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Abstract

Abstract. This Thesis focuses on the synthesis, characterization and potential use of sterically
stabilized diblock copolymer nanopatrticles prepared inpaar solventvia polymerizatiorinduced
selfassembly (PISA). This involved chain extension of ansoilible poy(n-alkyl methacrylate)
precursorvia reversible additiofragmentation chain transfer (RAFT) dispersion polymerization of a
carefully selected methacrylic monomer. The growing second block becomes insoluble at a critical
degree of polymerization (DP), witi leads tan situ selfassembly to form spherical, wottike or
vesicular nanopatrticles. Firstly, a poly(stearyl methacryaddy(2-hydroxypropyl methacrylate)
[PSMA-PHPMA] formulation was examined using mineral oil as the soltehNMR kinetic studies
conducted during the synthesisRPEMAs-PHPMAus0 vesiclesconfirmed that the polar nature of the
HPMA monomer leads to a relatively fast polymerization (94% conversion within 40 min) compared to
the correspondingoly(stearyl methactste)poly(benzyl methacrylate)?SMAe-PBzMA 150 vesicles

for which only 37% BzMA conversion was achieved within the same timedeaMAs-PHPMA7o

worms underwent degelation on heating, with transmission electron microscopy (TEM) analysis
indicating an unegxected partial worato-vesicle transition. Replacing HPMA with2 2-trifluoroethyl
methacrylatd TFEMA) enabled ~240 nm diameteEMAs-PTFEMAgoo vesiclesto be obtained at 25%

w/w solids inn-dodecane as highly transparent dispers@f¥{transmittanceat 600 nn). This was
attributed to the relatively low refractive index of PTFEMA, which matches that of-#lieane a5

°C. By varying the type afi-alkane, highly transparent vesicles could also be obtained at either 50 or 90
°C. Examinng the synthesis of highly transpard®MAs-PTFEMAgs sphees via in situ visible
spectroscopy in-hexadecane at 9C indicated the premature lossdithiobenzoatendgroups under

such conditions. A more industrialhglevant PISA formulation utilized poly(lauryl methacrylate)
PLMA precursor for the RAFT dispersion polymerization of methyl methacrylate (MMA) in mineral oil

at 90 °C. However, only spheres and short welrke particles could be accessed when using this
commodity monomer: targeting highPMMA DPs unexpectedly produced colloidally unstable
spherical aggregates. This morphological constraint was attributed to the high glass transition
temperature Tg) of the PMMA coreforming block and could not be overcome by conducting the
synthesis above thg& of PMMA (115 °C). According to TEM and dynamic light scattering (DLS)
analysisPLMA2>-PMMA&eg short worms underwent a partially reversible waoasphere @ansition on
heating. Either long worms or vesicles could be accessed by statistically copolymerizing just 10 mol%
lauryl methacrylate (LMA) with MMA at 115C. This LMA comonomeenhances solvent plasticization

of the coreforming copolymer chainsMoreove, differential scanning calorimetryDSC) studies
indicate a significant reduction in tle&ective Ty to well below thesynthesigemperatureThe resulting

worms and vesicles exhibited thermoreversible wtoraphere and vesicl®-worm transitions on
heating. Epoxyfunctional spheres were preparednimeral oilby using glycidyl methacrylate (GlyMA)

to grow the cordorming block from a PLMA precursor. Alternatively, a P(LM#tatGlyMA)
precursor preparedia statistical copolymerization of LMA with GlyMA was used for the RAFT
dispersion polymerization of either MMA or BzMA. The potential posiymerization modification of

such spheres was assessed using benzyamine, water or 50% v/v aqueous acetic AdidNiRQr

Fourier transform infrared spectroscoyi{IR) spectroscopy. The surface adsorption of such epoxy
functional spheres onto stainless steel fredodecane was compared to fanctional PLMAPMMA

or PLMA-PBzMA spheres usinguartz crystal microdance with dissipation (QCND) at 20 °C.

