 112. (d) A master phase diagram of PGMA DP versus
PHPMA DP at a fixed copolymer concentration of 20 % w/w sotf§s’
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Since the first report by Li and Armes, the PGNAPMA formulation has
been optimised, leading to relatively narrow molecwarght distributions i,./M,
< 1.20) and high blocking efficieies'®® This was developed further by Ratclifé
al. to produce a convenient opet formulation:®® More specifically, glycidyl
methacrylate (GlyMA), a cheap watienmiscible monomer, was converted to the
expensive speciality monomer GMA by an epoxitg-opening reaction conducted
in water’®® This GMA was subsequently polymerised in the presence of a RAFT
agent to prepare a PGMA madBd A, which was then chaiaxtended with HPMA

to form either spheres, worms or vesicles, depending on the target®&tAPBIP.

PMPC PEO PCySMA PSBMA
n o)
o 0
ol OH A
) & 4
o _0 NH o]
0%=0 ot e o 2
(o] © -
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Figure 1.26 Chemical structures for various steric stabiliser blocks used by Armes
and ceworkers in the chain extension of HPMA by RAFT aqueous dispersion
polymerisatior’®17®

Hs

More recently, Armes and eworkers have reported the chain extensod
several other watesoluble macreCTAs (seeFigure 1.26) with HPMA to prepare
various copolymer morphologies. These includeoly(2-(methacryloyloxy)
ethylphosphorylcholine) (PMPEJ® PEO!"* poly(L-cysteinebased methacrylate)
(PCysMA)}"? poly(2-(methacryloyloxy)ethyl dimethy{3-sulfopropyl) ammonium
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hydroxide) (PSBMA)'". Furthermore, the same team has also investigated block
copolymerising HPMA with binary mixtures 8 GMA andother macreCTAs (such

as poly(galactose methacrylate) (PGalSM&)pay(quaternized Zdimethylamino)

ethyl methacrylate) (PQDMAY or poly(2aminoethyl methacrylate) (PAMAY) to
prepare spheres, worms or vesicles. In the case of polyelectrolyte stabilisers, it is
usually necessary to add a Aonic macreCTA to the fomulation in order to obtain
higher order morphologies. Otherwise, the morphology is limited to spherical
nanoparticles due to strong lateral electrostatic repulsion between the adjacent

stabiliser blocks in the coronal laygf.

More recently, Sumerliret al. were also able to prepare spheres, worms or
vesicles by chakextending a PDMAAMPAA-based macr€TA with NIPAM.™®
However, like early research in this field, these nrabcts had to be crodisked
to obtain colloidally stable nanoparticles atmotemperature. In this case a diamine
is reacted with the carboxylic acid from the AA residues in the presence of a
carbodiimide. Sugihara and -wmrkers were able to prepare various PHBA
diblock copolymer nanobjects by PISA via RAFT aqueous dispersio
polymerisation?® Cai and ceworkers reported the chain extension of a water
soluble poly(2hydroxypropyl methacrylamide) (PHPMAM) mae@lA with
DAAM and a small amount of AMA comonomer to form sphéfésThe NH;'
groups on the AMA units in the coferming block were reacted with pyridi2e6-

dicarboxaldehyde, which enabled coordination to zinc(ll).
1.8 Thesis Outline

This thesis focuses on the preparation of wlefined stimuliresponsive
PGMA-PHPMA based diblock copolymer nanbjects by PISAria RAFT aqueous
dispersion polymerisation. Chapter 2 describes the synthesis otgpdnsive
PGMA-PHPMA worm gels by utilising an acidinctionalised RAFT agent.
lonisation of the terminal carboxylic acid egtbup, derived from the CTA, induces
a wormto-sphere ordeforder transition and hence degelation. In Chapter 3, this
approach is extended to prepare a series of PGMRMA vesicles possessing a
terminal carboxylic acid on each PGMA stabiliser block. The effect of the PHPMA
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coreforming block DP on the f-responsive nature of these vesicular particles is
explored. Furthermoretheir thermeresponsive andiencedual stimuliresponsive
(i.,e., pH and temperature) behaviour akso investigated. In Chapter 4 varying
amounts of Zliisopropylaminoethyl methadgte (DPA) are statistically
copolymerised with HPMA to yield three series of PGIRAHPMA-DPA) diblock
copolymer worms, vesicles and spheres. Unlike in Chapters 2 and 3, the pH
responsive moiety isow located withirthe corerather than at the peripheoy the
nancaobjects. Similarly, the pHesponsive nature of theeangarticles is explored.
Finally, in Chapter 5 anisotropic worms prepared by PISA canelently cross
linked via postpolymerisation reaction with -8minopropyl triethoxysilane
(APTES). Here, a PGMA mao-CTA is chairextendedwith varying amounts of
HPMA and GIyMA to prepare a series of worms. The epoxide groups on the GlyMA
react with ATPES, which crodmks the worm cores by hydrolysondensation
reactions. Their rheological propesi and resistance to ionic surfactant or methanol

are investigated before and after worm ciiagdsng.
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2.1 Introduction

There has been substantial and sustained interest in the field of stimulus
responsiveor secalled smarpolymers over the last twdecades.” Thermaf* and
pH*® stimuli have been particularly well studiddr watersoluble polymers, which
can be exploited for various biological applicatiéri$For example pH-responsive
polymershave been extensively studied in the context oteatreatment since the
extracellular pHwithin the local environmenbf tumours iswell known to be
acidic'>'® Thus in principlethe delivery andelease of an activimgredientcan be

achieved by encapsulati within a suitable polymeric narabject!’*®

Perhaps one of the most widely dittd thermeresponsive polymerss
poly(N-isopropylacrylamide) (PNIPAM) PNIPAM undergoes a ceiib-globule
transitionin aqueous solution, withhase separatiarccurringabove 32 °Cwhich is
known as the lower ciital solution temperature (LCS1J Suchthermaltransitions
are typicallydriven by entropy, which malkemixing unfavourable above certain
temperaturesThe LCST of PNIPAM is potentialy useful for various biological
applications such as controlled rels&’, biomolecule purificatiott and tissue
engineering® Other examples ofwatersoluble polymers that exhibit LCST
behaviourinclude poly(N,N-diethylacrylamide¥> poly(ethyleneoxide),?* poly(vinyl
methyl etherf®> poly(N-ethylacylamide)®® poly(2-hydroxypropyl —acrylaty
(PHPA)Y? poly(N-vinylcaprolactamf’ and poly(2hydroxyethyl methacrylate)
(PHEMA).?® The LCST behaviour of such polymezan be tunedby incorporating
suitable comonomer($$?° However, addition of hydrophilic or hydrophobic enrd
groupscan also caussignificantvariationsin the LCST***For exampl e, St
group reportedhatthe LCSTof PNIPAM homopolymers, prepared by atom transfer
radical polymerisation (ATRP)an be tunedrom 45 to 3 °C depending on the
nature of the efrgroup of the initiator chosefsuch as NH. or i NHPh)3! However,
there have been relatively felterature examples of engroup chemistrythat are
able to induceor facilitatean orderorder or ordedisorder transitionGibsonet al.
utilised pyridyl disulfide linkages so as to introduce hydrophilic -gndups in order
to raise the LCST of PNIPAM. This strategy enabled atoeglobule transition to

be achieved at constant temperatuig selective cleavage of the hydrophilic end
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group using glutathive®* O6 Re i | | yworkens disedc @ quaternary amine
functionalsed reversible additicfragmentation transfer (RAFT) chain transfer agent
(CTA) to prepare a PNIPANbased diblock copolymer, which salésembled to
form spheres at room temperatdteHowewer, heating above the LCST of the
PNIPAM stabilser altered the packing parametéithe copolymefseeFigure 2.1).
This induced a morphological sphei@vesicle transition(rather than macroscopic
precipitatior) becausdéhe cationic charge conferred bye CTAderived enegroup
located on the PNIPAM chas ensured colloidal stabilif{f

Responsive
Charged Hydrophilic homopolymer Charged Hydrophilic
‘Head Group' 'Head Group'

= —

@ . g ~ Stimulus

Pt Pt

Hydrophilic Hydrophobic Hydrophobic Hydrophobic

Figure 2.1 Schematic illustration of thehange in water solubilitpf a PNIPAM
based block copolymemduced on heating. This leads to a vestolsphere
transformaon.>*

Recently, Du and cavorkers reported that a terminal alkynyl egrdup was
capable of driving the sedssembly of hydrophilic PNIPM and
poly[oligo(ethylene glycol) methacrylate] homopolymers to form various
morphologies in aqueous solutidhWarr et al used a carboxylic aciflinctionalised
CTA with a hydrophobidodecylchain to prepare a series of PNIPAM oligomers,
which selfassembld in water to form micelle¥? The LCST of sucholigomess
variedfrom 7 °C to 33 °Con increasing the chain lerfgtof PNIPAM. However,
ionising the carboxylic acidndgroupcompletely suppresdehe LCST behaviour in

all casesSimilarly, Weaver and cworkers prepared a series of neawnodisperse
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PHEMA homopolymersby ATRP, and demonstratedCST behaviour in aques
solutions at pH 6.Within a narrommeandegree of polymerisatiod@) range of 30

to 458 In contrast, PHEMA homopolymers with chain lengths larger #uonits
were water insoluble. However, lowering the pH of the solution to 2.2 dramatically
increassed their water solubility. This was attributed to the morphoéindgroup
derived from the ATRP initiataused in their synthesis, which becomes protonated at
low pH andso enhancesvater solubility.In related work, Vcet al reported that the
water solibility of PHPA homopolymers prepared by RAFT polymerisatiepend

on the solution pHwhen using acarboxylic acidfunctionalised CTA®
Biocompatible nanoparticles that undergo either oeodder or ordedisorder
morphology transitions upon exposure &o physiologicallyrelevant or applied

stimulus are of particular interest for potential drug delivery applicafifiis.

In 2010 Armes and ceworkers prepared a series of sterically stabilised
nanoparticles by polymerisationduced seHassembly (PISAJ® More specifically,
a watersoluble poly(glycerol monomethacrylate) (PGMA) madetd@A was chain
extended via RAFT aqueous dispersion polymerisatioof 2-hydroxypropyl
methacrylate (HPMAgat 10 % w/wsolids to producea series of spheres withean
diametes ranging from26 nm to 105 nmThe same group reported that worms and
vesicles could also breproduciblypreparedising the same PISA formulatih

In the case of pure womnsoft free-standing gels are obtaineat room
temperaturadue tomultiple interrworm contacts. However, upon cooling to 5 °C a
worm-to-sphere ordeorder transition is observed by transmission electron
microscopy (TEM). This resultsn a loss of interworm contacts anchence
degelation(seeFigure 2.2).**** Blanazs and cavorkersused variable temperature
'H NMR spectroscopy to show that the PHPMA efmening block became
significantly more hydrated on cooling; this is consistent with surface plasticisation
of the PGMAPHPMA worm cores, which leads to a reduction in the packing
parameter and hence accounts for the observed wosphere transibn.***> This
transition is fully reversible and enables sterilisation of the worms by wdtia
filtration as the spheres are smalpproximately50 nm), whereas bacteria cells are
muchlarger (typically > 500 nmj?
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Figure 2.2 TEM and digital imageénset)obtained for a gel at 21 °C. Upon cooling
to 4 °C these particles degel and TEM confirms a warsphere transitiofi®

Following this Verber and cavorkers extensively analysed series of
PGMAs;PHPMA diblock copolymerworms using oscillatory rheologff. An
i ncrease i n sta gehglifnesanasdhsérveds the BHHPMA DP
was increased from 130 to 1{EeFigure 2.39. It is noteworthy that increasing the
PHPMA black lengthbeyond 170results in the formation ofurbid freeflowing
vesicles All these worm gels exhibited thermallyduced degelation on cooling to 5
°C as discussed above. However, the temperdtiseoccurred, known as the critical
gelation temperate (CGT), reduced withigher PHPMA DPs (seeFigure 2.3h).
This isbecausdonger, more hydrophobic PHPMA blackequirea greater degree of
surface plasticisation to induce a morphological trans{toa degelation)

(a) 1000 e e (b) 2 . . :
T : - 204 - 4
Spheres! Worms = Vesicles| O 4sl 1
[y} $ [ o
o ! WG w 16- .
- | . ; E .
ED 100_ : " L} : E 14- .l
a ! [l aQ 12 | | -
- ' ' L]
= ; ™ - £ 101 ]
E ' : ] L]
;- i - B8 . .
10 : i 5 ]
110 120 130 140 150 160 170 180 190 130 140 150 160 170
PHPMA DP PHPMA DP

Figure 2.3 Variation of (a) G6 2& tCand (b) the CGT foa series of PGM&-
PHPMA diblock copolymer worms measurasing oscillatory rheolog$?
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In this Chapterwe report thathese predominatelyonionic PGMA-PHPMA
diblock copolymer worms can also unexpectedly exhpbitresponsivecharacter
when prepared with a carboxylic adighctionalised CTA In contrast, preparing
diblock copolymers with manalogous noionic (ester)CTA vyields pHinsersitive
worms Furthermore, fluorescenthabelled pH and temperatureesponsive worms
are pepared by a pogiolymerisation modification. This stimelesponsive nature is

monitored using fluorescence correlation spectros¢bE\s)

2.2 Experimental Section

2.2.1 Materials

Glycerol monomethacrylate (GMA; 99%) was donated by GEO Specialty
Chemicals (Hythe, UK) and used without further purificationHyroxypropyl
methacrylate (HPMA), 4@azobis(4cyanopentanoic acid) (ACVA; 9%), 4-cyanc
4-(phenylcarbonothioylthio)  pentanoic acid (CPADB),2-cyana2-propyl
dithiobenzoate (CPDB), dicyclohexycarbodiimide (DCC), 4-(dimethylamino)
pyridine (DMAP), ethanol (996, anhydrous grade), ethyl acetate, petroleum ether,
methanal dichloromethaneand deuterated methanaiere purchased from Sigma
Aldrich (UK) and were used as received. Allvamts were ® HPLC quality. 4
cyano4-(2-phenylethanesulfanylthiocarbomdylfanylpentanoic acid (PETTC) was

prepared and purified as reported elsewAere.

2.2.2 Synthesis of poly(glycerol monomethacrylate) (HOOE&PGMA s56) macro-
CTA using PETTC

GMA (10.0 g, 62.4 mmol)PETTC RAFT agent (0.303 g, 0.892 mmol; target
DP = 70), and ACVA (0.050 g, 0.18 mmol; PETTRCVA molar ratio = 5.0) were
weighed into a 100 ml rourdottomed flask. Anhydrous ethanol (previously purged
with nitrogen for 1 h) wasthenadded to produce @446 w/w solution. The mixture

was placed in an ice bath and purged under nitrogea fimther45 min at 0 °C. The
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sealed flask was immersed in an oil bath set at 70 °C and stirred for 2 h. The
polymerisation was then quenched at approximately %8 convesion by
simultaneous exposure to air atwbling to room temperature. Methanol (10 ml) was
added to dilute the reaction solution, followed by precipitation into -dolenexcess

of dichloromethane in order to remove unreacted GMA monoRWBFT agent and
initiator. The precipitate was isolatedia filtration and washed with excess
dichloromethane before being dissolved in methanol (40Thik process was then
repeated and the precipitate vilasn dissolved in water and freedeed overnight to
afford a ellow solid.*H NMR studies indicated BP of 56 via end-group analysis

(by comparing aromatic peaks from the RAFT agent at 7.2 ppm to the polymer
backbonesignals between 0.5 to 2.5 ppmPMF GPC studies (refractive index
detector; calibrated against aiss of neairmonodisperse poly(methyl methacrylate)
standards) indicated a, of 14,100g mol* and anM,/M, of 1.17.*H NMR (400

MHz, CD;:OD, 25 AQp4 (b, BH,-OH,CR(CH3)-), 1.78-2.30 (b, 1.9H, -
CH,CR(CHy)-), 3.57-382 (b, 2H, -CH,OH), 382-4.24 (b, 33H, -
COQCH,CH(OH)-).

2.2.3 Synthesis of HOOGPGMA 56-PHPMA 155 diblock copolymer wormsvia
RAFT aqueous dispersiorpolymerisation

A typical protocol for the chain extension of HO®GMAss macreCTA
with 155 units of HPMAvia RAFT aqueous dispersigolymerisations as follows:
PGMAss macreCTA (0.208 g, 0.022 mmol), HPMA monomer (0.50 g, 3.4 mmol)
ACVA (2.1 mg, 0.0 mmol; HOOGPGMAss macreCTA:ACVA molar ratio =
3.0) were added to a 25 ml rouhdttomed flask, prior to addition of water to
produce a 1® w/w solution. The reaction solution was purged under nitrogen for
30 min at 20 °C prior to immersion into an oil bath set at 70 t@.r€action mixture
was stirred for 4 h to ensure almost complete conversion of the HPMA mofmmer
99 % as judged by disappearance of vinyl pestkapproximately 6.0 pproy *H
NMR analysi3, and was quenched ®ymultaneousexposure to aiandcooling to
ambient temperature. The resulting worm gel was charsateby DLS, TEM and
rheology without further purificatiorDMF GPC studies indicated &, of 36,600 g
mol* and anMy/M, of 1.08.'H NMR (400 MHz, CROD, 25 A€)9(b, i O.
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3H, -CH3 on polymer backbone), 1.1836 (b, 2.4H-CH3 in PHPMA), 1.542.23
(b, 2H,-CH,- on polymer backbone), 3.8872 (b, 0.81, -CH,OH in PGMA andi
CH(OH)- in PHPMA), 3.724.21 (b, 2.8Hremainingpendent ptonsin PGMA and
PHPMA).

2.2.4 Methylation of PETTC chain transfer agent

PETTC (0.20 g, 0.59 mmol) was dissolved in anhydrous dichloromethane
(2.50 ml) in a 10 ml rounthottomed flask, which was cooled in an ice bath to 0 °C.
DMAP (0.014 g, 0.12 mmol) and excess anhydrmethanol (0.10 g) were added to
the stirred solution & °C. DCC (0.14 g, 0.66 mmol) was added gradually over 5
min. This reaction mixture was allowed to warm up to 20 °C and stirred continuously
for 16 h prior to filtration to remove the insoluble spl®duct (dicyclohexyl urea).
The filtrate was then washed twice with acidic water (pH 3) anmbrmsed water
(pH 6) before being dried over magnesiumpsate. Finally, dichloromethane was
removed under vacuum to produce an orangétiNMR (400 MHz, CD;OD, 25
°C): ad 1. 8&N)CHs), 2.382H0Q (m, 4H, -CH,CH,-), 2.8-3.05(m, 2H, -
CH,CH,Ph), 361-3.68 (m, 2H, -CH,CH,Ph), 3.72(s, 3H, -COOCH3), 7.207.36 (m,
5H, -CH,CH,Ph). Elemental analysis calculated fogg8:sNO,S;: C, 54.36 %; H,
5.42 %; N, 3.96 %; S, 271 %. Found: C, 54.32 %; H, 5.47 %; N, 4.19 %; S, 25.01
%. TOF MS ES m/z = 354 (MH+)

2.2.5 Synthesis of poly(glycerol monomethacrylate) ((ECOOC-PGMA so)
macro-CTA using Me-PETTC

GMA (4.00 g, 25.0 mmol), M&@ETTC RAFT agent (0.126 g, 0.36 mmol,
target DP= 70), and ACVA (0.020 g, 0.070 mmol; MEETTCACVA molar ratio =
5.0) were weighed into a 25 ml roubdttomed flask. Anhydrous ethanol
(previously purged with nitrogen for 1 h) wHdsenadded to produce a 46 w/w
solution, which was placed in an ice iband purged under nitrogen for 45 min at O
°C. The sealed flask was immersed in an oil bath set at 70 °C and stirred for 2 h. The
polymersation was then quenched at approximately 72 % conversion by

simultaneousexposure to aiand cooling to room tempetare. Methanol (5.0 ml)
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was added to dilute the reaction solution, followed by precipitation into-tole&n
excess of dichloromethane in order to remove unreacted GMA MmonGAET
agent and initiatorThe precipitate was isolateh filtration and washe with excess
dichloromethane before being dissolved in methanol (20 Wi)s process was
repeated and the precipitat@s then dissolved in water and freezeed overnight to
afford a yellow solid'H NMR studies indicated BP of 59 via end-group analgis

(by comparing aromatic peaks from the RAFT agent at 7.2 ppm to the polymer
backbonesignalsbetween 0.5 to 2.5 ppmPMF GPC studiesndicated anM, of
15,600g mol* and anM,/M, of 1.20.*H NMR (400 MHz, CROD, 25 A-C) :
1.24 (b, 3H-CH,CR(CH3)-), 1.762.27 (b, 2H-CH,CR(CH)-), 3.533.83 (b, 2.1H,
-CH,0H), 383-4.22 (b, 3.4H;COOCH,CH(OH)-).

2.2.6 Synthesis of HCOOC-PGMA 5¢-PHPMA 150 diblock copolymer worms
via RAFT aqueous dispersiorpolymerisation

A typical protocol for the chain extension ofGDOGPGMAss macreCTA
with 160 units of HPMAvia RAFT aqueous dispersigolymerisations as follows:
H3COOGPGMAsg macreCTA (0.167 g, 0.017 mmol), HPMA monomer (0.40 g,
2.8 mmol) ACVA (1.6 mg, 0.006 mmoKH;COOGPGMAsy macreCTA:ACVA
molar ratio = 3.0) were added to a 25 ml rotnadtomed flask, prior to addition of
water to produce a 1@ w/w solution. The reaction solution was purged under
nitrogen for 30 min at 20 °C prior to immersion into an oil bathase’O °C. The
reaction mixture was stirred for 4 h to ensure almost complete conversion of the
HPMA monomer (> 99 % as judged by disappearance of vinyl peaks
approximately 6.0 ppnby ‘H NMR analysi$, and was quenched ksimultaneous
exposure to aiand cooling to ambient temperature. The resulting worm gel was
charactesed by DLS, TEM and rheology without further purificatiddMF GPC
studies indicated al, of 35,000 g mét and arM,/M,, of 1.08."H NMR (400 MHz,
CD:OD, 25 Adapya (b, BH,-CH3; & polymer backbone), 1.2035 (b,
2.6H, -CH3zin PHPMA), 1.802.27 (b, 1.H, -CH»- on polymer backbone}.52-3.67
(b, 0.8H, -CH,OH in PGMA and i CH(OH)- in PHPMA), 3.73-4.20 (b, 2.8H,
remainingpendent potors in PGMA andPHPMA).
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2.2.7 Synthesis of poly(glycerol monomethacrylate) (HOOE&P GMA g0) macro-
CTA using CPADB

GMA monomer 88.44 g,0.24 mo), CPADB RAFT agent0.96 g, 3.43
mmol, target DP = 70) and anhydrous etha®@.4 g, 1.28 mQlwere added to a
roundbottomedflask. To this, ACVA initiator Q.19 g,0.69 mmol,CPADB:ACVA
molar ratio = 5.0) was added and the resulting pink solution was purged widin N
20 min before the sealed flask was immersed into an oil bath set at 70 °C. After 2.5
h the polymerisation weaquenched by immersion of the flask in an ice bath and
opening it to air."H NMR indicated a conversion of 75 %. The polymerisation
solution was then precipitated into a4fefd excess of chloroform and washed three
times in the precipitation solvent loeé being placed under high vacuum for three
days at 40 °C. fis purified PGMA macreCTA was calculated to have a DP of 60
by '"H NMR analysis DMF GPCanalysis indicated aM, of 17,000 g mot and
Mw/M, of 1.08.'H NMR (400 MHz, CROD, 25 AGL26 (b,ui3H,0. 76
CH,CR(CH3)-), 1.792.25 (b, 2H,-CH,CR(CHy)-), 3.553.82 (b, 2H, -CH,0H),
3.82-4.23(b, 3.H, -COCCH,CH(OH)-).

2.2.8 Synthesis of HOOGPGMA g-PHPMA 175 diblock copolymer wormsvia
RAFT aqueous dispersion polymerisation

A typical protocol for the chain extension of HOGRGMAg, macreCTA
with 175 units of HPMAvia RAFT aqueous dispersion polymerisation is as follows:
PGMAso macreCTA (0.157 g, 0.05 mmol), HPMA monaner (0.40 g, 2.8 mmol)
ACVA (1.5 mg, 0.0 mmol; HOOGPGMAgy macro-CTA:ACVA molar ratio =
3.0) were added to a 25 ml rouhdttomed flask, prior to addition of water to
produce a 1® w/w solution. The reaction solution was purged under nitrogen for
30 min at 20 °C prior to immersion into an oil bath set at 70 °Crd@deaion mixture
was stirred for 4 h to ensure almost complete conversion of the HPMA monomer (>
99 % as judged by disappearance of vinyl peakapproximately 6.0 pproy *H
NMR analysis) and was quenched ®ymultaneousexposure to aiandcooling to
ambient temperature. The resulting worm gel was charaeteby DLS, TEM and
rheology without further purificatiorDMF GPC studies indicated &, of 46,900 g
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mol* and anMy/M, of 1.13.*"H NMR (400 MHz, CROD, 25 A0 (b, U O.
3H, -CH3 on polymer backbone), 1.2034 (b, 2.4H-CH3 in PHPMA), 1.722.30

(b, 1.8H,-CH- on polymer backbone), 3.58872 (b, 0.7H;CH,OH in PGMA andi

CH(OH)- in PHPMA), 3.734.20 (b, 22H, remainingpendent ptons in PGMA and
PHPMA).

2.2.9 Synthesis of poly(glycerol monomethacrylate)Me-PGMA 57) macro-CTA
using CPDB

GMA (40.0 g, 250 mmol), CPDB (1.105 g, 5.0 mmol; target DP = 50), and
ACVA (0.280 g, 1.00 mmolCPDBACVA molar ratio = 5.0) were weighed into a
250 mL rounébottomed flask. Anhydrous ethanol (previously purged with nitrogen
for 1 h) was then added to produce a 40 % w/w solufible mixturewas placed in
an ice bath and purged under nitrogen for 45 min at 0 °C. The sealed flask was
immersed in an oil bath set @ °Candwasleft to stirfor 2 h at this temperature.
The polymeisation was quenched at approximately%e6conversionas judged by
'H NMR) by simultaneousxposure to aiandcooling the reaction mixture to room
temperature. Methanol (20 mL) was addedlilute the reaction solution, followed
by precipitation into a tefold excess of dichloromethane in order to remove
unreacted GMA monomer. The precipitate was isolbigfiltration and washed with
excess dichloromethane before being dissolved in aneth(60 mL).This process
was repeated and the precipitates then dissolved in water and freezeed
overnight to afford a pink solidH NMR studies indicated BP of 57 via end-group
analysis(by comparing aromatic peaks from the RAFT agent at 718 fp the
polymer backbonsignalsbetween 0.5 to 2.5 ppmPMF GPC studies indicated an
M, of 16,200 g mol* and anM,/M, of 1.16 *H NMR (400 MHz, CROD , 25 AC) :
0.731.23 (b, 3H,-CH,CR(CH3)-), 1.802.33 (b, 2H,-CH,CR(CH)-), 3.463.82 (b,
2.1H,-CH,0H), 384-4.28 (b, 3.4H;COQOCH,CH(OH)-).
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2.2.10 Synthesis ofMe-PGMA s--PHPMA 155 diblock copolymer wormsvia
RAFT aqueous dispersion polymerisation

Me-PGMAs~-PHPMAyss diblock copolymer worms were prepared the
following RAFT aqueous dispgion polymerisation formulationMe-PGMAs;
macreCTA (0.583 g, 0.063 mmol), HPMA monomer (1.40 g, 9.7 mmol) ACVA (5.9
mg, 0.021 mmolMe-PGMAs; macreCTA:ACVA molar ratio = 3.0) were added to
a 25 ml rounebottomed flask, followed by the addition of water to produce a 10%
w/w aqueous solution. This reaction solution was purged with nitrogen gas for 30
min before immersion into an oil bath set at 70 °C. The reactigtureiwas stirred
for 4 h to ensure essentially complete conversion of the HPMA monomer (> 99 % as
judged by disappearance of the vinyl signalsH NMR) and was quenched by
exposure to air, followed by cooling to ambient temperature. The resulting worm
dispersion was charactsed by DLS, TEM and rheology without further
purification. DMF GPC studies indicated an, of 43,800 g mot and anM,/M, of
1.14."H NMR (400 MHz, CROD, 25 AQ.p0 (b, 8H,-OH3 8n2polymer
backbone), 1.20.33 (b, 2.5H -CH3 in PHPMA), 1.792.27 (b, 2H,-CH2>- on
polymer backbone), 3.53.70 (b, 0.9H,-CH,OH in PGMA and i CH(OH)- in
PHPMA), 3.724.20 (b, 2.9Hremainingpendent protons PGMA and PHPMA).

2.2.11 Synthesis of poly(glycerol monomethacrylate) (HOOE&PGMA 43) macro-
CTA using PETTC

The HOOCGPGMA macreCTA was prepared as describedsiction2.2.2
'H NMR studiesof the pure homopolymeindicated aDP of 43 via endgroup
analysis by conparing aromatic peaks from the RAFT agent at 7.2 ppm to the
polymer backbone between 0.5 to 2.5 ppBMF GPC studies (indicated am, of
15,700 g mol* and anM,/M, of 1.12. *H NMR (400 MHz, CROD, 25 A-C) :
1.24 (b, 3H,-CH,CR(CH3)-), 1.75-2.24 (b, 2H,-CH,CR(CHs)-), 356-3.83 (b, 22H,
-CH,0H), 383-4.23 (b, 35H, -COOCH,CH(OH)-).
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2.2.12 Synthesis of HOOGPGMA 43-block-P(HPMA 11gstat-GlyMA ;) diblock
copolymer wormsvia RAFT aqueous dispergon copolymerisation

The protocol for the chain extension of HO®GMA,3 macreCTA via
RAFT aqueous dispersion copolynsation of 119 units of HPMA with 1 unit of
GlyMA is as follows:HOOGPGMA,3 macreCTA (0.660 g, 0.087 mmol), HPMA
monomer (1.500 g, 80 mmol), GlyMA monomer (0.012 g, 0.087 mmol), ACVA
(8.20 mg, 0.026 mmoHOOCPGMA,3 macreCTA:ACVA molar ratio = 3.0) were
added to a 50 mL roundottomed flask, prior to addition of water to produce a 10 %
w/w solution. The reaction solution was purgetter nitrogen for 30 min at 2@
prior to immersion into an oil bath set at 4D. The reaction mixture was stirred for
4 h at this temperature to ensure almost complete conversion of the HIRWMA
GlyMA monomer (> 99 % byH NMR analysis) and was quenchky simultaneous
exposure to aiandcooling to ambient temperature. The resulting copolymer worm
gel was used without further purification and charastdriby DLS, TEM and
rheology.DMF GPC studies indicatedM, of 43,80 g mol* and anV,,/M, of 1.14
'H NMR (400 MHz, CROD, 25 AGDH19 (b,i3H,LCHHH polymer
backbone), 1.19.36 (b, 2.7H -CH3 in PHPMA), 1.532.20 (b, 2.1H,-CHy» on
polymer backbone), 2.72.06 (b, 0.1H, epoxy iPGlyMA), 3.54-3.73 (b, 0.9H -
CH,0OH in GMA andi CH(OH)- in PHPMA), 3.734.18 (b, 3.3Hremainingpendent
protors inPGMA, PHPMA andPGIyMA).

2.2.13 Preparation of rhodamine B piperazine
Preparation of rhodamine B acid chloride

Rhodamine B (7.50 g, 16 mmol) was placed in a 50 mL singék round
bottomed flask under mbgen and dissolved in thionyl chloride (7.50 mL, 12.3 g,
103 mmol). After stirring for 22 h, the thionyl chloride was removieddistillation
at 100°C. Once complete, the distillation head was removed and the solid was
maintained under a flow of nitreg overnight to remove residual thionyl chloride.
The resulting solid was used without further purificatesmdwas stored in the dark

in a freezeprior to use.
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Reaction of rhodamine B acid chloride with piperazine

Piperazine (5.50 g, 64 mmol) was dis&al in dichloromethane (250 mL)
and thenrhodamine B acid chloride (4.00 g, 8.0 mmol) was added dropwise. The
reaction mture was stirred for 21 h artien the solvent was removed at 8D
under reduced pressureieihyl ether (250 mL) was added induceprecipitation.

The resulting solid was isolated by filtration, dissolved in water (200 mL) and
acidified using37 % w/w HCI. The aqueous phase was saturated withusodi
chloride and extracted with 5 x 100 nik2 dichloromethanesopropanol mixture

until colourless. The combined organic fractions were dried over anhydrous sodium
sulphate, filtered, andhe resultant liquorevaporated under vacuum. Finally, the
crude rhodanme B piperazine was recrystadis in acetonitrile, filtered and dried
under vacuum a give a purple solid. This reagent was used without further
purification. TOF MS ESm/z = 511 (MH+);'H NMR (400 MHz, CBCL,) : u
(ppm) = 0.51.6 (12H CH,-CH3), 2.03.3 (/H, N-CH,-CH»-N). 3.34.2 8H, N-
CH»-CHs), 6.58.5 (10 H, aromatic,);**C NMR (400 MHz, JMOD, GD¢O S ) : U
(ppm) = 12 (CH, - polarity), 4247 (CH, + polarity, 3 signals), 12070 (aromatic,

13+ signals), 172 (C=0, + polarity). Note that TOF MS and NMR indicated traces of
rhodamine B isopropanol impurity.

2.2.14 Reaction of HOOGPGMA 43-P(HPMA 1;gstat-GlyMA ;) with rhodamine

B piperazine

A typical protocol for the preparation of rhodamine B piperatihelled
HOOGPGMA,3-P(HPMAy1gstatGlyMA ;) is as follows: 5.00 g of a 10 % w/w
HOOGPGMA,3-P(HPMAy1gstatGlyMA ;) worm gel (0.50 g copolymef0O pmol
GlyMA) was weighed into a 20 muial equipped with a magnetic stirrer bar and was
adjusted fromapproximately pH3.5 t08.0 using sodium hydroxide. This induces a
worm-to-sphere transition, which in tucausesiegelation. Rhodamine B piperazine
(2.7 mg, 4.9 pmol; dye/epoxy molar ratio = 0.25) was added to the aqueous
dispersion of spherical nanoparticles to give a dye label concentration of 1.0 mmol
dm?. The reaction mixture was stirred overnight at 20°C. After 20 h, the

fluorescentlylabelled woam gel was dialysed against water for one week (with daily
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changes of dialysate) so as to remowy anreacted dye. HPLC analysis of the
unpurified labelled wormsndicated that O % of the rhodamine B label was

covalently grafted to the copolymer worms.

2.2.15 Instrumentation

'H NMR spectra were recorded using a 500 MHz Bruker Avditie spectrometer
(64 scans averaged per spectrum).

Gel Permeation Chromatography (GPC)was used to assess polymer molecular
weight distributionsThe DMF GPC setup comprisedof two Polymer Laboratories
PL gel 5 -Ceamlumht cormetcted in series to a Varian-BE@0multi-
detector suite (refractive index detector) and a Varian-L.Z90pump injection
module operating at 60 °CThe GPC eluent was HPELgtade DMF containing 10
mM LiBr at a flow rate of 1.0 mL min. DMSO was used as a flemate marker.
Calibration was conducted using a series of ten-mearodisperse poly(methyl
methacrylate) standard$/{ = 625 to 2,480,000 g md). Chromatograms were

analysed using Varian Cirrus BC software (version 3.3).

Dynamic Light Scattering (DLS) studies were conducted using a Malvern Zetasizer
NanoZS instrument at Z%. Measuremestwere performed od.10 % w/waqueous
in disposable cuvettes at a fixédckscattering angle of 173 Intensty-average
hydrodynamic diameters were calculatgd the StokesEinstein equationAll data

were averaged over three consecutive runs.

Aqueous electrophoresis measurements wemnducted using a Malvern Zetasizer
NanoZS instrument at 25 °C. Studies wererformed onaqueous copolymer
dispersions diluted t®.10 % w/w containing 18 mol dm® KCI as background
electrolyte. Zeta potentials were calculated from the Henry equation using the

Smoluchowski approximation. All data were averaged over three cdiveeains.

Transmission Electron Microscopy (TEM)imaging was performed on a Phillips
CM100 instrument at 100 kV, equipped with a Gatan 1 k CCD carRelgmer

dispersionswere diluted 10dold at 20 °C to generate 0.1% w/w dispersions.
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Images obtainedtdower pH were prepared by diluting solutions in acidic water

which matched the pH of the concentrated dispersion (approximately pH 3.5)
Copper/palladium TEM grids (Agar Scientific) were surfaoated irhouse to yield

a thin film of amorphous carboiithe grids were then plasma glalischarged for 30

seconds to create a hydrophilic surface. Individual samples ¢6.10w/ w, 12 €L
were adsorbed onto the freshly gloWscharged grids for one minute and then

blotted with filter paper to remove excess solutiBar contrast when imaginipe
aggregates, uranyl formatain (0.75 % w/w,9 ¢ L ) plasslan the sample

loadel grid for 20 s and then carefully blotted to remove excess stain. The grids were

then dried using a vacuum hose

Rheology studies were conducted usinqiaAR-G2 stress controlled rheometer with

a variable temperature Peltier pla&t or a g e mo ddeterminef 8r6tHd0 we r e
% w/w HOOGPGMAss-HPMA ;55 and CHOOGPGMAse-PHPMAs, diblock
copolymer worm gal at 25°C at varying pH Temperature dependent rheological
studieswereconducted from 25 °C to 4 °C to 25 °C witheaperature rampate of

0.5°C min™. In all cases @oneandplate geometry (40 mm 2 aluminium cone)

was used for these measuremextis fixed strain of 1.0 % and an angular frequency

of 1.0 rad §' to allow comparisons between measurements.