Placing epoxy groups within the steric stabilizer chains enhances the extent of adsorption significantly.
For example, the adsorbed ma&gfi obtained for~50 nm P(LMAse-statGlyMA o)-PBzMA 245
nanoparticles is more than fideld higher than that achieved when using the corresponding non
functional PLMAs3:-PBzMA 245 nanoparticlef @ 313 vs 6.4 mg m?). SEM analysis confirmed a
comparableenhancment insurface coverage for the epefgynctiond spheres. Furthermore, QGBI

studies performed at 4@ led to a higher adsorbed mass for the former type of nanoparticles, which
suggestshat the epoxy groups react with the hydroxyl groups present at the surface of the stainless stee
to form covalenbonds. Minitraction machine (MTM) tribological experiments confirmed that stronger
nanoparticle adsorption led to a significantly lower frictional coefficient.
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Chapter 1. Introduction

1.1.Polymers

Polymers arédong-chainmoleculeshat comprisesmall molecut repeat ung, or monomers.
The number of repeat uniper chains denotedthe degree of polymerization (DF)he wide
range of commercially availablenonomers and polymerization techniques prowvickny
opportunities tadesignpolymers withbespokephysicaland chemical properties fadiverse

applicationgangingfrom mechanical engineerihtp the pharmaceutical indust?/*

While small moleculesire characterized by singleuniquemolecular weightall synthetic
polymerspossess molecular weightlistribution (MWD) Any given polymesamplecontains

a distribution of chains of varying DP#, is a numbe@average molecular weight that is
defined byEquations 11 and1.2. This parameter depends on the probabilitgelécing a
polymer chain with number of repeating unitg when a molecule isandomly chosen from

this sampleEquations 11-1.2).°

0w (1.1)

. o Be
0 w _— (1.2)
B ¢

Wheren; denotes the number of polymer chains witbpeat unitsiM; is the molecular weight
of that chain an@, n; is the total number of chains within the sampMeis biased towards the
shorter chains (and small molecule impurities such as unreacted monomer). It can be

determined by endroup analysis if the polymer chains have suitablegodps.

In contrastMy is defined according t&quations 1.3and 1.4, wherethe weight fractioris
denoted bywv andB; i nAindicaks the total number of monomamits within the samplé.My,

is biased towards the longer chains and can be deteriyrstdtic light scattering’

T (1.3)
B B Bt D

© y e (14)
0 v D B Bt O



Chapter 1. Introduction

Thepolydispersity index (PDI) adispersity(n) is a crude measure of the width of gvD:
it is ddined by the weightaverage molecular weigliMw) divided by the numbeaverage

molecular weigh{My) as indicated ifequation 1.5

0$) M = (1.5)
-

If Mw is equal taVl,, thenthepolymeris said to benonodisperseCertainbiopolymers such as
proteinsmay possess a unique molecular wefgRibwever, all synthetic polymers exhibit
MWDs of finite width {.e.,, n = MWw/Mn > 1.0. A n valuebelow 1.® indicatesa relatively
narrovMWD: (pseude)living polymerizationtechniques are required to produce sweli-

definedpolymers (seeSection1.2.3.

Polymes canpossessarious architectureeeFigure 1.1). For a simplehomopolymerthe
polymerchairs contain justonetype of repeat uniin contrast, copolymersomprisetwo or
more comonomes. Depending on the spatial arrangementsath repeat units we can
distinguish between alternating, statistical, block, graft and star copoly/leesnating
copolymershave repeat unitsthat are strictly alternating along theolymer chain while
statistcal copolymers have a random distribution of repeat uwitéch is determinedy the
relative canonomer reactivies and polymerization mechanismlock copolymerscomprise
spatially separatesequencesf two or more canonomers. Graft copolymepossess both a
main chain andgidechainsformedby a secondnonomer In the case oftar copolymers
multiple linearhoma@olymeror block copolymechainsareconnectedogetherat one central

junction

This Thesisnvolvesthesynthesis and characterization of homopolyndildpck copolymers

and statistical copolymers.
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Homopolymer Alternating copolymer Statistical copolymer