High-Performance Liquid Chromatography (HPLC) chromatograms were
acquired using a Shimadzu HPLC system consisting of an autosampler (Shimadzu
SIL-20AXR), degasser (Shimadzu D&0A3), a solvent delivery module
(Shimadzu CBM20A), a diode array detector (Shimadzu SROA) and a 150 x

3.0 mm Jones cbhmatography Genesis C18u4column. Samples were prepared as
approximately 0.5% solutions in methanol and 10L paliquots were injected.
Conditions for measurements are as followsitial eluent = 9% % v/v
water/methanol mixture (initial agueous phasataining 0.1 % trifluoroacetic acid);
final eluent = 100 % methanol over 20 min, followed by equilibration for 10 min at
the original initial eluent composition prior to injection of further samples.
Absorbance was determined at a wavelength of 560 nnthwdorresponds to the

absorption maximum of the dye label.
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Fluorescence Correlation Spectroscopy (FCSheasurementand analysis were
conducted by Dr. C. Clarkson and Prof. M. Geoghdghmiversity of Sheffield) The

data were acquired with an inverted MS10 Meta confocal microscope with an
attached ConFocor2 FCS module. Thewgetvas calibrated through the use of free
Rhodamine B (RhB) dye, such that the pinhole dimensions, placement and the filters
were optimsed. Measurement of the diffusion time f&hB allowed for the
calibration of the observation area. RhB is a standamtdbcent probe and as such
has a welknown diffusion coefficient (see main text for further detaWs)Linkam
FTIR600 stage with a T20 system controller was used to contrpletature during
FCS measurements when required. The sample was placed in g Digh®>™™ Hio"

imaging dish. The temperature was cycled from room temperature down to the
desired temperature for observation. The system was allowed to rest at this
tempergure for 5 min, the measurement was taken and the system was then returned
to room temperature. For studies of the
placed in a separate well of a Nunc £Bdk 1l 8 chamber slide. Once the sample is
placed inthempr opri ate carrier, a 100 €L dropl
the objective lens and the carrier was mounted into the microscope with the standard
microscope mounting. The objective was raised so that the focal volume could pass
through the bottomfdhe carrier and into the bulk solution. Diffusion measurements
were made in this position so that no interfaces were in the focal volume of the
microscope. Each measurement was made for 6 s and repeated 150 times, with any
measurements with count ratefsless than 1 kHz being discardethe LSMFCS

program provided by Carl Zeiss outputs the autocorrelation data as a plain text file.
The data within this file were analysed using the software pro Fit (version 6.2,
QuantumsSoft). The data were then fittedthe autocorrelation funan using the
LevenbergMarquardt algorithm. The diffusion time can then be used in conjunction
with the focal volume dimensions to obtain the diffusion coefficient.
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2.3 Results and Discussion

2.3.1 pH-responsive diblock copolyner worms due to RAFT endgroups
(a) X

K[OH H/OH
LT LY
R/s\[(z _XGMA_ y HPMA 0" o Yo S
s ACVA ACVA OH OH
ethanol, water,
OH

CTA 70 °C, N, OH 70 °C, N,
PGMA PGMA-PHPMA
HOOCV\FS\WS H\«,COOC\/\FSTS
PETTC Me-PETTC
CTAs:
HOOCV\FSYQ Nc+sY©
CN S s
CPADB CPDB

(b) For PETTC and CPADB:

pH<4

Figure 2.4 (a) A typical g/nthesis of aPGMA macreCTA via RAFT solution
polymerisation, and itsubsequent chain extension with HPMi& RAFT aqueous
dispersion polymerisation to form walefined PGMAPHPMA diblock coptymer
naneobjects at pH 3.5Such nanebbjects demonstrate ptésponsive behaviour
whena carboxylic acigfunctionalised CTA isused(b) lllustration of thereversible
worm-to-sphere transition that occurs wher€COOHfunctionalised wormsare
subjected to aH switchvia addition of base.

Primarily, a PGMAss macreCTA was preparedvia RAFT solution

polymerisation in ethanol using-&yane4-(2-phenylethane sulfanylthiocarbonyl)
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sulfanylpentanoic acid (PETTC) as a chain transfer a@&ha), which possesses a
terminal carboxylic acid grougFigure 2.4a). A typical *H NMR spectra of a PGMA
macreCTA is shown inFigure 2.5a. This nearmonodisperse watesoluble macre
CTA was then chauhextended withr HPMA via RAFT aqueous dispersion
polymerisation(10 % w/w solig) at 70°C andat approximately pH 3.3Jsing the
Omast er phase di agr &igule 1125 (sectipnou7syl ityis s hown
expected thathainextending this macr€ TA with 155 units of HPMA will result
in the formation of worms by PISAThe resultiy PGMAss-PHPMAss5 diblock
copolymers produced an almost exclusive wdika morphology as expected/ery
high (> 99%) HPMA monomerconversios wereobserve by *H NMR analysis
(seeFigure 2.%). FurthermoreDMF GPC analysis (sdeigure 2.6a) indicated Igh

blocking efficiency and aarrowmolecular weight distributio@M,/M, < 1.20).
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Figure 2.5 'H NMR spectra recorded in deuterated methanol for (a) freeze dried
HOOGPGMAss macreCTA and (b) 10 % w/w HOOP GMAss-PHPMA; 55 diblock
copolymer
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(@)
M, = 36,600 M, = 14,100
M,, = 39,500 M,, = 16,600
M,/M, = 1.08 M,/M, = 1.17
12 13 14 15 16 17
Retention Time /min
(b)
M, = 35,000 M, = 15,600
M,, = 37,600 M,, = 18,800
M, /M, = 1.08 M,,/M, = 1.20

12 13 14 15 16 17
Retention Time / min

Figure 2.6 DMF gel permeation chromatographs obtained for (a) HERGDIAse

macreCTA and the corresponding HOGRGMAss-PHPMA 60 diblock copolymer
and (b) HCOOGPGMAsy macreCTA and corresponding 4 €0O0GPGMAsy-

PHPMAso diblock copolymer. In both cases high blockirfjceencies and low final
copolymer polydispersities were obtained.

TEM studies indicated a wetlefined mean worm width of 21 nm, but the
worm contour length was less welbntrolled and ranged from 200 to 850 nm. The
resulting HOOGCPGMAss-PHPMA 55 diblock copolymer forms a soft, transparent
worm gel at 10 % w/w solids in mildly acidic solution (pH < 4) due to multiple-inter
worm contacts. Degelation occurs rapidly on cooling this gel. According to Blanazs

et al,*! this is because the wornumdergo an omt-order transition tespheres as a
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result of &sur f ac eforpihgdPERMA blockliaistthoaght bis o f
reduces the overall packing paramegefrom the worm regime (0.33 g< 0.50) to

the sphere regime < 0.33) although these vadis were not calculatéd However,
such norAonic PGMA-PHPMA diblock copolymers also exhibpH-responsive
behaviour with degelation being observed on increasing the solution pH from pH
3.5 to 6.0 using0.1 M NaOH (igure 2.4b, Figure 2.7a and Figure 2.7).
Furthermore, returning the solution pH to its original vahseng HClresulted in
reformation of the worms and hence regelation of the aqueous solutioRigsee

2.7c andFigure 2.7d). This reversible behaviour suggests tinaversiblechemical

degadation of the copolymer enunlikely cause
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Figure 2.7 TEM images obtaineéfom 0.1 % w/w dispersionsf HOOGPGMAss-
PHPMAss5 diblock copolymernancobjects prepared using the carboxylicid-
functional PETTC RAFT agent fqa) pH 3.5 (initial worms)(b) pH 6.0 (spheres);
(c) pH 3.5 (reformed wormafter a pH cycle (d) Digital images of theliblock
copolymer nanebjectsat 10 % w/wcorresponding to images (a), (b) &iedl above.
Control experiments: TEM images obtained for sgCABOGPGMAss-PHPMA; 60
diblock copolymer prepared usingreethylatedPETTC RAFT agent (M@ETTC) at
(e) pH 3.5 (worms) and (f) pH 6.0 (worms). Thus no wadorsphere transition is
observedvhen the diblock copolymers are prepared using aiowin RAFT agent
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Acid titration stulies of the HOOEPGMAss macreCTA in aqueous solution
(seeFigure 2.8) indicated that the pKof the terminal carboxylic acid group is
approximately 4.7Half of the acid residues are ionisadhen the solution pH is
equal to this critical value. A small ahge in the solution pH around this value has a
relatively largeeffect on the degree of ionisatiofhereforeit was hypothesised that
ionisation of theterminal carboxylic acid conferred by the PETTCTA was the
most likely explanation for the pkespons/e behaviour exhibited by the HOGC
PGMAss-PHPMAs5 diblock copolymer. In order tturtherexamine this hypothesis,
control experiments were performed usinghathylatedPETTC RAFT agent (Me
PETTC) to prepare a PGMA mae@TA with a mean DP of 59, which wa
subsequently chaiaxtended with  HPMA to produce an analogous +ear
monodisperse ¥COOCGPGMAss-PHPMAy 60 diblock copolymer (se€igure 2.6b).
Diblock copolymers of similar compositions were targeted so as to minimise any

molecular weight effects of this pi¢sponsive phenomenon.

12 - Po) - 4.5
_ s__S Full Equivalence = 16.4 cm?
@/v g OH JUPRRR TR - 4.0
10 - S N .oou*““.
- 3.5
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I - 0.5
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0 1 . . —— . . 0.0
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Amount of 0.001 M NaOH added / cm?

Figure 2.8 Acid titration curve obtained for thdOOGPGMAss macreCTA. The
pKa of 4.67 is consistent with that expected for an isolated carboxylic acid end

group.
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Figure 2.9 Variation of hydrodynamic particle diameter and zptaential with
solution pH recordedt 25 °Cfor 0.1 % w/w aqueous dispersions of: (a) HOOC
PGMAss-PHPMAs55 pH-responsive worms and (b)3s68OOGPGMAsg-PHPMA 60
pH-insensitive worms.

TEM studies of the HCOOGPGMAsy-PHPMAg, diblock copolymer
confirmed thatthe original worm copolymer morphology remained intact at@0
regardless of the solution pH (déigure 2.7e andFigure 2.7). In a further series of

experiments, dynamic light scattering (DLS) and zeta potential studies were
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conductedat varyingdisperson pH valuesfor the HOOGPGMAss-PHPMA 55 and
H3COOGPGMAss-PHPMA 60 diblock copolymer worms prepared using either the
PETTC or MePETTC RAFT agents, respectiveligure 2.9).

The significant reduction in apparent partidlameterfrom 220 nm to 40 nm
observed on increasing the solution pH from pH 3.5 ta6gHor HOOGPGMAss-
PHPMAs5 provides good evidence for a wotmsphere transition (sdégure 2.9)
and was supported bYEM studies (sed-igure 2.7a and Figure 2.70). It is
noteworthy that when ahaing the initial copolymer worms, DLS only reports an
apparent sphericaverage diameter, rather than the actual mean worm length or
width. Conversely, DLS provides a reliable estimate for the mean diameter of the
copolymer spheresThe critical pH obseved for the wormto-sphere transition
appears to be close to the pif the terminal carboxylic acidt is also emphasised
that ionisation of this endroup leads to significantly greater anionic character for
the naneobjects (from5 mV for the originaworms at pH 3.5 to aroun@®0 mV for
the spheres at pH®). It is likely the significant charge, resulting from tio@isation
of only a single carboxylic acid group at the end of each PAGN#PMA chain
increases the degree ofdmgphilicity of the stabiser block sufficiently andowers
the packing parametemp, from the worm regime to the sphere regiti
Furthermore, electrostatic repulsion between the carboxylic acidrengbs is likely
to cause an increase in surface curvature, which favowes lorder morphologies.
Hence an ordeforder morphological transitions induced This subtle endroup
effect serves to illustrate the rather delicate hydrophydrophobic balance (or
relatively narrowp range) that is required for the worm morpholodyurther
evidence to support this emgloup ionisation effect was obtained by examining the
effect of added satin the pHresponsive behaviouA HOOGPGMAssPHPMA;s5
gel synthesised in the presence of 100 mM KCI at pHr8maineda gel on
switching thesolution pH to pH 7.5, as judged by the tube inversion testHigeee
2.10. Electrophoresis and DLS studies indicate the presence of weakly anionic
worms (apparent diameter = 212 nm; zeta potentidd.# mV at pH 7.5. Thus the
anionic charge arisinffom ionisation of théerminal carboxylic acid group on each
copolymerhas been screendg adding saltHence the wormto-sphere transition is

not observed under these conditions.
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Figure 2.10 Digital images obtained for a HOGRGMAss-PHPMA 55 worm gel
synthesised in the presence of 1P KCI at an initial pH of 3.4 (lefthand image)
and afteradjusting theoH to 7.5 (righthand image). The tube inversion test confirms
that this sampleemains a frestanding gel on increasirtge pH, which indicates
that no wormto-sphere transition occurs in the presence of sufficient added salt.

As expected DLS and aqueous electrophoresis studies of the analogous
H3COOGPGMAss-PHPMA 60 diblock copolymerworms prepared using the Me
PETTC RAH agent over the same pknge exhibit minimalchange in either
particle sizeandzeta potential (seigure 2.%). This indicates that these worms are

pH-insensitive, since they contain no terminal ionisable COOH group.

Rheology studies wereonductedon 10% w/w HOOGPGMAss-PHPMA 155
(blue data) and ¥COOGPGMAs-PHPMAse (red data) diblock copolymer
dispersios at 25°C as a function of solution pH (s€&gure 2.11). Prior to this a
strain sweep was conducted on tive worm ges at a fixed angular frequency of 1.0
rad §' to ensire the rheological conditions were in the linear viscoelastic reggieee
Appendixfor datg. From this it was decided to conduct silbsequentheological
experimentst a fixed strain of 1.0 % and a fixed angular frequency of 1.0 raits
around pH3.7, both copolymers formed soft, freet andi ng wor m gel s w
of around 10 Pa, which is comparable to that reported by Blaeazd for a closely
related PGMA+PHPMAwo worm gel under similar rheological conditioi$
Increasing the solutopH t o 4.8 or above | ed to a dr
HOOGPGMAss-PHPMA 55 diblock copolymer,in agreement with a gel to liquid
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transition(see blue data). On returning to the original pH, regelatias observed
and a GO comparvaablluee twoa st hoeb toariingeidn.all n mar
the HHCOOGPGMAss-PHPMAs6o diblock copolymer stayedeasonablyconstant
from pH4.1to 7.5and back to 3.4red data)Thus these gel rheology obsetieas
made at 1% w/w solids are fully consistent witthe TEM, DLS and aqueous
electrophoresis studies of highly dilut®.1 % w/w) copolymer dispersions
Furthermorethis further suppos the hypothesighat endgroup ionisation alone can
be sufficient for norionic diblock copolymer nanrobjects to exhiltito a reversible
worm-to-sphere transitionSuch observations, can be extended furthempltb
sensitive vesicles based on Aonic HOOGPGMA43-PHPMAg75250 diblocks
copolymers prepared with PETT@hich will discussed in ore detail inChapter 3

1000

100

G'/Pa

0.1

0.01 + T T T T ' T ' r r )

Figure 2.11Var i ati on i n g e | witssolotionplfeom notd 6.9 us ( G
at 25 °C forHOOGPGMAss-PHPMA 55 diblock copolymer worm/sphere dispersion

at 10% wi/w (closed blue circles), followed by a switch back to pH 3.8 (open blue
circles). As a controlexperiment, a BCOOGPGMAse-PHPMAgg diblock

copol ymer worm gel showed essentially no
pH 3.4 to 7.5 (red square dath) each case the solid lines represent increasing pH,

while the dotted lines represent decreaging
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As discussed in theection2.1, the thermeresponsive behaviour of PGMA
PHPMA diblock copolymer worm gelsaspreviously beerthoroughly studied**®
Upon coolingPGMA-PHPMA diblock copolymer nanobjects undergo a worho-
sphere ordeorder morphad gi c al transition due t o
PHPMA core This morphology transformation is also accompanied byadigtion at
lower temperatures, as confirmed by temperature dependant rheological studies.

As expected the original HOOGPGMAss-PHPMA 155 and H3;COOG
PGMAsy-PHPMAs 60 diblock copolymer worms display similar theramesponsive
behaviour at pH 3.5 (sddgure 2.12a andd). In both cases degelation is observed
on coolingto 5 °C as judged by thpoint where the loss modulus @cexceed<s 6
known asCGT. After switching the solution pH fror8.5 to 6.0for HOOGPGMAse-
PHPMA;s5, G6  adaretluc&by 3 orders of magnitude. Furtherm@ee x c e e d s
(indicating afree-flowing fluid) andremain relatively constaritom 25 °C to 5 °C to
25 °C (seeFigure 2.12D). On returning the pHot3.5 from 6.0 HOOGPGMAse
PHPMAs5 diblock copolymer nanobjects re-gel and regain similar thermo
responsive behaviouo the original ge(seeFigure 2.1Z). Conversely, HCOOG
PGMAse-PHPMA6o diblock copolymer worm-gels remain thermoeresponsive
irrespective of solution pH, as judged iy temperature swesgonducted at pi.5
and 6.0 (seeFigure 2.1 and €). However, a greater degree of hysteresis is
observed particularly at pH 6.0. It is emphasised that PGMRHPMA diblock
copolymer vorm gels prepared using an afimhctionalised RAFT agent are
reversibly pH and thermeresponsive. If the same diblock copolymer is prepared
using a neutral RAFT only thernresponsive behaviour is observed.
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Figure 2.12Temperate dependence of the storage
theloss modulus (G blue data sets) for a 10 % w/w aqueous dispersion of HOOC
PGMAss-PHPMAs5 diblock copolymer nanobjects at (a) pH 3.5, (b) pH 6.0 and
(c) after a pH cycle from 3.5 to 6.0 306 andHz;COOGPGMAsy-PHPMAsgodiblock
copolymer worms at (d) pH 3.5 and (e) pH 63osed circles denote the cooling
cycle and the open cycles denote the heating c@aaditions: frequency = 1.0 rad
s*: applied strain = 1.0 %nd a heatingooling rae of 0.5 °C miff. The crossver

oft h e G ®&cueves ihdidate theritical gdation temperaturéCGT).

Similar pH-respnsive behaviouls observedfior PGMA-PHPMA diblock

copolymer worms prepared usirgpmmercially available acitunctionalised and
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neutral dithiobenzoateRAFT agentsMore specifically,a HOOGPGMAsy macre
CTA and a Me-PGMAs; macreCTA have been prepared by RAFT solution
polymerisation in ethanol usingcyanae4-(phenylcarbonothioylthio) pentanoic acid
(CPADB) and?2-cyana2-propyl dithibbenzoateCPDB) CTAs, respectively. Both
PGMA macreCTAs were subsequently chain extended with HPMA by RAFT
aqueais dispersion polymerisation @fford HOOGPGMAs-PHPMA; 75 and Me-
PGMAs-PHPMAs5 diblock copolymer worrs, which form free standing gels at
room temperature. DMF GPC traces oiaifor the PGMA macreCTAs andthe
PGMA-PHPMA diblock copolymers indicatew polydispersitiegM,/M,) and high
blocking efficiencies (seEigure 2.13.

@)

HOOC-PGMAy;-PHPMA,

HOOC-PGMA,

M, = 46,900 M, = 17,000

M,, = 53,100 M,, = 18,400

M,/M, = 1.13 M,/M, = 1.08
12 13 14 15 16 17

Retention Time /min

(b)

Me-PGMA,,-PHPMA ;5 Me-PGMA;,
M, = 43,800 M, = 16,200
M,, = 49,400 M,, = 18,800
M,/M, = 1.14 M,/M, = 1.16

12 13 14 15 16 17
Retention Time / min

Figure 2.13 DMF GPC traces obtained for (a) HORGMAs; macreCTA
prepared using CPADB and the corresponding HERBMAg-PHPMA, 75 diblock
copolymer and (b)Me-PGMAs; macreCTA and correspondingMe-PGMAs-
PHPMAs5 diblock copolymer. In both cases high blocking efficiencies and low final
copolymer polydispersities weodbtained
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DLS studies onducted ordilute (0.1 % w/w) HOOEGPGMAs-PHPMA;75
diblock copolymer worms atariable pH show a significant drop diameter from
180 nm at pH3.5 to 40 nm at pH 6.0, suggesting a wetorsphere transition
(Figure 2.147). TEM images obtainedor HOOGPGMAg-PHPMA: 75 diblock
copolymersat pH 3.5 and pH 6.0confirm the presence of wormand spheres,
respectively(seeFigure 2.1% andb). Furthermore, therderordertransition takes
place at a similar pH to that of the p&f the terminal carboxylic acid, mch in this
case was measured to be 4.2. Similar to previous observations, aqueous
electrophoretic studies of tHdOOCG-PGMAs-PHPMA; 75 diblock copolymer nano
objects confirm a reduction in the zeta potential fr@amV at pH3.5 to -20 mV at
pH 6.0. Thisis likely to be due to the ionisation of the terminal COOH group on the
PGMA stabiliser block. In contrast, the sphere equivalent hydrodynamic diameter of
the neutralMe-PGMAs-PHPMAss diblock copolymer wormsemains at roughly
135 nm from pH 4.0 to pH 9.(seeFigure 2.14). Similarly, the zeta potential
remains fixed at approximateltO mV over the same pH range. Furthermore, TEM

images obtainedt pH 6.00f Me-PGMAs-PHPMAsss confirm the presence of a

predominantly worrdike morphology Figure 2.159.

Figure 2.15 Representative TEM imagexbtained ofHOOGPGMAg-PHPMA; 75
diblock copolymer worms diluted to 0.1 % w/w in water at (a) pgBd (b) pH 6.0.
(c) TEM image oMe-PGMAs-PHPMAssdiblock copolymer worms at pH 6.0
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2.3.2 Fluorescently-labelled pH- and thermo-responsive diblock copolymer

worm gels

Fluorescentlylabelled polymers and polymeric nanbjects are used for a
wide range of applications such as visualisation of particles by confocal microscopy
and determination of the fate of macrdemules in biological systenf&?® There
have been many reports of the synthesis of fluoresckiiglled polymeric
nangarticles, but few have been conducted at high copolymer concentrateons (
10 % wiwsolidg.>®

In this study a fluorescenthabdled dual pH- and thermeresponsive diblock
copolymer worm geWwas preparedby covalently attaching rhodamine B piperazine
dye to the core of the particleBigure 2.16. More specifically, a HOO®GMA3
macreCTA was prepared by RAFT solution polymerisatin ethanol using PETTC
as the CTA. PISA was utilised to produce a {fsegnding worm gel at 10 % w/w
solidsby chairextendng this HOOGCPGMA,3 macreCTA with 119 units of HPMA
and 1 unit of glycidyl methacrylate (GlyMAYyia RAFT aqueous dispersion
copaymerisation The epoxy group irthe GlyMA residuescan be readily ring
opened bya reactionwith primary or secondary amines. Hen@, an amine
functionalised rhodamine B piperazine was prepared ¢eetion 2.2.13in the
experimentalsectionfor this syrnthesis) and was added to the diX copolymer
worms at pH 8 (4 GlyMA/dye molar ratio, equivalent to a 1 mM rhodamine B
concentration). This fluorescertigbelled HOOGPGMA,3-P(HPMA,;gStat
GlyMA ;) was purified by dialysidollowed by freezedrying andreconstitution to 10
% wiw solidsin water at pH 3.9. Higiperformance liquid chromatography (HPLC)
analysis of the rhodamine B piperaziabelled P(HPMA;gstatGlyMA ;)
copolymer before purification indicated thabre than90 % of therhodaminedye
wasattached to theopolymer (sed-igure 2.17).

86



Chapter 2: Worm-to-Sphere Transitions of Poly(glycerol monomethacrylatePoly(hydroxy
propyl methacrylate) Diblock Copolymer Nano-Objects Driven By lonisation of EndGroups

ACVA, O\/fo
ethanol, OH
70 °C, N,

(o]
GMA

H

-
° 8

Of() o~ ~0

ACVA,
pH 3.5 H,0, H/ %
70 °C, N, on

o
HPMA GlyMA

{

43 119 1
0”0 070 o Mo
on (- 1
OH

OH o

- /—(
o
j=n

PGMA43'P(HPMA1 1 g'Stat'GlyMA—])
HN

N
rhodamine B Q

piperazine, o]
pH 8.0 H,0,

SN
N o SN
) L

Figure 2.16 Synthesis of a PGMA macreCTA via RAFT solution polymerisation
using PETTC as the RAFT agent, and its subsequent chain extessigd unit of
GlyMA and 119units HPMA via RAFT aqueous dperson copolymerisation to
form PGMA4s-P(HPMA;o-statGlyMA ;) diblock copolymer worm at pH 3.5The
cores of these worms can be fluorescerdtpelled by reactig rhodamine B

piperazine witlthe pendent epoxy groups the GlyMA residues
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Figure 2.17 Chromatographs obtained by HPLC analysis (Jigible detector
operating at a wavelength of 560 nm) using a gradient efueadire (initially 95:5

% v/v water/methanol and finally pure methanol; initial aqueous phase contained 0.1
% trifluoroacetic acid) for: &) rhodamine B piperazine dye precursord (b)
unpurified rhodamine B piperazidabelled HOOGPGMA43-P(HPMA1g-Stat
GlyMA 1) worm gel. This analytical protocol indicated that more th@r®of the

dye label was covalently grafted to the copolymer.

As diswssed insection 2.3.1 dual pH- and thermeesponsive PGMA
PHPMA diblock copolymer worms cabe prepared using a carboxylic acid
functionalised CTA. Upon increasing the solution pH from 3.5 tg @:.Ccooling
from 20to 5 °C degelation is observed as esult of a wornto-spheretransition.

The former is due to ionisation of the terminal carboxylic acid gwalipgh increases
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the hydrophilicity of the PGMA stabilis€and likely some electrostatic repulsipn)
whereas cooling thevorms results in surface gdticisation of the PHPMA core
forming block. It is noteworthy that replacing one unit of HPMA with GlyMA in the
core does not affect the worm morphology, as judged by TEM images obtained from
an acidic dilute dispersion (0.1 % w/w at pH 3.5) at 20 °C (dgare 2.1&).
Further TEM studies confirm that the HOGRGMA,3-P(HPMA, ostatGlyMA 1)
diblock copolymer worms aréoth pH- and thermeresponsiveas expected
undergoinga wormto-sphere transition upon incréag the solution pH or cooling

to 5 °CseeFigure 2.1& andc respectively.

R e e e TR i

| (a)pH3.5at20/5(: f (b)pH54at20AC

Figure 2.18 TEM images obtained for HOOBGMA,3-P(HPMA, 4statGlyMA 1)
diblock copolymer nanobjects diluted to 0.1 % w/w at (a) pH 3.5 and 20 °C, (b) pH
54at20°Cand (c)pH 3.5at5 °C.

The wormto-sphere transition fothe HOOGPGMA43-P(HPMA o-Stat
GlyMA ;) diblock copolymer can benonitoral by DLS as a functiorof pH or
temperature (sekigure 2.19. As expecteda significant reductionnimeanparticle
diameter is observedby either increasing the dispersion pdt reducing the
temperature Presumably, the apparent increase in particle diameter at low
temperatures is due to the sphatissociatingo form unimersr weakly aggregated
chains, since the derived count rates decreasadrg thana factor often and the
PDIs become significantly largeFurthermore, previous small angleay scattering
studies conducted on PGMAPHPMA 40 wormssuggestdissolution to molecularly
dissolved chainat low temperaturesZ °C)>?
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Figure 2.19DLS diameter (blue closed cirgleand polydispersity (PD1 red open
squares) as a function ¢d) solutionpH at 25 °Cand (b)temperaturgoH 3.5for a
0.10 % w/w aqueous dispersion of HOPGMA43-P(HPMA o-stat-GlyMA 1)
diblock copolymemnancobjecs.

Briefly, DLS involves determininghe diffusion coefficientD, of particles
caused byBrownian motion by measuring fluctuations ilight scattering. This
diffusion coefficient can be used to caldela spherequivalent diameted, using

the StokesEinstein equationwhich is given asallows:
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(2.1)

Here Ky is the Boltzmann constant, is the temperature and is the solution
viscosityand assumes that the particles are-imberacting. Therefore, measurements
must be conducted on dilute dispersions (<< 1.WAs). In contrast, fluorescence
correlation spectroscopy (FCS) can be used to measure diffusion coefficients at
relatively high copolymer concentrations by measuring fluctuations in fluorescence
emission intensity. FCS is a powerful techniqgue which malsss of a confocal
experimental setip to provide high spatial and temporal resolutioncdhiaboration

with Dr. Clarkson and Prof. Geogtan at the University of Sheffield, the pldnd
temperaturenduced worrao-sphere transitios have been explored by FCS.
Although | prepared the fluorescentlgbelled worms, allFCS studies were
conductedand analysedby thesecollaborators. Irprinciple the 10 % w/w HOOE
PGMA43-P(HPMA 1 o-statGlyMA 1) diblock copolymer worm geshould possess a
relatively slow diffusiom coefficientdue to worm entanglementndor multiple
contacts which prevent diffusion. Conversely, the equivalent sphares free
flowing and diffusemuchmore freely Unlike many fluorescendeased techniques
(such as confocal microscopy), FCS regsinvery lowfluorophoreconcentrations
(10° i 10° M). This is because the technique is very sensitive to fluctuations in
intensity and ideally only one dymoleculeis presentvithin the confocal volume at
any given time. Therefore, the rhodamine B piaére concentration is diluted to'10

® M prior to analysis by FC®y mixing labelled and unlabelled HOGRIGMA,5-
P(HPMAy1gstatGlyMA ;) diblock copolymer worms together, whilst maintaining
the copolymer concentration at 10 % wéalids As expected, inducgha wormto-
sphere transition by either raising the solution pH or decreasing the temperature
results inhigher diffusion coefficient (sed-igure 2.20. More specifically, as the
solution pH is increased above 4tBe diffusion coefficientncreasedy eight-fold,
indicating the wornto-sphere transitiofFigure 2.20a). Furthermore, the critical pH

for this transition is ingood agreement with previous findingseesection 2.3.1).

Similarly, cooling the particlebelow 13 °Cresults in afour-fold increag in the
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diffusion coefficient(Figure 2.2(). Moreover, temperatw@ependent rheological
studies Figure 2.21) conducted on the 10 % w/w HOCRGMA,3-P(HPMA, o Stat
GlyMA;) worm gel at pH 3.5 indicata CGT of 13 °C, which is in excellent
agreement witlhat indicated by thECS studies.
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Figure 2.20Diffusion coefficients determined by FCS for 10 % w/w dispersions of
HOOGPGMA,3-P(HPMAy1gstatGlyMA ;) diblock copolymer nanoparticles as
function of (a) solution pH at 22 °C and (b) temperature at pH Ba® sharp
transitions at approximately pH 4.2 and 13 °C, respectively, indicate the-tworm
spherdransition
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Figure 2.21Variationi n t he st or aaleirclaspahdithedoss modiildis
(Go, blue circles) as auhction of temperaturtor a 10% w/w aqueous dispersion of
HOOCGPGMA,3-P(HPMAs1gstatGlyMA ;) worms Closed circles denoi@?25 °C to

5 °C temperature sweep aaden circles denote®°C to 25 °C temperature sweep.
Conditions: Angular frequencyof 1.0 rad & at an applied strain of @.% and a
heatindcooling rateof 0.5 °C min'.

2.4 Conclusions

In this Chapterit is demonstrate that non-ionic diblock copolymemnworms
unexpectedly exhibit pHesponsivebehaviourif prepared using a carboxylic aeid
functionalised CTA More specificay, PGMA-PHPMA diblock copolymerworm
gels are converted into frél®wing spheres on increasing the solution @dchpH-
responsiveébehaviouris reversible and is driven by i@ation of asingle carboxylic
acid endgroup at the end of each PGMA stabdr block, which serves to illustrate
the remarkably subtle nature of the wetorsphere ordeorder trasition. Moreover,
unlike conventional polglectrolytesthesepH-responsive diblock copolymer nano
objectsrequireminimalamounts of base (or acid) teducea morphologytransition

Conversely, preparing similar diblock copolymevith esterbasedRAFT agents
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yields pHinsensitivegels Furthermore, these lattereutral worm gels undergo a
worm-to-sphere (and degelation) upon cooling to 5 °C at both.pHaBd 6.0, due to
surface plasticisation of theoreforming PHPMA block. However, the carboxylic
acid-functionalised worms onlgxhibit similar thermeresponsive behaviowat pH

3.5 when the aci@ndgroupis protonatedThis work represents an importaméw
paradigm for pkinduced morphological transitions exhibited by block copolymer
nancobjects.Moreover, since this resear@fas completeda cationic morpholine
based CTA has been used to preparergdpponsive PGMAHPMA naneobjects.

In this case, a arm-to-sphere transition is observed ormtonating the morpholine
group when lowering the solution pH, which represents complementary pH

responsive behaviodr.

In collaborationwith Prof. Mark Geoglgan, FCS has been utiliséa probe
orderorder morphtogical transitionsexhibited byHOOCGPGMA-PHPMA diblock
copolymer worms at 10 % w/w solids by measuringnanoparticle diffusion
coefficiens as a function of temperature and solution pH. Therrmaod pH
responsive HOOPGMA,3-P(HPMA,1gstatGlyMA 1) diblock copolymer worms
were fluorescentabelled byring-openingthe pendent epoxy groups the GlyMA
residuesusing rhodamine B piperazine. On cooling 5 °C or raising the solution
pH, the worm gels formedreeflowing spheres andhe diffusion coefficients
determined by FCS increased fagtors of 4 and 8, respectivelgs a resultFCS is a
complementary to DLS because it enables the worsphere transition to be

monitored at much higher copolymer concentrations.
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3.1 Introduction

Over the last fifty years or so, there have been many reports of block
copolymer selassembly in solvents that are s#ikee for only one block** In
principle, varying the relative volume fractions of each block enables a wide range of
morphologies to be obtained in dilute solution, including spherical micélles,
cylindrical micelles (e.g.rods or worms)** or vesides*®** Unlike spheres and
worms, vesicles are formed from a polymeric bilayer with an internal void (or
lumen) which consists of solvent. This makes agqueased vesicles a potentially
attractive vehicldor drug delivery”*” and diagnostic applicatis®'° In principle
hydrophobic active ingredients can be loaded into the membtahehereas water
soluble active ingredients can be encapsulated withinvesicle lumert®" %
Therefore, biocompatible vesicles which are able to undergo-order or order
disorder morphological transitions upon exposure to a physicgéyant stimulus
are able to release their payloads demand Synthetic amphiphilic diblock
copolymers offer opportunitigs this context as they can be tailored to respond to
specific changes iexternalconditions such as p#?* temperaturé?® or light?®*’
depending on the desired applicatfdh?**°

The selfassembly of such block copolymer vesiciedypically conducted
using posfpolymerisation techniques, such a solventor pH-switch or thin film
rehydration, which are usually conducted in dilstdutiors (< 1 % w/w)>*82%%4 |n
contrast, polymerisatiemduced seHassembly (PISA) allowthe rational synthesis
of vesicles at much higher copolymer conceidres (up to 25 % w/w) in aqueous
media®*®’ For example, Armes and cavorkers chainextended poly(glycerol
monomethacrylate)(PGMA) with 2-hydroxypropyl methacrylate (HPMA) by
reversible additiofiragmentation chain transfer (RAFT) aqueous dispersion
polymerisation®*® By varying the relative blocBPs (and hencg¢he relative volume
fractions) and overall copolymer concentration, detailed phase diagrams have been
constructedhat enable theeproducible synthesis of pure sphexesrmsor vesicles.
Samping the synthesis of BGMA4,-PHPMAyq, diblock copolymerat regular time
intervals and imaginthe dried aliquotby transmission electron microscopy (TEM)

reveakd an evolution of thecopolymer morphology from spheres to worms to
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vesicles, via a jellyfish intermediat€® Furthermore, increasing the degree of
polymerisation (DP) of the cofflerming PHPMA block has minimal effect on the
particle size, busimply yields vesicles wittprogressively thickemembrane (see
Figure 3.1).>° Therefore, the dibloclcopolymer composition can be judiciously
chosen depending on whether such vesiatesobe used to encapsulate hydrophilic
materials With a large lumen volumédeing desirable)or hydrophobic materials
(thicker membranebeing desirable). Moreovenecenly it has beendemonstrated
that either silica nanoparticles or globular proteins suclb@sne serum albumin
(BSA) can be encapsulated within the lumen of diblock copolymer vesicles during
their PISA synthesis>*° Presumably, such situ encapsulatioroccurs during the

jellyfish stage of the synthesis.

HPMA

RAFT

r 7= e e G G
PGMAg5-PHPMA 400

A m
PGMAgs-PHPMA 4,

Figure 3.1 Schematic representation and TEM images obtained for RPGMA
PHPMAy vesicles, indicating the increase in membrane thickness with PHPMA
DP ¥

In this Chapter, the pHesponsive endroup effets discussed i€hapter 2
are extendedrom wormsto vesicles. It has been previously demonstrated that
ionisation of a single carboxylic acid egdoup on the stabiliser block is sufficient to

drive a wormto-sphere ordeorder morphology transition. A acboxylic acid
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functionalised RAFT agent is used to prepare a wsikible HOOGPGMA macre

CTA with a DP of 43.This macreCTA is then chairextended with HPMA to
prepare four HOO@PGMA4:-PHPMAy diblock copolymer vesicledispersios
(where X = 175, 200, 25 or 250)via PISA using RAFT aqueous dispersion
polymerisation. The pHesponsive nature of these four diblock copolymers is
exploredin detail Furthermore, it is well known that PGMRHPMA diblock
copolymer worms undergo a woittrsphere transitonupo c ool i ng due
plasticisationod 384 Althdugh the températiresponsive
nature ofsuchworms is well established, little research has been conducted on the
temperaturalependenbehaviour of the analogowgsicles until now Finally, the
effects of dual stimulus (i.echanging thdemperature and pH simultaneously) are

explored.