P s

Block copolymer Graft copolymer Star copolymer

Figure 1.1. Well-definedcopolymer architectures: homopolymer, alternatiogolymer statistical
copolymer block copolymer graft copolymeandstar diblock copolymer

1.2.Chain-growth polymerization

Syntheticpolymersare typically prepared by eithetepgrowth polymerizationor chain
growth polymerization. Stegrowth polymerization involves using bifunctional or
multifunctional monomex Monomersreactto form firstly dimers,then trimers tetramers
oligomers etcuntil high molecular weighpolymer chaingre eventually forred towardsthe
end of the polymerizationin contrast, baingrowth polymerizationnvolves the multiple
addition ofindividual monomer unitsVinyl monomers areommony polymerizedby this
method Chainrgrowth polymerizationnormally comprisse three distinct reaction steps
initiation, propagation and terminatiobhis technique is used exclusively in this Thesidis

discussed in more detdiklow.
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1.2.1.Free Radical Polymerization (FRP)

Free radical polymerization (FRP) istyge of chaingrowth polynerizationthatis widely
utilized in industryto producevinyl polymers e.g. polyethylene, poly(vinyl chloridedr
polystyreneunder various reaction conditiofs.

The active chahend inFRP isafree radicalwhich contails anunpaired electraninitiation
involvestwo steys. Firstly, free radicals(IA are generatetfom an initiator moleculglz) by
homolyticbhondcleavagdseerigure 1.2). This can bériggered byeitherheat oflUV radiation
or by using redoxhemistryif the polymerization requisa relatively lowreactiontemperature
(seeScheme 11).>1° Secondly, such free radicalsactrapidly with monometo produce a

monomesradical adduc(li MA (seeFigure 1.2).

kq
ly —— 21+
Initiation K
l++M ——— |—M- (=P;°)

ko
Propagation Phe+tM ——> Ppype

ktc I:’n+m
Termination P,*+P,,* /

I

td P,=+P,—H

Figure 1.2. The treemainstepsin FRP. initiation, propagatiorandtermination(via either
combination or disproportionatipn
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(a) Initiator decomposition

Thermal initiator

(o] (o}
Co
(j)l\o\j I A ) ©/u\o.

Photoinitiator
CN
(N\‘% a hv
RVARE— I
CN

Redox initiator

Fe? + H0, ——— Fe? + OH + <OH

(b) Monomer initiation and head-to-tail propagation

H H
H H H H n >=< H H H H
RN N L T U B
% Y A
(c) Termination
Combination
H H H H H H H H
WV\/V\/\/HI + c}—Mv —_—
H R R, H H R; R; H

Disproportionation
H H H H H H H H
N\N\/\MH- + c}—‘A/vmw —_— WMN\/{—';H + }=vavww
H R, R, H H R, Ry

Schemel.l. (a) Mechanism for the generation of free radical from initiator molecules during FRP:
thermal decomposition of benzoyl peroxide (BPO); photochemical decompositio? ,62 Nj
azobisisobutyronitrillAIBN) and the redox reaction of Fé with H,O. (Fenton's reagéh'® (b)
Monomer initiation followed by heatb-tail propagation for FRP of a vinyl monomés) Termination

of polymer radicals during FRP eithgy combination or disproportionation.

Thermal decomposition of thaitiator is relatively slow and is the ratamiting step for the
overall kinetics of polymerizatiofsee below}? Propagationproceeds relatively fast, with

polymer chaingeing formediia headto-tail addition reactiosbetween each active center and

6
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manymonomer units (R1A (seeFigure 1.2andScheme 1.1 High molecular weight polymer
chainsare typically formed even at relatively low monomer conversiosiO@h) and the mean
lifetime of any individual polymer chain is less than microsecond

Terminationprevents further chain growtlt canoccurby combinaibn, where two polymer
radicals react to form an inactive chain«# (seeFigure 1.2andScheme 1.1 Alternatively,
terminationby disproportionnvolvesone polymer radical abstramg a hydrogen atom from
asecond polymer radicéd produe an inactive polymer chain {PH) and a macromonomer
(Pn=), seeFigure 1.2andScheme 1.1During FRP, bothermination mechanisscanoccur
to some extent, with the dominant mechanism depending on the rezmtiditions and the
monomer typeé.For example, styrenand acrylic monomersiainly undergo termination by
combinationwhereasnethacrylic monomeravourdisproportionatiort>14

To considetthe kinetics of FRP, waust first recognize th#erate ofinitiator decomposition
(ka ~ 10° s1) is much slower thathe rate oformation of themonomesinitiator adduct(k; ~
10* Mt s1). Thus, the formeprocessis the ratedeterminingstep for the overall rate of

initiation (R), asdescribed byequation 1.6

Q)0 .
vl ) 16
Y g5 ¢99000) (1.6)

wherekyis the rate constaror the thermaldecomposition of the initiatofl2] is theinitiator
concentrationard f is the initiator efficiencyThelatter parameter is defined @ fraction of
the initiator radicalshat actually react witthonomey as opposed to undergoing si@actions
such as recombination (thesoa | | ed 6cd?age effect d)

In FRP, monomeis consumediuring bothinitiation andpropagation. Therefore, the rate of
monomer consumptionvhich is equivalent to theate of polymerizationcan be describelly
Equation 1.7.1°

0-
- Y Y 1.7)
Qo

WhereR andR, are therates of initiation and propagation, respectiveissuming thathe
number of monomers consumed during initiation is much less tharcahatimed during

propagationwhich is indeed the casehentargetinghigh molecular weight polymexsthe



Chapter 1. Introduction

rate of propgation is approximately equalttee rate of polymerizatiorThe former parameter

is given byEquation 1.81°

: Q .
Y 5y @000 (18)

Wherek, is the rate constaribr propagation(k, ~ 1% - 10* M1 s1), [M] is the monomer
concentration and?,Ais thepolymer radicatoncentration.

Equation 1.8indicaesthatthepolymerradical concentratiomust be determined to obtd®s.
However,[P,A (~ 108 mol dni®) is experimentally challenging to determine and appropriate
techniques such aaslectron spin resonanc&$R spectroscopy are not widely available.
Fortunately, this parametean be excluded from thiateequation bynvoking the steadystate
assumptiort® This assumes th@P,A initially increases buattairs a constant valueithin a
fraction of a secondThereafter, thereis no significant change in[P,Aduring the
polymerization Thusthe rate of initiation ) is equal to the rate of terminatioR:), which
leads toEquation 1.91°

Y 'Y ¢3Q20 D (1.9)

Wherek: is theoverallrate constarfior termination(~ 1 M s1).

Rearrangingequation 1.9, [P,Acan be expressed fslows.®

02 A 110

Using Equation 1.10to eliminate[P,Ain Equation 1.8affordsEquation 1.11%°

- (1.12)

Substitutingfor R (seeEquation 1.6) into Equation 1.11, the rate of polymerizatiqrR,, is
now given byEquation 1.12%°
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. 00 0
v Q5. 5 TQ) (1.12)

Equation 1.12indicates thateither increasing [M] or §| leads to afaster polymerization.
Anotherimportantparameter is the kinetic chain lendi), which is themeannumber of
monomer unitperchain Dk is simply equalto R, divided byR. SinceY Y under steady

state conditions, thiexpressiorcan befurther modifedto affordEquation 1.13*°

6 Y Y 0O- 209 0 0- 113
Y 'Y ¢JQ200 (D '¥adq)) '

If thereareno sidereactiongduring FRP Dk is directly related to the degree of polymerization
(DP).More specifically D is equivalent to DP when the polymer chagrsninate exclusively
viadisproportionationif the chains only undergmmbinationDPis equal t®Dx.*® Inspecting
Equation 1.13 it is clear thatargeting higher molecular weight polymers by FRP at constant
(high) [M] requires a reduction injl to increase the kinetic chain length. However, this
approach inevitably leads to a concomitant reduction in the rate of polymerization according
to Equation 1.12