3.2 Experimental Section

3.2.1 Materials

Glycerol monomethacrylate (GMA; 99%) was donated by GEO Specialty
Chemicals (Hythe, UK) and was usedheut further purification. Hydroxypropyl
methacrylate (HPMA) was purchased from Alfa Aesar (UK) and was used as
r e c ei v-Azdbis(4eyandpéntanoic acid) (ACVA;801; 99%), ethanol (9%%,
anhydrous grade), methanol, dichloromethane and deuteratttianol were
purchased from Sigmaldrich (UK) and were used as received. All solvents were of
HPLC quality. 4Cyanoe4-(2-phenylethanesulfanylthiocarbonyl)sulfanylpentanoic
acid (PETTC) was prepared and purified as reported elsethere.

3.2.2 Synthesis ofpoly(glycerol monomethacrylate) (HOOGPGMA ;3) macro-
CTA

GMA (30.0 g, 187 mmol), PETTC (1.156 g, 3.4 mmol; target DP = 55), and
ACVA (0.191 g, 0.68 mmol; PETTQACVA molar ratio = 5.0) were weighed into a
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250 mL rounébottomed flask. Anhydrous ethanol éprously purged with nitrogen

for 1 h) was then added to produce a 50 % w/w solution, which was placed in an ice
bath and purged under nitrogen for 45 min at O °C. The sealed flask was immersed in
an oil bath set at 70 °C to initiate the RAFT polymerisatd GMA and stirred for 2

h at this temperature. The polymerisation was then quenched at approxim&iely 81
conversion bysimultaneougxposure to aiandcooling the reaction mixture to room
temperature. Methanol (20 mL) was added to dilute the reastilution, followed

by precipitation into a tefold excess of dichloromethane in order to remove
unreacted GMA monomer. The precipitate was isolatedfiltration and washed

with excess dichloromethane before being dissolved in methanol (50 This).
proeess was then repeated and the precipitatehlvessdissolved in water and freeze
dried overnight to afford a yellow soliH NMR studies indicated a mean degree of
polymerisation of 43via endgroup analysis (the integrated aromatic RAFT -end
group signalsat 7.27.4 ppm were compared pmlymer backbone signaét 0.5-2.5

ppm). DMF GPC studies indicateth M, of 15,400 g mot and anM,/M,, of 1.20.

'H NMR (400 MHz, CBOD, 25 A-C34:(b, 3H-CBLCR(@H3)-), 1.752.24

(b, 2H, -CH,CR(CHy)-), 3.563.81 (b, 2.2H, -CH,OH), 3.824.23 (b, 3.5H,-
COQCH,CH(OH)-).

3.2.3 Synthesis of HOOGPGMA 45-PHPMA x diblock copolymer vesiclesria
RAFT aqueous dispersion polymerisation of HPMA

A typical protocol for the chain extension of HOGRGMA,3 macreCTA
with 175 unitsof HPMA via RAFT aqueous dispersion polymerisation of HPMA is
as follows:HOOGPGMA,3 macreCTA (0.143 g, 0.020 mmol), HPMA monomer
(0.50 g, 3.5 mmol) ACVA (1.9 mg, 0.006 mmdktOOCPGMA,3 macreCTA:
ACVA molar ratio = 3.0) were added to a 25 ml rotbadtomed flask, prior to
addition of water to produce a ¥ w/w solution. This reaction solution was purged
with nitrogen gas for 30 min at 20 °C prior to immersion into an oil bath set at 70 °C.
The reaction mixture was stirred for 4 h to ensure essent@thplete conversion of
the HPMA monomer (> 99 % byH NMR analysis) and was quenched by
simultaneous exposure to air andoling to ambient temperature. The resulting

turbid freeflowing dispersion was characterised by DLS, TEM and rheology without
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further purification.'"H NMR (400 MHz, CROD, 25 A-C.)8:(b, 3H-CH; 7 4
on polymer backbone), 1.4839 (b, 2.8H-CH3 in PHPMA), 1.472.24 (b, 1.6H;
CH- on polymer backbone), 3.8573 (b, 0.4H;CH,OH in PGMA and CH(OH)-

in PHPMA), 3.734.20 (b, 1.9Hremaining pendent protons in PGMA and PHPMA).

3.2.4 Instrumentation

'H NMR spectra were recorded using a 400 MHz Bruker Avditife spectrometer

(64 scans averaged per spectrum).

Gel Permeation Chromatography (GPC)was used to assess polymer molecular
weight distributions.The DMF GPC setup comprisedwo Polymer Laboratories PL
gel 5 e-@colMmns eodnected in series to a Varian-B80multi-detector
suite (refractive index detector) and a Varian -290 pump injection module
operating at 60 °C. The GPC eluent was HRjrt&@de DMF containing 10 mM LiBr
at aflow rate of 1.0 mL mih*. DMSO was used as a fleste marker. Calibration
was conducted using a series of ten smeanodisperse poly(methyl methacrylate)
standards NI, = 625 to 2,480,000 g md). Chromatograms were ansadyg using

Varian Cirrus GPC softare (version 3.3).

Dynamic Light Scattering (DLS) analysisvasconducted using a Malvern Zetasizer
NanoZS instrument on 0.10 % w/w aqueous dispersions at 25 °C in disposable
cuvettes at a fixed scattering angle of 173 °. The solution pH of the initiadlic ac
copolymer dispersions was adjusttx the appropriate valuasing 0.1 M KOH.
Intensityaverage hydrodynamic diameters were calculaiadhe StokesEinstein

equation. All data were averaged over three consecutive runs.

Aqueous electrophoresisneasurments were conducted using a Malvern Zetasizer
NanoZS instrument at 25 °C. Studies were performed on aqueous copolymer
dispersions diluted to 0.10 % w/w containing>1Mol dm* KCl as background
electrolyte. Zeta potentials were calculated from the Hesgyation using the

Smoluchowski approximation. All data were averaged over three consecutive runs.
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Transmission Electron Microscopy (TEM)imaging was performed at 80 kV using

a FEI Tecnai Spirit microscope equipped with a Gatan 1kMS600CW CCD camera.
Solutions were diluted 10fbld at either 20 °C or 5 °C to generate 0%0w/w
dispersions.Samples analysed under acidic conditions wmepared by diluting
dispersionswith water at the desired solution pH. Copper/palladium TEM grids
(Agar Scientific, UK) wee surfacecoated inhouse to yield a thin film of amorphous
carbon. The grids were then plasma gldacharged for 30 s to create a hydrophilic
surface. | ndi vi dual samples (0.10% w/ w,
glow-discharged grids for 60 s arlden blotted with filter paper to remove excess
solution. To stain t he%wyuyandranatesslytiona 9 ¢
wasplaced on the sampllmaded grid for 20 s and then carefully blotted to remove

excess stain. The grids were then drsthg a vacuum hose.

Rheology studies were conducted usingiaAR-G2 stress controlled rheometer with

a variable temperature Peltier plate equipped aibneandplate geometry (40 mm

2 ° aluminium cone) The temperature dependencesbnor age 60666 and |
moduli were determined between 25 °C and 4 °C foHB®OCGPGMA4z-HPMAq

diblock copolymer dispersion afta pH switch from 3.5 to 6.0. Measurements were
conducted at a fixed strain of 1.0 %n angular frequency of 1.0 rad' @nd a
heating/cooling rate of 0.5C min™.

Visible absorption gectroscopywas used to measuhanges in transmittance.
Turbidimetry curves were recorded at 20 °C using a Perkin Elmer Lambda 25
instrument operating in time drive mode at a fixed wawgtle of 450 nm for 20 h.

Prior to analysis, the HOOBGMA,;-PHPMAx diblock copolymer vesicles were
diluted to 0.10 % w/w in aqueous solution at pH 3.5. Measurements were recorded
every minute immediately after this solution pH was increased to pH 9.0 &ikg

KOH.
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3.3 Results and Discussion

3.3.1 Diblock copolymer vesiclesynthesis

@)

K[ou
HOOC HOOC S
C G MA X HPMA ° o
OH OH
ACVA ACVA K[ K(

ethanol, pH 3.5 water,

70 °C, N, 70 °C, N,

PETTC HOOC-| PGMA43 HOOC-| PGMA43 PHPMAy

(b)

Vesicles at pH <4 Worms or spheres at pH > 4

Figure 3.2 (a) Schematic of the synthesis of a HOBGMA,3 macreCTA using a
PETTCCTA via RAFT solution polymerisation in ethanol at 70 °C. This HGOC
PGMA43 macreCTA is then chain extended with HPMAia RAFT aqueous
dispersion polymerisation at pH 3.5 to prepare a series of HRGKA,z-PHPMAx
diblock copolymer vesicles (where X = 175250). (b) lllustration depicting the
vesicleto-sphere or vesicko-worm morphology trasitions that occur when the
terminal carboxylic acid on the PGMA stabiliser block becomes ionised as a result of
a pH switch.

Firstly, a neamonodisperse wateoluble PGMA macr&CTA (My/M, =
1.20) was prepared in ethanol at 70 °C by RAFT solution paoigate®n of GMA
using 4cyanoe4-(2-phenylethanesulfanylthiocarbonyl)  sulfanylpentanoic  acid
(PETTC) (sed-igure 3.2a). PETTC was judiciously selected to afford a maCicA
with a terminal carboxylic acid. The crude HO®GMA macreCTA was purified
by two precipitations into excess dichloromethatt¢ NMR spectroscopy indicated a
mean degree of polymerisation (DP) of 43 for this purified HERIEMA macre
CTA by endgroup analysigFigure 3.3a). This macreCTA was subsequently chain
extended with HPMA by RAFRqueous dispersion polymerisation at 70 °C and 10
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% wiw solidsin water at pH 3.5. The target DP of the ctweming PHPMA block
was systematically varied from 175 to 250 to produce a series of turbidiofngéeg
vesicular dispersions. According ttl NMR analysis, all HPMA polymerisations
reached near full conversion (> 99-%eeFigure 3.3b) after 4 hours. Furthermore,
the absence of a peak due to the HOR®E&MA,3 macreCTA in the DMF GPC
traces indicated high blocking efficiencis all four block c@olymers(seeFigure
3.4). In addition,relatively narrow copolymer molecular weight distributioNg{Mn

< 1.20)were observedas expected based on previous reporfs®

(@)
a
b
HooC s_ _S
e T \/\@ e
N 00 S \ )
Cc OH
d 1
e H,0 ¢
oH 7 c,d CH,0D A

a/ppm

Figure 3.3 'H NMR spectra obtained in GDD for (§ HOOG-PGMA4; macreCTA
and(b) 10 % wi/w solution of HOO®GMA43-PHPMA, 75 diblock copolymer
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HOOC-PGMA ,;-PHPMA 5,

HOOC-PGMA,-PHPMA, . n = 51,500
M. =58700 25 M,/M, =116 HOOC-PGMA ,5-PHPMA
» =58,

” M, = 42,800
M, /M, = 1.15 \ l / N 2116

HOOC-PGMA ;3-PHPMA 5z,

HOOC-PGMA

M, = 15,400
M, = 65,400 n >,
ML/M, = 1.16 > « MM, = 1.20
12 13 14 15 16 17

Retention Time / min

Figure 3.4 DMF GPC traces obtained for a HOGRGMA,3 macreCTA (black
curve) and the corresponding HORGMA,3-PHPMAx diblock copolymer vesicles
(where X = 175 to 250).

Transmission electro microscopy (TEM)images obtained forthe diblock
copolymer dispersions (after dilution to 0.1 % w/w in water at pH 3.5) confirmed the
presence of polydisperse vesicles of -BB® nmin diameterin each case (see
Figure 3.5). Furthermore,TEM studies alsoindicate a membrane thickness of

around 10 to 15 nm, which is consistent with results reported by Wetriadnfor a

closely relatedseries ofPGMAss-PHPMAx block copolymer vesiclegseeFigure
3.5).%°

X =250at pH 35
T

X =

225at pH 35|
. ) Li_é o

Figure 3.5 TEM images (recorded after dilution 10 % w/w solids using an
aqueous solution of pH 3.5) and corresponding digital photographs obtained for
HOOGPGMA43:-PHPMA diblock copolymer vesicles at pH 3.5.
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3.3.2 Order-order morphological transitions of vesiclesdue to pH-responsive

end-groups

In theory, these HOO®GMA4:-PHPMAy diblock copolymer vesicles
should exhibit similar pH-responsivebehaviourto the previously reporteHHOOCG
PGMAss-PHPMA;s5 wormsin Chapter 24 By increasing the solution pH above the
pKa of the terminal carboxylic acid (appximately 4.7) it becomes ionised and
renders the PGMA stabiliser block more hydrophiliwhich may induce a
morphological transitionOn increasing the solution pH of the HO®PGMA,s-
PHPMA; 75 copolymer vesicles dispersions from pH 3.5 to pH 6.0, a pdlysimange
from a turbid freeflowing dispersion to a transparent frié@wing dispersion was
observedover approximately 12 hourdf the HOOGPGMA43-PHPMAyy diblock
copolymer vesicles are subjected to the same pH switchange from a turbid free
flowing dispersion to a translucent freanding gel is observe&urthermore, TEM
studies conducted on the HO@RGMA43-PHPMA;7s and HOOGPGMA4s-
PHPMAyq, diblock copolymers at pH 6.0 confirmed a vesidesphere and a
vesicleto-worm transition, respectively(see Figure 3.6). These ordeorder
transitions ardothdue to the ionisation of the single terminal carboxylic acid group,
which increases the volume fraction of the hydrophilic PGMA stabiliser block.
Hence the packing parametgr, is lowered below 0.%i.e, out of vesicle phase
space) for the copolymer chains (@s= v / & lo).? In stark contrast, no physical
change was observed for the HO®GMA,3-PHPMAys or HOOCGPGMA,3-
PHPMAgs, diblock copolymer vesicle dispersions when subjected to the same pH
switch. In addition, TEM images obtained for the HOBGMA,3-PHPMAy,5 and
HOOGPGMA43-PHPMAys, diblock copolymers at pH 6.0 indicated no -pH
responsive behaviour; the original vesicles are retained more or less intact. However,
close inspection of the HOGRGMA43-PHPMAp, 5 vesicles reveals some evidence
for the presence of heraesicles and possibly some degree of aggregation. Thus
these preliminary studies suggest that there is a critical DP for the hydrophobic
PHPMA block above which the vesicles no longerileiipH-responsive behaviour.
This is reasonable, because increasing the PHPMA block DP is expected to increase
the packing parameter such thasignificantly exceeds 0.50, which leads to the

formation of vesicles that are further removed from the vewiolen phase
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boundary. Hence, the enhanced hydrophilic character gained by the PGMA stabiliser
block as a result of ionisation of its terminal carboxylic acid group is no longer

sufficient to induce an ord@rder transition.

In contrast, when shorter PHPMAPs are targeted (175 or 200), the
increased hydrophilicity gained for the PGMA stabiliser block (after a pH switch) is
adequate to enable access to either w@B3(<p < 0.50)or sphere < 0.33) phase
space. It is perhaps worth emphasising the sub#iire of the observations
summarised inFigure 3.5 and Figure 3.6 deprotonation of a single terminal
carboxylic acid group on a diblock copolymer chain with a mean molecular weight
of more than 35 000 g miblis sufficient to induce a morphological teiion.
Moreover, it is noteworthy that this piésponse igreversiblein all cases. Adding
acid to return the solution to its original pH of 6.0 merely produces an insoluble
white paste, rather than a frewing turbid dispersion. This is believed tme
because the worm phase constitutes a significant kinetic barrier to vesicle
reformationat 20 °C A worm-to-vesicle transition is wellocumented for PGMA
PHPMA chains during PISA synthesas 70 °G*® but in this case there is excess
unreacted HPMA mamer present at intermediate monomer conversions to

plasticise the hydrophobic PHPMA chains and hence ensure their high mobility.

X=175at pH 6.0 &

A

X =225at pH 6.0 |

3
AR

i >e<-:.2od‘at oH 6.0 |“i,

L A

100 nm s

Figure 3.6 TEM images (recorded after dilution to 0.10 % w/w solids using an
aqueous solutiorat pH 6.0) and correspondingigital photographs obtained for
HOOGPGMA43:-PHPMA diblock copolymer nanobjects at pH 6.0.

To further examine these orderder morphological transitions, dynamic
light scattering (DLS) and aqueous electrophoresis studies were conducted on 0.10 %

w/w HOOC-PGMA,3-PHPMA; 75250 vesicle dispersions as a function of solution pH
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(see Figure 3.7). In the case of the HOOEBGMA4s-PHPMA75s vesicles, a
significant reduction in the mean particle diameter from 150 to 35 nm was observed
on increasing the dispersion gidm 3.5 to 5.0, which provides good evidence for a
vesicleto-sphere transition (sed-igure 3.7a). Moreover, this morphological
transition occurs over a similar pH range to that previously reported for a-tworm
sphere transitiofi* A similar trend was aferved for the HOO®GMA,3-PHPMAxqg
diblock copolymer, which undergoes a vesidevorm transition with a
corresponding reduction in apparent particle diameter from 240 to 130 nm after the
same pH switchHigure 3.7b). In this latter case, it is notewoytlthat DLS reports a
Ospreerue val ent 6 di ameter for the final
their mean length nor width. Conversely, the HOPGMA4s-PHPMAy,s and
HOOGPGMA43-PHPMAs, diblock copolymer vesicles exhibit amcrease in
particle dianeter over the same pH range, although the latter is less pronounced than
the former (sed-igure 3.7c andd). This is attributed to a more extended PGMA
stabiliser layer when the terminal carboxylic acid groups become ionised, due to
electrostatic repulsia This suggests that these two types of vesicles do not undergo
any morphological transition during a pH switch, which is corroborated by the TEM
studies shown irrigure 3.6. In all cases, ionisation of the terminal carboxylic acid
group above its pKreailts in greater anionic character for the namgects.This

was confirmed byqueous electrophoresis studieberethe zeta potential increases

in each case from arountl0 mV for the original vesicles at pH 3.5 to approximately

-25 mV at pH 8.0 for thénal diblock copolymer nanobjects.
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Figure 3.7 Variation of hydrodynamic particle diameter and zeta potential as a
function of solution pH (starting at pH 3.5) recorded at 25 °C for 0.1 % w/w aqueous
dispersions of (a) HOOEGMA,s-PHPMA7s vesicles (h HOOGPGMA43z-
PHPMAy vesicles (c) HOOPGMA,3-PHPMAy,s vesicles and (d) HOOC
PGMAz-PHPMAy5, vesicles.