It is well-known thatmost FRP syntheses usuallguffer from chain transfer Suchside
reactiors typically involve transfer from a polymer radical $olvent monomer opolymer.

Chain transfer to either solvent or monorigads to a reductionn Mn, whereas chain transfer

to polymer usually leads to branched polynaerd hence a highdfy (seeSchemel .2).510

Scheme 1.2.Chain branching introduced by propagation of a tertiary radical generated by
intramolecular hydrogen transfer reaction (1:5 backbifihg)

Unfortunately, FRP providesonly ratherlimited control overthe targetM, and the MWD.
Typical Mw/Mn values for FRFsynthesized polymers range from 1.50 to 5.0, depending on the
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monomer typefinal conversiorand reaction condition3his is in partbecause theelatively
slow rate of initiation means that there is substantial lapdretweenthe initiation and
propagationintervals Thus radicals continue to be generateevards the end of the
polymerization Under suchmonomersstarved conditions it is inevitable that only relatively
short chaingan be formed. Moreovdargeting a specifiM, by FRPrequires prior knowledge
of various rate constants and kinetic paramdtgsEquation 1.13), whichare typically not
known for the system of interesEurthermore, e intrinsic nature of thetermination
mechanism and relatively short lifetimes for the propagating polymer ragiealents the
synthesis ofvell-defineddiblock copolymess by FRP. Thus this technique isot suitable for

the synthesis of the various copolymers targeted in this Thesis.

1.2.2.Living Anionic Polymerization (LAP)

The concept of living anionic polymerization (LAP) wiasroducedby Szwarcet al, who
reportedthe polymerization of styrene ih9561718 LAP is a chairgrowth polymerization
techniqueused to prepae polymers withspecific M, valuesand narrow molecular weight
distributiors Mw/Mn < 1.10) T h e ¢ kcharacitesimply meansthatsuchpolymerizatiors
proceedin the absence of artgrmination or chain transfer reactsi his leads toa linear
increase ofM, with conversion (se&igure 1.3a). Ideally, initiation occursrapidly and is
complete prior to angropagationif all thechainsare initiated at the same tirmadpropagate
at the sameate this results ina polymer witha narrow molecular weight distributiofsee
Figure 1.3b).>'® Furthermoreask; >> k, and theconcentration of the active chaémds (P is
equivalent to the initiator concentration][lthe rate of polymerizatiors simply given bythe

rate of propagatigrseeEquation 1.14.

Y 5y @20 o 02 o (1.14)

Wherek; is the rateconstant fopropagatiorand[M], [P] and [k] are the monomeg@ctive

chainendsandinitiator concentrations, respectively

10
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(a) Free radical polymerization (b)
o
4P
N
<&
s o
o
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Figure 1.3. Schematiccartoons of(a) the evolution of M, with monomerconversionand (b) the
molecular weight distribution curves obtairfedpolymers prepareeithervia FRP (blue) or LARred).

Assuming 100% initiatoefficiency and full monomer conversion, the target DP of the polymer

chains is simply given by the molar ratio of the monomer to the initiatoE(geation 1.15).1°

$0 BE (1.15)

Where [M] and [I] ardhe monomer and initiator concentrations, respectively.

The general mechanisior LAP of a vinyl monomeuwsingn-butyllithium as aypicalinitiator
is shown inSchemel.3. Throughout the polymerizatiorihe activechainends comprise

carbanions stabilizeldy counterions (e.g. [f). 1

H,c=CH
noe

N

e ® [ o @ R e @
Hac—CHz—(l:H Li + H1c=t‘|-‘H — H3C—CHZ—{|:H—CH2—CH Lk — H3c—CH2—t|:H<[CH2—t|:H~]»CH,—<|:H Li
CH; R CHy R CH; R In R

Schemel.3. General mechanisiior theliving anionic polymerizatioiLAP) of a vinyl monomewith
an electrorwithdrawing functional groupR) usingn-butyllithium as an initiator

Termination by combinatiocannot occur owing to mutualectrostatic repulsiobetweerthe
anionicpolymer chairends (seeScheme 13). Instead, extrinsiterminationis conductecdy
introducing an acidic proton source (e.g. methanol or wabeguenchthe carbanionthus

producing norreactive neutralpolymer chais.’® As a corollary, LAP must be conducted in

11
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the absence of any water, which requires stringent purification of the monomer, solvent and
reactionvessel.

Variousvinyl monomerswith electronwithdrawing group (e. g.1 CN, 7 NO, T pheny) can be
polymerized byLAP, whereasfunctionalmonomes bearing acidic protasye. g.i OH, T NH>,

i COOH) require protectng group chemistryprior to polymerizatiof? Typical examplef
polymersthat can bepreparedoy LAP include polystyrene polybutadienepolyisopreneand
poly(2-vinylpyridine).2% 2> Importantly,unlike FRP LAP erables the synthesis oll-defined
block copolymer architecturaga sequential monomer additiorlowever,LAP is much less
widely used on amdustrialscale than FRP because it is much more syntheticallyaieimg

to ensure rigorously anhydrous conditions. Neverthelestous companies such as Kraton
Chemicals use LAP to prepastyrenebased diblockiriblock and star diblock copolymers for
applications as soot dispersants, thermoplastic elastomers atwhkityismodifiers for

automotive engine oil& 2°

1.2.3.Reversible Deactivation Radical Polymerizatior(RDRP)

Reversible deactivation radical polymerization (RDRBghniques(formerly known as
aontrolled or 6 p s elivirdy® radical polymerization were developed to overcome the
limitations of FRP and produce polymekcontrolled molecular weight antarrow MWD
via radicalchemistry RDRPmethodsare based oadynamic equilibriunestablishedbetween
propagatingadicalsand dormanpolymer chains® In principle,terminationcan besuppressed
throughout the polymerizatioby ensumng that the majority ofthe propagatingpolymer
radicalsin their dormantunreactiveform. This can be achieved ko different methods.
Firstly, propagatingradicalscan bereversiblydeactivatedoy reacting witha stable radical
species such asnitroxide (for nitroxide mediated polymerizatiphlMP) or a halogen atom
(for atom transfer radical polymerizatiohTRP). Alternatively, asuitablechaintransfer agent
(CTA) can be utilized t@nsure rapigxchange between active and dormant polymer chains.
This latter method is known as reversible additivagmentation chain transfer (RAFT)
polymerizatiort:3!

Like LAP, RDRPtechnique®nabledesign ofspecific copolymer architectures, suagblock,
staror graft cgpolymers(seeFigure 1.1). However RDRP is much more tolerant of monomer
functionality and iscompatible witha wide range ofeaction conditionsIn this regard, it is
much more similar to FRP than LAP

12
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1.2.3.1.Nitroxide -Mediated Polymerization (NMP)

In NMP, the dynamic equilibrium between propagating radicals and dormant alkoxyamine
species is provided by nitroxide radicalfie aminoxyl functionality of such radicatenfers
relativelyhigh staldity owingto the unpaired electron delocalizeda” no threeelectron bond