The wormto-sphere ordeorder morphology transition discussedGhapter
2 is relatively quick, occurring over a time scale of mindfes stark cotrast, the
vesicleto-sphere and vesicli®-worm transitions observed herein took place over
much longer timescales (hours rather than minutes). Such changes in morphology
from vesicles to worms or spheres are accompanied by a significant change in the
visual appearance of the dispersions. More specifically, the initial vesicles are
relatively large and hence scatter light strongly, resulting in turbid dispersions. On
the other hand, the resulting worms or spheres are smaller and so scatter light much
more weakly, leading to sentransparent dispersions. In principle, this physical
change can be utilised to probe the timescales of these morphological transitions by
turbidimetry. However, such experiments must be conducted on relatively dilute

dispersions (@0 % w/w at pH 3.5), because 10 % w/w dispersions are much too
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turbid to be analysed. The transmittance at a fixed wavelength of 450 nm was
monitored for dilute copolymer dispersions over a 20 hour period after a pH switch
from 3.5 to 9.0 using KOH (sdeigure 3.8). As expected, no discernible change in
transmittancevas observed over 20 hours if the PHPMA DP is either 225 or 250.
This is fully consistent with our TEM and DLS observations discussed earlier. Such
vesicles cannot undergo an oraeder morphtogical transition on ionisation of the
carboxylic acid engjyroup on the PGMA stabiliser chains. Therefore, the particles
remain as turbid dispersions. However, if the PHPMA DP is either 175 or 200, then a
pH switch from pH 3.5 to pH 9.0 leads to a sigrafit increase in transmittance
being observed over time. These turbidimetry studies indicate that the esicle
worm transition for the HOO®GMA4:-PHPMAyy, diblock copolymer is
remarkably slow. According to these studies, the vesielgorm transition $ only
complete only after approximately 15 hours. In contrast, the vedwiephere
transformation observed for the HORGMA,3-PHPMA; 75 diblock copolymer is
complete within just 2 hours under the same conditions. It is not fully understood
why such morpology transitions are so slow. However, it is hypothesized that the
likely explanation is related to the varying DP of the membfarmaing PHPMA
block. This parameter dictates how far the vesicles lie from the respective
vesicle/worm and vesicle/spherdgse boundaries. Furthermore, longer PHPMA
blocks should have more intehain entanglements, thus presenting a larger kinetic
barrier to a stimuluinduced morphology transitioR.Therefore, vesicles comprising

longer PHPMA blocks respond more slowlyat@H switch.

It is noteworthy that such orderder morphological transitions are much
slower compared to the characteristic time scale required for theindcicked
swelling of microgel particles reported in the literatth®. However, this
pronounced ifference is perhaps not too surprising: the copolymer chains in a
conventional pHesponsive microgel (or soluble polymer) typically undergo
extensive protonation (or ionisation) during a pH switch to produce a highly
hydrophilic polyelectrolyte. In cordst, the PHPMA block remains weakly
hydrophobic both before and after the pH switch.
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Figure 3.8 Change in transmittance % at a fixed wavelength of 450 nm for 0.10 %
w/w aqueous dispersions of HOGRGMA,:-PHPMA, 75250 nanaobjects over 20
hours at 20 °Cfeer a pH switch from pH 3.5 to pH 9.0 using KOH.

If the same turbidimetry experiment is conducted on a 0.10 % w/w aqueous
dispersion of HOOEPGMA,3-PHPMAy 75 vesicles prepared in the presence of 100
mM KCI, no significant increase in transmittance is obsérover the same time
period (seeFigure 3.8). This suggests that added salt results inringeénsitive
vesicles. It is well documented that the behaviour of manygsidonsive polymers
can be suppressed or altered upon addition of%$&f* This behaiour might be
expected as HOOCGMAss-PHPMA;s5 diblock copolymers, which undergo a
wormto-sphere transition (as discussadChapter 2)arealso pHinsensitive in the
presence of 100 mM KCf. Moreover, DLS studies of HOOBGMA,-PHPMA.75
vesicles in thegresence of this electrolyte indicated a constant particle diameter of
approximately 150 nm between pH 3.5 and 8.5 (see red data Bejuire 3.9a).

TEM studies confirmed that the original vesicle morphology observed at pH 3.5 was
retained at pH 8.5 (corpare Figure 3.9b and c; N.B. the small dark crystals
observed in these images are KCI nanocrystals). The corresponding data obtained for
the same copolymer obtained under the same conditions iabdenceof salt is
included inFigure 3.9d ande as a refeence. In summary, the addition of salt screens

the additional solvation associated with the ionisation of the terminal carboxylic acid,

and hence suppresses the vediaisphere transition.
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Figure 3.9 (a) Variation of the hydrodynamic particle diameterasured by dynamic
light scattering with dispersion pH recorded for @olw/w aqueous dispersions of
HOOGPGMA4s:-PHPMA, 75 diblock copolymervesicles starting at pH 3.5 in the
absence of salt (open blue circles) and in the presence of 100 mM KCI (ctolsed r
circles). TEM images obtained for HOGRGMA,-PHPMA 75 diblock copolymer
nanoeobjects in the presence of 100 mM KCI salt at (b) pH 3.5 and (c) pH 6.0 and
absence of salt at (d) pH 3.5 and (e) pH 6.0.

Of particular interest is the vesidle-worm transiton observed for the
HOOGPGMA43:-PHPMAyy, diblock copolymer after a pH switch from 3.5 to 6.0.
Unlike the relatively large phase space occupied by vesicles (and spheres), the worm
phase space is typically very narréWrhus it is perhaps not surprisingatha pure
worm phase can only be obtained from a pure vesicle phase for a rather narrow range
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of PHPMA DP (with a fixed PGMA DP). After engroup ionisation at pH 6.0,
HOOGPGMA,3:-PHPMAy, worms are believed to form a soft freandinggel due

to multiple inter-worm contacts.Rheological studies conducted on a 10 % w/w
HOOGPGMA4s-PHPMA, o wor m g el at pH 6.0 indicate
approximately 60 Pa at 28C (seeFigure 3.10). This is slightly lower than the

moduli observed for the PGMAHPMA worm gelsin Chapter 21t is hypothesised

that this is the result of electrostatic repulsion between the foamienic worms,

resulting in weaker/fewer intavorm contacts. Temperatudependent rheological
studies indicate that the HOGRGMA43-PHPMAxq worm gel undergoes degelation

on cooling to approximately 4C. The critical gelation temperature (CGT) is defined
asthe temperature at whidthe lossmodulus @ exceeds the storag:e
indicating the formation of a viscoelastic fluid. ForsttiOOGPGMA,3-PHPM~Axqo

worm gel at pH 6.0, the CGT was found to be approximat€lg.5Verber and co

workers reported that the CGT values of their-rmmc PGMAs;-PHPMAy diblock
copolymer worm gels decreased monotonically fronfQGo 7°C as the PHPMA

DP (X) was increased from 135 to 1%0This is due to longer PHPMA DPs
requiring a greater degree of hydration to induce a worsphere transition. Thus it

might be expected that the HOGRGMA43-PHPMA oo worm gel possesses a lower

CGT due to the higherHPMA DP.

In Chapter 2, temperatutgependent oscillatory rheology studies indicated
that the temperatwi@duced worrto-sphere transition was fully reversible
(although some degree of hysteresis was obserivedyntrast, rheological studies of
the HOOGPGMA4:-PHPMAy, worm gel formed from vesicles after a pH switch
suggestsrreversible thermaresponsive behaviour for this system, at least on the
time scale of this experiment. More specifically, after cooling to 5 °C and returning
to 25 °C, regelation dgs not occurthe loss modulus remains larger than the storage
modulus (see red data dfigure 3.10), which is characteristic of frefowing
spherical micelles. It is hypothesised that these anionic micallesmutually
repulsive(zeta potential ~25 mV), and hence are unable to undergo the multiple
fusion events required for worm reconstitutidoreover, if the HOOEPGMA, 3
PHPMAy, nancobjects are returned to pH 3.5 after a 25 %°C - 25 °C thermal

cycle then a white insoluble paste is producether than the original colloidally
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stable vesicles. Again, it appears that the worm phase provides an effective kinetic

barrier to vesicle reformation.
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Figure 3.10Var i ati on of t h é dendted bydu @rclemcanddossu s
modulus (& i denoted by open circles) for a 10 % w/w aqueous dispersion of
HOOGPGMA43:-PHPMAy, diblock copolymer nanobjects as a function of
temperature, after a pH switch from 3.5 to 6.0 to induce a vdsiel®rm transition.

In each case the blue data representedsing temperature and the red data represent
increasing temperature. Conditions: 1.0 rd@rsgular frequency at an applied strain
of 1.0 %.

3.3.3 Order-order morphological transitions of vesiclesdue tothermo-

responsive PHPMAcore-forming block

The tlrermoresponsive behaviour of PGMRHPMA diblock copolymer
worms has been studied in some détdfl.However, to date there have been no
analogous studies of PGMRHPMA diblock copolymer vesicles. Thus the four
HOOGPGMA43-PHPMA, 75250 diblock copolymer esicles were studied to examine
the effect of varying the PHPMA DP on their thermesponsive behaviouAs
mentioned abové&/erber and ceworkers reported that PGMAPHPMAx worms
exhibited lower CGTs when targeting higher X values, as judged by tempgeratur
dependent rheological studi&sThis was attributed to the longer (and hence more
hydrophobic) PHPMA blocks requiring a higher degree of hydratimnch causes
surface plasticisation) to induce a wetosphere transition, which can only be
attained atlower temperatures. By analogy, PGMAIPMA diblock copolymer
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vesicles prepared using a sufficiently high PHPMA DP might be expected to possess
no thermeresponsive behaviour. Moreover, Koa@k al used SAXS to show that
PGMAs~PHPMA14 worms underwent aorm-to-sphere transition at around 5 °C,

but further cooling ta2 °C resulted in neamolecular dissolution of the spheres

form molecularly dissolved chaifid In view of these observations, the lower limit
temperature in the present study was rdstlito 5 °C. Perhaps surprisingly, only the
shortest HOOG-PGMA,3-PHPMA, 75 diblock copolymer switched from a turbid,
free-flowing dispersion (at pH 3.5) to a translucent, fs¢&nding gel on cooling to 5

°C (seeFigure 3.11). Moreover, this thermal trangh was irreversible: an insoluble
white paste was obtained on returning to 25 °C. TEM studies on grids prepared at 5
°C using 0.10 % w/w copolymer dispersions at pH 3.5 are consistent with a vesicle
to-worm transition (seeFigure 3.11). In contrast, repsentative TEM images
obtained at 5 °C for the other three diblock copolymers suggested that their original
vesicular morphologies remained unchang&dfirst sight it is perhaps surprising
that ionisation of asingle terminal carboxylic acid group leads pHresponsive
behaviour for HOOEPGMA,3-PHPMAxq,, Yet the same copolymer exhibits no
thermoresponsive behaviour (at pH 3.5). On reflection, this discrepancy is not
unreasonable: carboxylic acid group ionisation makes the relatively short PGMA
stabilisersignificantly more hydrophilic, whereas lowering the temperature leads to
greater hydration (i.emore weakly hydrophobic character) for the relatively long
PHPMA coreforming block. In the latter case, if the PHPMA DP is too high then
this effect is negted.

| x=1755/catpH35 |||l x=200,5AC atpH35 || [| x=225 54 atpH35 ||| x=250,54Cat pH3.5

e ; 7 7 . oK

Figure 3.11 TEM images (for grids prepared at 5 °C after dilution to 0.10 % w/w
copolymer at pH 3.5) and corresponding digital photographs obtained for HOOC
PGMA43-PHPMA diblock copolymer nanobjects for X = 175, 200, 225 or 250.
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3.3.4 Investigation into the dual responsivenature of PGMA-PHPMA vesicles

The stimuliresponsive nature of the four HOGRGMA,:-PHPMAK diblock
copolymelvesicles was investigated further by subjecting them to a pH switch from
3.5 to 6.0, followed by immediate cooling 50°C. In all cases a morphological
orderorder transition was observed. The original dispersions become significantly
less turbid, while remaining freffowing dispersions (se€igure 3.12). TEM studies
conducted on the HOOBGMA,s-PHPMAx nancobjects afér this dual stimulus
confirmed that the vesicles are transfor
d i mé'withomean particle width dimensions estimated to be 21 to 30 nm (based
on analysis of at least 100 particles in each case). Similarly,dbldses conducted
at 5 °Con the final copolymer dispersionsporteda mean hydrodynamic diameter
of approximately 40 nm at pH 6.0, which is substantially lower than that of the

original vesicles.

| X=175,5AC at pH 6.0 X=200,5ACatpH6.0 |[|| X=2255/iA atpH6.0 ||| X=250,5ACat pH 6.0 ||
T ETY 7 R i 7 AN T N € - Y

Figure 3.12 Representative TEM images for HOGRGMA,3-PHPMAy dispersions
obtained at 5 °C after dilution to 0.10 % w/w copolymer at pH 6.5 and (inset) the
corresponding digital photographs of their visual appearance at 10 % w/w
copolymer.

It is perhaps worth emphasising that the HOPGMA,3-PHPMAgsodiblock
copolymer vesicles only undergo a morphological transition when subjedbethta
pH switchand a temperature switch. Otherwise exposure to either stinaibrse
results in no morphological transition and the nrabgects remain as vesicles.
However, regalless of the route taken to return to the original conditions (i.e.
heating followed by a pH switch, or vice versa), these ewdder morphological
transitions always proved to be irreversible. TEM images obtained after dilution of
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the insoluble white g@ste revealed a mixed phase of vesicles and worms-i(gae
3.13).

Figure 3.13 Representative TEM images obtained for a 0.1 % w/w aqueous
dispersion of HOOPGMA,3-PHPMAps, diblock copolymer vesicles after cycling
from pH 3.5 at 25C to pH 6.0 at 5C to pH 3.5 at 25 °C. The final dispersion
contains a mixture of worms and vesicles and is no longer colloidally stable,
indicating irreversible changes in the copolymer morphology

3.3.5 Summary of stimuli-responsive nature of HOOGPGMA 43-PHPMA

vesicles

Despite only relative small changes in the core PHPMA DP-2b09, the
stimulusresponsive nature of the four HOGRGMA4:-PHPMA, vesicles is
unexpectedly complex and their overall behaviour is summaristabile 3.1. For X
= 225 or 250, no pHesponsive éhaviour is observed on raising the pH from pH 3.5
to pH 6.0. On the other hand, a vesitavorm transition is observed after a pH
switch for X = 200, while a vesicl®-sphere (plus spherical dimers) transition is
found for X = 175. Only the latter vetes exhibit a thermallyriggered transition,
which produces a frestanding worm gel at 3C. However, all four HOOC
PGMA43-PHPMA: 75250 Vesicles undergo morphological transitions to give a mixture
of spheres and spherical dimers when subjected to sstilrdlus (i.e.a pH switch
followed by immediate cooling to &). In all cases these morphological transitions
proved to be irreversible. This is believed to be because the worm phase acts as an
effective kinetic barrier that prevents the original vesimorphology from being

reformed.
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There are many literature examplef the use of pHor thermeresponsive
vesicles for potential biomedical applications such as drug defi?éf/° In
principle, the vesicle lumen can be load&dsitu during their preparationvia
PISA3**® with exposure to an external stimulus resulting in an eodaer
morphological transition, loss of the membrane structure and hence subsequent
release of the payload. Furthermore, vesicles that only undergo a morpHologica
transition when exposed to two or more stimuli may offer greater control in terms of
specificity compared to vesicles that can respond to just one stimulus. These
possibilities will be examined in future studies. However, in this context it is
noteworthythat the weakly hydrated nature of the PHPMA membfarmaing block
suggests that PGMRHPMA vesicles are unlikely to retain wasaluble small
molecules over long time periotsGiven this limitation, it may be more fruitful to
focus on the encapsulafi of organic nano particles such as globular proteins (e.g.
enzymes, antibodies etc.).

3.4 Conclusions

In summary, it has beendemonstrate that PGMAPHPMA diblock
copolymer vesicles prepared using a carboxylic -Aondtionalised RAFT agent
exhibit conplex stimulusresponsive behaviour in aqueous solution. By fixing the
DP of the PGMA stabiliser block at 43, vesicles can be prepared by targeting
PHPMA block DPs of 175, 200, 225 or 250. Switching the solution pH from 3.5 to
6.0 induces ionisation of thterminal carboxylic acid on the PGMA stabiliser block,
which increases its hydrophilic character. This results in a veskdphere
transition for HOOGPGMAsz-PHPMA;75 and a vesicldo-worm transition for
HOOGPGMA43-PHPMA, respectively. However, ithie DP of the PHPMA block
is longer (either 225 or 250) no morphological transformation is observed by TEM
and DLS. In this case, the vesicles lie further from the vesicle/worm phase boundary.
Therefore, the increased hydrophilicity gained from the ion®toxylic acid is
insufficient to enable a morphology transition. Turbidimetry studies conducted on
dilute vesicle dispersions indicate that these vestelphere and vesicl®-worm
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transitions are relatively slow, requiring time scales of hours aC2MHowever, if

the original vesicles were subjected to the same pH switch in the presence of added
salt, charge screening resulted in no owteler transition being observed. Only the
HOOCGPGMA43-PHPMA, 75 vesicles undergo an orderder transition to fon

worms simply on cooling to 5 °C. However, subjecting the HGRIEMA43-
PHPMA vesicles tdbotha pH switchand a temperature switch causes a vesicte
sphere transition in each case, as judged by TEM and DLS studies. In summary, the
stimulusresponsive deaviour of HOOGCPGMA4:-PHPMA vesicles is
unexpectedly complex and critically depends on the DP of thefcoreng PHPMA

block.
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4.1 Introduction

It is well documented that stimedeésponsive polymers have a wide range of
potential biomedical applicatiort$ In particular, pHresponsive polymers have been
widely studied as their properties can chasigaificantly in aqueous solution. M®
specifically, certain polymers can undergo a glokialeoil conformational change
upon ionisation or protonation in aqueous solufidBroadly, there are two types of
pH-responsive polymers, polyacids and polybases. The former typically contain
carbxylic acid groups (such as poly(acrylic acid) (PAA) and polgthacrylic acid)
(PMAA)), which can become anionic on increasing the solution pH above jtdrpK
contrast, polybases become cationic at solution pH values below theis pkresult
of protoration. Examples include polydisopropylaminethyl methacrylate
(PDPA) and polyZ-(dimethylamino)ethyl methacrylate) (PDEAgmall changes in
the solution pH around their pialue have relatively large effects on the degree of
ionisation and, in someases, solubilityTherefore, appropriate polymers must be

carefully selected depending on the desired application and pH response.