( NOA % N

NMP relieson the secalled persistent radical effect (PRES® Initially, the alkoxyamine
moleculedecomposes ttbrm a transient radicahnda persistent radicalseeSchemel 4a).
Transient radicalarecarbonbasedadicak which initiatethe polymerizatiorby reactingwith
monomers to yieldctive chainsNitroxidesarepersistentadicakthat are capable oéversible
termination Shortly afer initiation, the radical concentration isufficiently highto enhance
bimolecular reactions between radispécis. Transient radicals caither react with nitroxide
radicals to produce dormant chains or undergo terminationby either combination or
disproportionationHowever, fitroxide radicalspreferto react withpropagating radicalsather
than undergo terminatiohe resuiing dormantchainscan be activated agaimermallybefore
either propagatg further or undergoing terminaton, which leads tothe irreversible
accumulation of persistent radicaiger time As polymerization proceeds, the concentration
of active chainss reducedvhile that ofthe persistent radicals increasétencethe dynamic
equilibrium is shifted to the lefhand side which significantly reducesthe probability of

termination(seeSchemel 4b) and resuli in the controlled growth of polymer chairi$3¢

NMP offers some important advantages over other RD&MPniqus. For exampleboth
initiation and control over thensuingpolymerization can be providday a wnimolecular
species Polymers can be simply purifiada precipitation’’” Moreover NMP is compatible
with many vinylmonomersincluding styrene, acrylate, acrylamide dienederivativesOne
limitation of NMP isthat2,2,6,6tetramethylpiperidind-oxyl (TEMPO)-based alkoxyamines
requirea relativelyhigh reaction temperatufe 100°C) because of the highstabde natureof
thedormant alkoxyamine specie¥hus polymerization inow boiling pointsolvents such as
waterrequirespressurized equipmentlo overcome thigproblem novel nitroxidessuch as
2,2,5trimethyk4-phenyt3-azahexan&-nitroxide (TIPNO) have been developedyhich
enablepolymerizatios to be conductedt lower temperatussl* However only a fewof
such nitroxidesare commercially availableFurthermore the homopolymerization of

methacrylic monometsy NMPis problematic owing teidereactions and slow recombination

13
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of thecorrespondingolymer radical with nitroxidedowever, ntroducinga small amount(

10% mol) of styren® or acrylonitrile®® as a comonomés sufficientto providegoodcontol.3!

Initiator Transient radical Persistent radical
Q/L? CH o 3
(b)

Dormant polymer Active polymer

chain chain
N ™~
kact
nnanww P —0—N — awanvnpPpe + e0—N
\ kdeact *
+M/ /
¢
i ke “.‘.nnanO
A
wnnp

n+m

Schemel 4. GeneraNMP mechanism(a) initiation using a unimolecular TEMPBased initiatar(b)
dynamic activatiordeactivation equilibrium of NMP in the presence of TEMR@ich acts as a
persistentadical®!

1.2.3.2.Atom Transfer Radical Polymerization (ATRP)

ATRP involves using a suitabkeansition metal such as Cu, Fe, &WNi as acatalyst. At the
beginningof the polymerization the transitiormetatligand complexis inits lower oxidation
state This specieshenreact with analkyl halide initiator to produce radicals by increasing
its oxidation statevia single electron transfesee Schemel.5a. Suchradicak react with
monomeito form polymer radicals, which are converted into unreaativenant chains bghe
metal complex in ithigher oxidation statd hus thedynamic equilibrium between the active

and dormant polymer chains is facilitatedtbg transitiormetalcatalyst(seeSchemel .5b).*°
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(a
Initiator Catalyst
X L]
+ cuiL —» + x—cu'L
(b)
Oxidised ARGET, Reducing
agent ICAR agent

or eATRP

Dormant polymer Active polymer
chain chain
kact
wwnwpP—X 4+ cdiL /= wwwwwaaPre + X—culiL

kdeact
+M k't‘.\wmpm .