Adding a chemical crodgker during the synthesis of a pidsponsive
polymer can result in the formation of a microgelhgdrogel®*? However, more
relevant to thesis is the incorporation of a-mdponsive block into amphiphilic
diblock copolymers, which are well known tondergo selassembly in agueous
solution®**® Such nanebjects may undergo either ordeder or oderdisorder
transitions by adjusting the solution pH to chatgethe pHresponsive block”®
For example, Webber et al used anionic polymerisation to prepare a poly(2
vinylpyridine)-poly(ethylene oxide) (PVAPEO) diblock copolymer in THE When
tranderred into agueous solution, this diblock copolymer underwentiseémbly to
give spherical nanoparticles above pH 5.0 where the PVP units are deprotonated and
hydrophobic. Here the PEO block acts as a steric stabiliser. Lowering the solution pH
below H 5.0 protonates the PVP block and produces a ddumeophilic diblock
copolymer, resulting in micellar dissociation to form molecularly dissolved cationic
chains (i.e., an ordatisorder transition seeFigure 4.1). Similarly, Armes and co
workers  prepred poly(2(methacryloyloxy)ethyl  phosphorylcholingply(2-
(diisopropylamino)ethyl methacrylaie(PMPGPDPA) diblock copolymersia atom
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transfer radical polymerisation (ATRP)?’ These diblock copolymers formed
spheres or vesicles after transfer iatpeous solution above pH 6.0, since the PDPA
block is deprotonated and hydrophobic at this pH. However, when its tertiary amine
groups become protonated below 6.0, the PDPA block becomes hydrophilic. This
causes an ordefisorder transition. PMPEDPA vssicles have been evaluated for
the encapsulation and release of either DNA or doxorubicin (a ‘seligle ant
cancer drug) by this mechanisti® | n contrast, McCormick®o:
poly(2-acrylamide2-methyl propanesulfonatgoly(2-acrylamide2-methyl propane
butanoate) (PAMPEAMBA) diblock copolymers by reversible addition
fragmentation chain transfer (RAFT) polymerisation in aqueous solution at g8 8.0.
At this solution pH the PAMBA block is ionised and hydrophilic, thus the diblock
copolymer $ molecularly dissolved as an ionic polyelectrolyte. Below pH 5.5 the
pendent carboxylic acid groups in PAMBA become protonated, rendering the
PAMBA block sufficiently hydrophobic to induce safsembly to form spherical

nanoparticles.

Spherical Mglecularly
nano-objects dissolved
chains

e

Figure 4.1 Schenatic illustration of an ordedisorder transition from spherés
molecularly dissolved chains. In this case deprotonation results in molecularly
dissolved chains.

LN o, &

o
W

Elsewhere, Doncom and-weorkers prepared a poly(methyl acrylaps)ly(2-
(N,N-diisopropylanno)ethyl acrylamide) (PMAPDPAEAM) diblock copolymer
with a quaternary amine ergtoup by RAFT polymerisation followed by pest
polymerisation modificatio> When transferred from DMF into water at pH 7.4,
(where the PDPAEAM residues are neutral), suclibiehydrophobic diblock

copolymers spontaneously sesemble to form vesicles. Presumably the cationic
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charge conferred by the egdoup ensures colloidal stability rather than phase

separation. However, the PDMAEAM block is protonated at pH 3.0, megutt a

vesicleto-sphere transition, which was found to reversible on returning the pH (see

Figure 4.2). More recently, Dharaet al prepared apoly((ethylene glycol)

monomethyl ether acrylat@ply(BocL-tryptophan acryloyloxy ethyl ester) by

RAFT polymerisation in DMF After removal of the Boc protecting group to give

an amine, this diblock copolymer was transferred into water at pH 7.4, which

resulted in vesicle formation. However, lowering the solution below pH 5.2 resulted

in a vesicleto-sphere @nsition.

i O
'4\\//—\} AN NN
]

Figure 4.2 Graphical illustration of the sphete-vesicle ordeiorder transition
observed for PMAPDPAEAM diblock copolymers on protonation of the tertiary
amine groups in DPAEAM unifs.

Armes et al

and

ot hers have ogkscepblymérs mohi zop

induce an ordeorder transition depending on solution PH® Here a zwitterionic

diblock copolymer is prepared that comprises both a polyacid and a polybase. Under

acidic conditions the polyacid is hydrophobic and can act as théaonéng block,

whereas the polybase is protonated, hydrophilic and forms the stabiliser block.

Switching to basic pH ionises the polyacid block and deprotonates the polybase, thus

the blocks switch roles as the stabiliser and-tomming block. One examplis the

synthesis of zwitterionic gly(4-vinylbenzoic aci¢kpoly(2-(diethylamino)ethyl

methacrylateYPVBA-PDEA) diblock copolymers by ATRP using protecting group

chemistry and subsequent hydroly§ighese diblock copolymers form spheres with

a PVBA coreat pH 2, whereas at pH 10 they form spheres with a PDEA core (see

Figure 4.3). Similarly, Lecommandoux and Rodriguelerréndez reported the

synthesi s

of

0 s ¢ h i poly(lpdiutamia iadddpoly(k-lysing)t er i o n

diblock copolymervesicles which swvitch morphology by a similar mechanist.

127



Chapter 4: Preparation of Acid-Responsive Worms, Vesicles and Spheres

Similar orderdisorder and ordesrder transitions have also been made for triblock
copolymers consisting of pkesponsive blocks:*®

oH,
_':_CH CHZ }ac- CH, ?_aa
¢=0 OH-
(l'J P m—
(|2H2 H~
o
N
cH,cHy” CH,CH,
37 nm PVBA-Core PVBA-PDEA zwitterionic 35 nm PDEA-core
Micelles @ pH 2 diblock copolymer micelles @ pH 10

Figure 4.3 Graphical representation of the micellar ssgembly of the
0shi zophreni cd -PDEA diblaeck dopplgners atipNM B And at pH
10333

As discussed irChapter 1there are many examples of dibloc&polymer
nancobjects synthesised by polymerisatioduced seHassembly (PISA) in
water?®°® However, ther@ppear to be no reports of diblock copolymer rabjects
prepared by avholly aqueousRAFT PISA formulation that undergo a pH induced
morphology transition.An and ceworkers reported the chain extension of a
PDMAEMA macroCTA with 1,6-hexanediol diacrgte, in an 1:lethanolivater
mixture by RAFT dispersion polymerisation to prepare core diolssd micelles’?’

After purification by repeated ultrafiltration in aqueous solution, these particles acted
as efficient dodecanm@-water Pickering emulsifiers talow pH. However,
deprotonating the tertiary amines of the PDMAEMA block causes the-lonkes

micelles to aggregate, leading to demulsification.

In this Chapter, a poly(glycerol monomethacrylate) (PQNM#acreCTA is
chainextended via a statistical coplymerisation mixture of 2hydroxypropyl
methacrylate (HPMA) and DPAy RAFT aqueous dispersion polymerisation. A
series of PGMAss-P(HPMA-statDPA;) diblock copolymerworms, vesicles and
spheres were prepared by PISA and theiwrgéponsive behaviour wamnalysed by

various techniques. In contrast Chapters 2 and 3, tip-responsive component is
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a tertiary amine and is located within the core, rather than at the periphery of the
stabiliser block.

4.2 Experimental Section

4.2.1 Materials

Glycerol monomthacrylate (GMA; 99.8%) was donated by GEO Specialty
Chemicals (Hythe, UK) and used without further purificatiorHy&iroxypropyl
methacrylate (HPMA) was purchased from Alfa Agd#K) and used aseceived. 2
(Diisopropylamino)ethyl methacrylate (DPA, 8 96) was purchased from Scientific
Polymer Products Inc. (USA) and passed through a basic alumina column prior to
use 2-Cyanc2-propyl dithiobenzoate (CPDB), &4zobis(4cyanopentanoic acid)
(ACVA,; V-501; 99 %), deuterated methanDICI, ethanol (9%6, anhydrous grade),
methanol and dichloromethane were purchased from Sijdrech (UK) and were

used as received. All solvents were of HPLC quality.

4.2.2 Synthesis of poly(glycerol monomethacrylate) (PGMAs) macro-CTA

A typical protocol for the synthesef PGMAss macreCTA was adollows:

GMA (203.0 g, 1.268 mp| CPDB (6.03 g, 0.020 moltarget DP = 63), ACVA (14

g, 4.07 mmal CPDB. ACVA molar ratio = 5.0) anénhydrous ethanol (156.0 g,
3.38 mol) were addetb aroundbottomed flask to afford a 55 ¥/w solution. The
resulting pink solution was purged with, for 40 min, before the sealed flask was
immersed into an oil bath set at 70 °C. After 140 min (69 % conversion as judged by
'H NMR) the polymeristion was quenched by immersion of the flask iatoice
bath and exposinghe reaction mixtureto air. The crude polymerwas then
precipitated into a tefold excess oflichloromethan@nd washed three times using
this nonsolventto remove residual unreacted GMA mononbefore beingdried
under high vagum for three days at 40 °éH NMR studies indiated a mean degree

of polymerisation of 56via endgroup analysis (the integrated aromatic RAFT-end
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group signals at 7-7.4 ppm were compared fwlymer backbone signals between
0.5 to2.5 ppn). Taking intoaccount the target DP of 63 and tBMA conversion of

69 %, thisindicateda CTA efficiency of 76 %DMF GPC studies indicateah M, of
15,000 g mol* and anM,/M,, of 111 'H NMR (400 MHz, CROD, 25 AC) :
1.26 (b, 3H, -CH,CR(CH3)-), 155-2.32 (b, 22H, -CH,CR(CHy)-), 3.50-3.83 (b,
24H, -CH,0H), 3.81-4.25 (b, 31H, -COOCH ,CH(OH)-).

4.2.3 Synthesis of PGMAgPHPMA  diblock copolymer nano-objectsvia

RAFT aqueous dispersion polymerisation

A typical protocol for the chain extension of PGBAnacreCTA with 140
units of HPMAvia RAFT aqueous dispersion polymerisation is as follows: PGVA
macreCTA (0.319 g, 0.035 mmol), HPMA monomer (0.70 g, 4.9 mmol), ACVA
(3.2 mg, 0.02 mmol; PGMAss macreCTA: ACVA molar ratio = 3.0) were added to
a 25 ml rounebottomed flask, prior to addition of water to produce a 15 % w/w
solution. The reaction solution was purged under nitrogen for 30 min at 20 °C prior
to immersion into an oil bath set at 70 °C. Thectiea mixture was stirred for 4 h to
ensure almost complete conversion of the HPMA monomer (> 99 %1 lyMR
analysis) and was quenched by exposure taraircooling to ambient temperature.
The copolymer dispersion washaracterised by DLS, TEM and rhegjowithout
further purification'H NMR (400 MHz, 96: 4 CBOD/DCI| , 25 A.€9 (b,
3H, -CH3 on polymer backbone), 1.4839 (b, 2.3H-CH3 in PHPMA), 1.482.31
(b, 2.1H,-CH,- on polymer backbone), 3.58871 (b, 0.8H;CH,OH in PGMA and
CH(OH)- in HPMA), 3.7124.95 (b, 2.8H, remaining pendent protons in PGl
PHPMA).

C«

4.2.4 RAFT synthesis of PGMAse-P(HPMA y-stat-DPA;) diblock copolymer

worms

A typical protocol for the chain extension of PGMAnacreCTA with 130
units of HPMA and 10 units of DP¥a RAFT polymerisationn wateris as follows:
PGMAss macreCTA (0.393 g, 0.043 mmol), HPMA monomer (0.80 g, 5.5 mmol),
ACVA (4.0 mg, 0.014 mmol; PGM& macreCTA: ACVA molar ratio = 3.0) were
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added to a 25 ml roundottomed flask, prior to addition of water to produce a 15 %
w/w solution. The reaction solution wasrgad under nitrogen for 10 min at 20 °C.
Degassed DPA (32 mg, 0.16 mmol) was added to this reaction mixture and the pH of
the solution was adjusted to approximatél$-8.0. The reaction solution was then
degassedurther for 20 minprior to immersion intaan oil bath set at 70 °C. The
reaction mixture was stirred for 4 h to ensatmostcomplete conversion of the
HPMA monomer (> 99 % byH NMR analysis) and a high DPA monomer
conversion (93 % byH NMR analysis). Finally the reaction was quenched by
expogsire to airandcooling to ambient temperature. The resulting-Bt@aading gel
wascharacterised by DLS, TEM and rheology without further purificatiBhNMR
(400 MHz, 96: 4 CROD/DCI 25 ALY (b, 38, -CH; ah polymer
backbone), 1.20.36 (b, 24H, -CHOH in PHPMA), 1451.56 (b, 0.5H,-CH3 in
PDPA), 1.562.30 (b, 2.1H,-CH,- on polymer backbone 3.503.72 (b, 1.1H, -
CH20OH in PGMA andiCH(OH)- in PHPMA), 3.73-4.90 (b, 2.84, remaining
pendent protons in PGMA, PHPMA and PDPA).

4.2.5 RAFT synthesisof PGMAssP(HPMA -statDPA;) diblock copolymer

vesicles

A typical protocol for the chain extension of PGMAnacreCTA with 240
units of HPMA and 10 units of DP¥a RAFT polymerisationn wateris as follows:
PGMAss macreCTA (0.213 g, 0.023 mmol), HPMMmonomer (0.80 g, 5.5 mmol),
ACVA (2.2 mg, 0.008 mmol; PGM#& macreCTA: ACVA molar ratio = 3.0) were
added to a 25 ml rouddbttomed flask, prior to addition of water to produce a 15 %
w/w solution. The reaction solution was purged under nitrogen for hCatr20 °C.
Degassed DPA (49 mg, 0.23 mmol) was added to this reaction mixture and the pH of
the solution was adjusted to approximatél$-8.0. The reaction solution was then
degassed further for 20 min prior to immersion into an oil bath set at 70 ®C. Th
reaction mixture was stirred for 4 h to ensatmostcomplete conversion of the
HPMA monomer (> 99 % byH NMR analysis) and a high DPA monomer
conversion (91 % byH NMR analysis). Finally the reaction was quenched by
exposure to air, following by caalg to ambient temperature. The resultiagbid

free-flowing dispersionwas characterised by DLS, TEM and visible spectroscopy
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without further purification’H NMR (400 MHz, 96: 4 CRODIDCI , 25 AC) :
1.20 (b, 3H,-CH3 on polymer backbone), 1.2035 (b, 2.6H;CHOH in PHPMA),
1.46-1.56 (b, 0.3H,-CH3 in PDPA), 1.562.23 (b, 2H,-CH,- on polymer backbone
3.523.73 (b, 0.9H, -CH,0OH in PGMA andi CH(OH)- in PHPMA), 3.73-4.86 (b,

2.7, remainingpendent protons in PGMA, PHPMA and PDPA).

4.2.6 RAFT synthesis of PGMAs-P(HPMA -statDPA;) diblock copolymer

spheres

A typical protocol for the chain extension of PGMAnacreCTA with 90
units of HPMA and 10 units of DP¥a RAFT polymerisatnin wateris as follows:
PGMAss macreCTA (0.1347 g, 0.015 mmol), HPMA monomer (0.19 g, 1.3 mmol),
ACVA (1.4 mg, 0.005 mmol; PGM#& macreCTA: ACVA molar ratio = 3.0) were
added to a 10 ml rourddottomed flask, prior to addition of water to produce &d5
w/w solution. The reaction solution was purged under nitrogen for 10 min at 20 °C.
Degassed DPA (31 mg, 0.15 mmol) was added to this reaction mixture and the pH of
the solution was adjusted to approximatél$-8.0. The reaction solution was then
degasse for a further 15 min prior to immersion into an oil bath set at 70 °C. The
reaction mixture was stirred for 4 h to ensure near complete conversion of the HPMA
monomer (> 99 % bjH NMR analysis) and a high DPA monomer conversion (91 %
by '"H NMR analysis) Finally, the reaction was quenched by exposure toaat
cooling to ambient temperature. The resulting -ftewing dispersion was
characterised by DLS and TEM without further purificatith. NMR (400 MHz,96:
4 CD;sOD/DCI, 25 0&21.19 (b, BH,-CHs on polymer backbone), 1.4B38
(b, 2.3H,-CHOH in PHPMA), 1.461.57 (b, 0.6H,-CH3 in PDPA), 1.5722.23 (b, 2H,
-CH2- on polymer backbone 3.523.71 (b, 1.2H, -CH,OH in PGMA andi
CH(OH)- in PHPMA), 3.74-4.86 (b, 2.8, remainingpendent protons in PGMA
PHPMA and PDPA).
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4.2.7 Synthesis of PGMAgPDPA 140 diblock copolymer spheresvia RAFT

agueousemulsionpolymerisation

A typical protocol for the chain extension of PGMAnacreCTA with 140
units of DPA via RAFT aqueousmulsionpolymerisation is as flows: PGMAgs
macreCTA (0249 g, 0.®7 mmol), DPA monomer (B0 g, 3.8 mmol), ACVA (2.5
mg, 0.@9 mmol; PGMAss macreCTA: ACVA molar ratio = 3.0) were added to a 25
ml roundbottomed flask, prior to addition of water to produce a 15 % w/w solution.
The pHof the solution was adjusted to approximat@l$-8.0. Then the reaction
solution was purged under nitrogen for 30 min at 20 °C prior to immersion into an oil
bath sett 70 °C. The reaction mixture was stirred for 8 h before being quenched by
exposure tair and cooling to ambient temperatutd.NMR analysis indicated DPA
monomer conversions of 85 %4 NMR (400 MHz, 96: 4 CBOD/ DCI 25 AC)
0.761.25 (b, 3H-CHj3 on polymer backbone), 1.3762 (b, 10.6H;CH3 in PDPA),
1.742.54 (b, 2H,-CH2- on polymer backbone), 3.44.61 (b, 4.9H, remaining
pendent protons in PGMA and PDPA).

4.2.8 Instrumentation

'H NMR spectra were recorded using a 500 MHz Bruker Avditife spectrometer
(64 scans averaged per spectrum)

Gel Permeation Chromatography (GPC)was usedo assess polymer molecular
weight distributionsThe DMF GPC setup comprisedwo Polymer Laboratories PL
gel 5 e-@colMmns eodnected in series to a Varian-B80multi-detector
suite (refractive index detector) and a Varian -2@D pump injection module
operating at 60 °C. The GPC eluent was HRjt&de DMF containing 10 mM Br

at a flow rate of 1.0 mL mifh. DMSO was used as a flemate marker. Calibration
was conducted using a series of ten smanodisperse poly(methyl methacrylate)
standards NI, = 625 to 2,480,000 g nid). Chromatograms were anadyl using
Varian Cirrus ®C software (version 3.3The molecular weight distribution of the
PGMAse-PDPA4o copolymer was assessed by GPC using THF eluent. Prior to

analysis the copolymer was modifiedith benzoic anhydride to ensure copolymer
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solubility in THF using a previouslgescribed protocéf The THF GPC system was
equi pped with t wo -C5colenns afd3a0WelkChrdm -E801 x e d
refractive index detector operating at 950 = 30 nm. The mobile phase contained 2.0
% v/v triethylamine and 0.0% w/v butylhydroxytoluene (BHT) with a toluene Wo

rate marker and the flow rate was fixed at 1.0 mL-imA series of ten near
monodisperse poly(methyl methacrylate) standaktisvalues ranging from 645 to

2,480,000 g mat) were used for calibration.

Dynamic Light Scattering (DLS) studies were condted using a Malvern Zetasizer
NanoZS instrument at 25 *“®easurementaere performed on 0.10 % wiagueous
dispersionsn disposable cuvettes at a fixed badattering angle of 173Intensity
average hydrodynamic diameters were calculaiadhe StokesEinstein equation.

All data were averaged over three consecutive rdme 15 % w/w aqueous
copolymer dispersion was diluted to 0.1 % in aqueous solution at pH 8.5. The
solution pH was manually adjusted to the desired pH using HCI.

Aqueous electrophoresisneasurements were conducted using a Malvern Zetasizer
NanoZS instrument at 25 °C. Studies were performed on aqueous copolymer
dispersions diluted to 0.10 % w/w containing>1fol dmi® KCI as background
electrolyte.The solution pH was manually adjustedthe desired pH value using

HCI starting from pH 8.5Zeta potentials were calculated from the Henry equation
using the Smoluchowski approximation. All data were averaged over three

consecutive runs.

Transmission Electron Microscopy (TEM)imaging was pedrmedon FEI Tecnai

Spirit microscope fitted with a Gatan 1kMS600CW CCD camera operating at.80 kV
Copolymer dispersionwere diluted at 20 °C tproduce0.10% w/w dispersionst

either pH 8.5 or pH 3.5Copper/palladium TEM grids (Agar Scientifit/K) were
surfacecoated irhouse to yield a thin film of amorphous carbon. The grids were
then plasma glovdischarged for 30 s to create a hydrophilic surface. Individual
samples (0.166 w/ w, 12 e€L) wer e adsdsahdgedigridsnt o
for one mnute and then blotted with filter paper to remove excess solufioan.
improved contrast when imaging, copolymer dispersions contaaimgw DPA
contents (30  u nurany Jormatestain (0.75 % wiw9 ¢ L ) placelaos the
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sampleloaded grid for 20 s ahthen carefully blotted to remove excess stain.
Phosphotungstic acid (1.00 % w/ w, 9 ¢L)
consisting of 5 or more DPA units, but was left on the grid for 4 s. The grids were

then carefully dried using a vacuum hose.

Rheology studies were conducted usingiaAR-G2 stress controlled rheometer with

a variable temperature Peltier plaggt or age modul i (Go6) wer e
PGMAss-P(HPMAy-stat DPA;) diblock copolymer worm gels at 25 °C at varying
solution pH. After tle dispersions were adjusted to the desired pH, they were left for
one hour prior to measur)anokinver® deteBninedr a g e
by temperaturelependent rheological studies from 25 °C to 4 °C to 25 °C with a
coolingheating rate 00.5°C min™. In all cases a corendplate geometry (40 mm 2

° aluminium cone) was used for these measurenatatixed strain of 1.0 % and an

angular frequency of 1.0 ratf's

Visible absorption pectroscopywas used tanonitor changes in transmittance.
Turbidimetry curves were recorded at 20 °C usirfghanadzu UV1800instrument
operating in time drive mode at a fixed wavelength of 450 nni5dnours.Prior to
analysis, the PGMAss-P(HPMAy-statDPA;) diblock copolymer vesicles were
diluted to 0.10 % w/waqueous dispersiorst pH8.5. Measurements were recorded
every minutgfor PGMAss-PHPMA 50 andPGMAse-P(HPMAp4o-stat DPA;) vesicles
and every 6 seconds fBIGMAse-P(HPMAy 5-stat DPAs) andPGMAss-P(HPMAg 4o
statDPA; ) vesiclesimmediatéy after this solutiopH was redued topH 3.0 using
0.5 MHCI.

4.3 Results and Discussion

In Chapters 2 and BGMA-PHPMA diblock copolymergrepared using a
carboxylic acidfunctionalised RAFT agent affoed pH-sensitive worms and
vesicles (providingthat a sufficiently low PHPMA core DPwas targeted Such
nancobjectsundergo ordeorder morphological transitiorss a result ofonisation
of the terminal acid group on the stabiliser block. Simild?igMA-PHPMA diblock

135



Chapter 4: Preparation of Acid-Responsive Worms, Vesicles and Spheres

copolymer nanabjects can be prepared with a morphelionctionalisedCTA that

undergo similar transformations when protondfeth this Chapter the effect of

adding tertiary amine methacrylate groups the core (or membrane) of similar

diblock copolymer worms, vesicles and spheres (ratinan the periphery of such

particles) is exploredTherefore, a noimonic CTA was used to eliminate the

possibility of pHresponsive behaviour due to egibup effects. Furthermoréhe

amountnumber of amine units incorporated into tbere ofthe naneobjects is

systenatically varied (se€&igure 4.4).
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Figure 4.4 (a) Synthesis of a PGM#& macreCTA via RAFT solution

polymersation of GMA in ethanolusing CPDB, and its subsequent chain extension

with a mixture of HPMA and DPAvia RAFT aqueous dispersion polymerisation
prepare a series of PGMAP(HPMA-statDPA,) diblock copolymer worms,
vesiclesor spheres. lllustrations of the (b) worms and (c) vesiatestheir response

to a pH switch byddition of eitheHCI or KOH.
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A nearmonodisperseMw/M, = 1.15) PGMA macreCTA was prepared by
reversibleaddition fragmentation chaitransfer (RAFT) solution polymerisation in
ethanol using2-cyanae2-propyl dithiobenzoate (CPDB)s a norionic CTA. End
group analysis of the PGMA mae@TA by *H NMR indicated a DP of 56 (see
Figure 4.5a). The PGMAs macreCTA was chairextended with varying amounts
of HPMA and DPAvia RAFT dispersion copolymerisation in water at pH 8.0 to
afford three series oPGMAse-P(HPMA-statDPA;) diblock copolymers. PISA

afforded either worms, vesicles @pheres depending on the target block

composition.
2
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Figure 45 'H NMR spectra obtained for (a) purified PGM¥AMacreCTA in
CD30D and (b)PGMAse-P(HPMA35-statDPA ) in a 96:4 CROD/DCI mixture.
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It is noteworthy that preparation of PGN¥PDP A4 diblock copolymers at
pH 80 by RAFT aqueous emulsion polymerisation led to only spherical
nanoparticles, as judged by TEM (deigure 4.6a). This observation is consistent
with several other PISA by RAFT aqueous emulsion formulafio¥sAlthough
these nanagrticles proved to be p¥esponsive, the final monomer conversion only
reached approximately 85 % and some precipitation was observed. Moreover, after
modification of the PGMA block with excess benzoic anhydride, THF GPC
indicated that the polymerisatiomgere only poorly controlledM/M,, = 2.17), see
Figure 4.6b). Hence a statistical coferming copolymer comprising DPA and

HPMA was selected to produce worms and vesicles.

@ (b)

PGMAg-PDPA, 4
M, = 27,400
M,,/M, = 2.17

12 13 14 15 16 17
Retention Time / min

Figure 4.6 (a) TEM imagerecorded at pH 8.5or dilute 0.1 % w/w aqueous
copolyner dispersionand the corresponding digital imagbtained at 15 % w/w
solids at pH 8.5 for PGMAs-PDPA 4 diblock copolymerspheres. (b) THF GPC
trace obtained foPGMAsg-PDP A 40 diblock copolymer

A typical 'H NMR spectra recorded fAPGMAse-P(HPMA 30-stat-DPA )
diblock copolymer chains dissolved in a 96: 4 ;OD/DCI mixture is shown in
Figure 4.5b. DPA comonomer was selected in order to introducerggponsive
character into the cof®rming block of the particles. Furthermore, DPA has
previously been wcessfully polymerised by RAFT chemistry and offers
complementary pHesponsive behaviour to that reported in the two previous
Chapterd." 182 More specifically, at relatively high solution pH values (> 7.0) the
tertiary amine groups in DPA residueme mainly deprotonated and hence
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hydrophobic.When the solution pH is lowered, the tertiary amine groups become
protonated and the P(HPMg#tatDPA) block should become cationic and hence
more watersoluble. It is hoped that such switches in pH may indunogphology
transitions. Acid titration studies indicated that the, g this tertiary amine is
approximately 7.2. Therefor#,is hopedsuch pHresponsive morphology transitions
may be usefufor biological applicationsn the future(such as encapsulati and
delivery of payloads). This is because the extracellular fluid is typically
approximately pH 7.4, whereas the pH inside a lysosome (an organelle within a cell

that breaks down biomolecules and cellular debris) is approximately gH 4.5

H NMR analyss of the chain extension of PGMAwith 140 units of HPMA
in water at 15 % w/w solids indicated that high monomer conversion (> 99 %) was
reached after 2 h at 70 °Eigure 4.7a). Three separate rate regimes were observed.
Initially, HPMA monomer was comsned slowly, which may indicate some degree
of retardatior?’ After 30 min, a modest increase in rate is observed in the semi
logarithmic plot (see blue data). At approximately 50 min, the rate of polymerisation
is enhanced by a factor of three. This kely to be the result of micellar nucleation,
which causes unreacted HPMA monomer to mignate the cores of the nascent
particles, thus causing an inase in the local concentratihThe reaction was
complete after approximately 90 mim contrast,"H NMR kinetic studies of the
PISA synthesis of PGM&-P(HPMAys-statDPAg) in water at 15 % w/w solids
indicated that HPMA monomer reached almost full conversion (> 99 %) after 60 min
at 70 °C (see red data lgure 4.70), whereas DPA monomer only reach84 %
conversion after 90 min (see green data). After 240 min only a slight increase in
DPA conversion (86 %) was observed. Like the PGMAHPMA.4o diblock
copolymer synthesis, the initial rate of copolymerisation was quite slow. However,
after only 30min the rate of copolymerisation increases significantly by a factor of
approximately seven, presumably as a result of nucleation and subsequent migration
of HPMA and DPA monomers into the cores. Surprisingly, the DPA monomer
initially polymerises fasterhan HPMA. Previous work by Ratcliffe and-emrkers
suggest that this is probably due to HPMA being consumied dispersion
polymerisation, whereas DPA is consumed by emulsion polymerisation, which has

been shown to proceed fastein light of these finéhgs, each diblock copolymer
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was allowed to react for 4 h at 70 °C to ensure as high a final conversion as possible
was obtained.

(@) PGMAss-PHPMA 4 (b) PGMA-P(HPMA 5-stat-DPA,,)
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Figure 4.7 Monomer conversiorersus time curves determinbd'H NMR analysis
versus time for the chain extension of a PGlyItvacreCTA with (a) 140 units of
HPMA and (b) a statisticalomonomemixture of 130 units of HPMA (redircleg
and 10 units of DPA (greenmircleg. The semiogarithmic plot of the overall
monomer conversion is shovay the bluesquares

4.3.1 Acid-responsive PGMAse-P(HPMA -statDPA,;) diblock copolymer
worms

Six PGMAsg-P(HPMA-statDPA;) diblock copolymer wormsvith varying
core compositions were prepared by PI8A RAFT aqueous dispersion statistical
copolymerisation of HPMA and DPA at 70 °C and 15M& copolymer solids. In
all cases a total DP of 140 was targeted for the core block (i.e., y + z = 140), but the
number of DPA units was varied from 0 to 8. NMR analysis indicated that very
high HPMA conversions (> 99 %) and fairly high DPA conversi¢n90 %) were
achieved after 4 h at 70 °C in all caskss noteworthy that target compositions will
be quoted throughout this Chapter for brevibllF GPC studies indicated that all
diblock copolymers possessed similar nurrddegrage molecular weigh{#,) and
high blocking efficiencies relative to PGMAmacreCTA (Figure 4.8). However,
increasing the amount of DPA in the core block produced a pronounced high
molecular weight shoulder (at lower retention times) and broader molecular weight

distributions This may indicate some degree of chain transfer to the isopropyl groups
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on the DPA units, which may cause light brancHiWg.Furthermore, DPA monomer
might conceivably contairdimethacrylate impurity which could also cause chain
branching?*®® Nevatheless, fairly good control is still achieved even at relatively
high DPA contents, and thimrmation of naneobjects byPISA appears to be

unaffected.

PGMAg,
M, = 15,200
My/M, = 1.15

PGMAg-PHPMA
M, = 38,600
M,/M, = 1.13

PGMA-P(HPMA 5o-stat-DPA,)
M, = 39,200
M, /M, = 1.16

PGMAg-P(HPMA 15,-stat-DPA,)
M, = 41,000
M, /M, = 1.20

PGMAg-P(HPMA 55-stat-DPA;)
M, = 40,900

M, /M, = 1.31

PGMAg-P(HPMA 5,-Stat-DPA )
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Figure 4.8 DMF GPC traces obtained for a PGMAnacreCTA (black curve) and a
series ofsix PGMAss-P(HPMAy-statDPA;) diblock copolymes where y + z =140.
In all cases high blocking efficiencies are observed.

As expected, all siPGMAse-P(HPMA-statDPA,) diblock copolymes form
free-standing gels at 15 % w/w solids, as judged by the tube inversiqseesnsets
in Figure 4.9). However, TEM studies conducted on dilute aqueous dispersions (0.1
% wi/w) at pH 8.5 suggested that pure worm phases are only obtained if the core
forming block consists of 3 DPA units or less (i.e.08) (seeFigure 4.%:-c).
Conversely, TEM images obtained for tR&MAss-P(HPMAy 35-stat DPAs) diblock
dispersion suggested a mixed phase of branched worms with a small fraction of
vesicles is formed Higure 4.9d). Similarly, PGMAsgP(HPMAy3-statDPA;()
diblock copolymers yielded mixture of vesicles and branched worrkg(re 4.9¢).
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In the latter two cases, turbid gels were obtained, presumably due to the presence of
the (larger) vesicles. This morphology evolution (i.e., from worms to branched
worms to vesicles) is similar to thpteviously reported by Verbet al. for a series

of PGMAs,-PHPMA diblock copolymers of increasing PHPMA B¥Surprisingly,

in the case of PGM&-P(HPMA s-statDPA;5) diblock copolymersno vesicles

were observed by TEM, but instead a mixed phase amwoand spheres was
obtained Figure 4.9f). Increasing the DPA content in the copolymers afforded more
hydrophobic cordorming blocks. Thus it seems that more hydrophobic blocks drive
assembly into higher order morphologiddowever, adding too much water
immiscible DPA to the formulation favours RAFmulsionrather thandispersion
polymerisation. Thus seHssembly into lower order morphologies occurs. This is
reasonable, because using DPA as the sole-fooreng monomer leads to
exclusively spherical BMA-PDPA naneobjects, as discussed above. Similar
kinetically-trapped spheres have been reported for various other RAFT aqueous
emulsion polymerisation formulatiofi§**

Figure 4.9 TEM images recorded at pH &ar dilute 0.1 % w/w aqueousopolymer
dispersionand the corresponding digital images obtained at 15 % w/w at pH 8.5 for a
series of PGMAs-P(HPMA -statDPA;) diblock copolymer nanobjects, where y +

z =140.These copolymers are denoted as@-statD,) for brevity.
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Since thesd®GMAss-P(HPMA-statDPA;) diblock copolymer nanobjects
were prepared at pH 8.0, the tertiary amine groups in the DPA units are deprotonated
and uncharged. However, when the pH is adjusted to 3.5, these amines become
protonated and cationic, since thK, of the DPAunits isapproximately7.2. As
expected, the neinic PGMAss-PHPMA 40 diblock copolymer worms exhibit no
pH-responsive behaviour and remain as a pure worm phase at pH 3.5, as judged by
TEM (Figure 4.10). Similarly, PGMAse-P(HPMA3¢-stat DPA;) worms appeapH-
insensitive as judged by TEM images obtained at pH Bigufe 4.1M). This
behaviour is in starkcontrast to that observed for HOGRGMAse-PHPMA; 55
diblock copolymer wormgprepared inChapter 2,whereby ionisation of a&ingle
carboxylic acid endyroup on the PGMA stabiliseblock is sufficient to induce an
orderorder morphological transitioff.Although protonation of an amine rather than
ionisation of a carboxylic acid is being explored here, it nevertheless appears that the
spatial location of thecharge can influence whether pekponsive behaviour is
observed. More specifically, placing (cationic) charge in the core rather than
(anionic) charge at the periphery of the particles yields ‘adopects that are less pH
sensitive. In contrast, orderder or ordetdisorder morphological transitions were
observed on switching from pH 8.5 to pH 3.5 when three or more DPA units were
present in the corrming block. These morphology transitions were accompanied
by rapid degelation, since multiple ir@orm contacts are no longer possible (see
inset ofFigure 4.10c-d). For example, TEM studies indicatBMAse-P(HPMA 37
statDPAg) and PGMAse-P(HPMA ss-statDPAs) diblock copolymers form il
defined mixtures of spheres and spherical dimers at pH 3.Figae 4.10c andd).
In contrast, no particles were observed REBEMAss-P(HPMA,3¢-statDPA;g) and
PGMAss-P(HPMAy 5-stat DPA;s), suggesting a transition to molecularly dissolved
chains in these two casdddure 4.10e andf). These latter transitions are bekemto
occur because the larger number of cationic DPA residues renders tHeroong

block sufficiently hydrophilic.
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3 macEmaTE

(a) Ggg-Hy40 @t pH 3.5 (b) Ggg-(H39-stat-D,;) pH 3.5 (c) Ggg-(Hq37-stat-D3) pH 3.5

Figure 4.10 TEM images recorded at pH 3.5 (from a dilute 0.1 % w/w aqueous
dispersion) and the correspondutigital photographsbtaned at 15 % w/vgolidsat

pH 3.5 for a series of PGM#A&P(HPMAy-stat DPA,) diblock copolymers, where y +

z =140.These copolymers are denoted as(®ly-statD,) for brevity.

The wormto-sphere morphological transition observed fBIGMAss-
P(HPMA37-statDPA3) and PGMAss-P(HPMA, 5s-stat DPAs) diblock copolymers is
more complex and not yet fully understood. If @HPMA-statDPA;) core was
truly statistical, then a worsto-vesicle (or to a higher order morphology)
transformation might be expected on protmraof the DPA units at low pH. This is
because the volume of the core segment should increase due to a combination of
electrostatic repulsion between cationic DPA units and greater water solubility of the
coreforming block. Therefore, the packing pardaereshould increase (gs=vVv / &
lc) and so favour higher order morphologies, such as vesicles. However, DPA is
initially consumed significantly faster than HPMA (as judged'HyNMR studies,
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seeFigure 4.7), thus the copolymer residues near the blocicon point with the
PGMA stabiliser blockbecome DPAenriched. Thus the protonated cationic DPA
residues near the block junction increases the effective volume of the stabiliser block
compared to that of the ceferming block (seeFigure 4.11). Furthernore,
electrostatic repulsion between weakly cationic chains at the junction point also
favours formation of spheres (or lower order morphologiés).

Worms Spheres
1/2<p<1/3 p<1/3

Hydrophilic _- i Hydrophilic
PGMA Acid PGMA and PDPA
Hydrophobic Base

4 Hydrophobic
PHPMA and PDPA

PHPMA

pH>6.0

Figure 4.11 Graphical representation of the change in packing parameter and the
associated worrp-sphere transition for P(HPMAgr-statDPAz) and PGMAe-
P(HPMAyss-statDPAs) diblock copolymer nanobjects after a pH switch.

The pHresponsive nature of these particles was also examined by dynamic

light scattering (DLS) studiggerformedon dilute aqueous dispsions (0.1 % w/w)
between pH 8.5 and 3& 25 °C DLS reports spherequivalent diameters, rather
than lengths or widths of the worm particledevertheless, this technique can
provide useful information regarding changes in apparent diameter with pH.
Furthermore, monitoring derived count rates from these measurecantgive a
good indication ofcertain morphological transitions, in particular dissolution into
molecularlydissolvedunimers.This is becausthe intensity of the scattered ligist
relatel to the derived count rate, and larger particles scatter more lighs.

important that these studies are conducted at 25 °C, as PIBFHUPMA particles are
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