Schemelb5. General ATRP mechanism using a coppkased catalyst(a) the initiation step (b)
dynamic activatiordeactivation equilibriunfior ATRP #°

ATRP is widely usethy many academic groupsproducevell-defined functional goolymers
from varioustypes ofmonomers Indeed, the halogemasedchainendscan beexploited to

introducedesired functionalityia postpolymerization modificatio? However therelatively
high concentration of thgansition metal catalyst makes this technigelatively expensive
and completeemoval ofthe toxiccatalystresidues would bessentiafor many industrial
applicationsFurthermorethe copolymeization ofmonomerf differing reactivitiesrequires
judiciousselection of both the metal catalyst ahdalkyl halide initiator.

In order toreduce the amount of metedtalyst variousnew ATRPformulationshavebeen
developed in recent yeats enablethe continuous regeneration @fu throughout the
polymerization.For example initiators for continuous activatoegeneration (ICAR) ATRP
requires onlyppmlevelsof coppercatalyst anegemploysconventionafreeradical initigorsto
produce excess radicadtsatredu@ the Cl speciego CU. Activators regenerated by electron
transfer (ARGET) ATRP employsither organic or organometalliceducing agents (e.g.
ascorbic acidor tin(2-ethylhexanoatg)to promotethe regeneration of CuAlternatively,
electrochemicallymediated ATRReATRP) offers a route to regenerate the! @ithout using
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a reducing agent by simpgpplyinga suitablepotential®*! Nevertheless, academic interest

in ATRP appears to be waning relativeRAFT polymerization (see below).

1.2.3.3.Reversible Addition-Fragmentation Chain Transfer (RAFT) Polymerization

RAFT polymerization utilizes a chain transfer agent (CTé&\jnediate the convention&iee
radical processia a two-step additiodfragmentation mecha&am, seeScheme 16. A RAFT
CTA typically possesses a carbsalfur double bond, whicls highlyreactive towards radical
addition aZ groupwhich goverrs this reactivity andstabilizes the intermediate radi¢hbence
reducing thenumberof active polymer chainsand anR group The latter must ba good
radical leaving grouphatnot only promotes the formation & TA-capped dormant polymer

chainsbutalsoreinitiates the polymerizatiorfseeScheme 16).42

In an ideal RAFT polymerizatioomostof the polymer chains are their dormant state and
only a smalfraction of chains is growing @ny giventime, asillu stratedn Figure 1.4. Owing
to the rapid equilibrium between the active and dormant polymer aedativeto the rate of
propagation, all chainsavean equalprobability of growth, which ensure the formation of

polymers withnarrow MWDs 4344
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Scheme 16. General mechanisfor RAFT polymerizatiotf First, the initiator decomposés produ@
free radicals. Thesadicals react with monomer similrto the FRP mechanisrnithe propagating
radicabk subsequently undergo a reversidiglition reactionvith the chain transfer agent to produce a
intermediateradical specieswhich then undergoedragmentation to produce a new radical and a
dormant polymer chain. The neadicals reinitiate the polymerization. Terminatamcursjust likefor
FRP, but the rate of terminatiois substantiallysuppressecelative to the rate of propagation owing to
therelatively largefraction of dormant chainsThis mechanisnensuresa rapid equilibrium between
the propagating and dormant polymer chains.

l.-w. 'ZCS7 RAFT ends
@ rurnrnrarrararadg) (dormant chains)

e e )
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Figure 1.4. Schematic representation thfe active (green) and dormant (dark blue) polymer chains
presenduring a welcontrolledRAFT polymerizationMost of thepolymer chairends bearR groups
(light blue)with only a smallfraction beinginitiated byinitiator-derived radicalg¢purple).For awell-
controlled RAFT polymerizationthere is a much higher proportion@érmant chains thahis possible

to show here. The equilibration between the active and dormant a@soss that all active chains
grow simultaneouslyresultingin polymerchairs with approximately the same P
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RAFT can be eithahermallyinitiatedusing diaza&wompounds€.g. AIBN)Y*® or peroxides (e.g.
tert-butyl peroxy-2-ethylhexanoat€T219)*® at elevated reaction temperatuasvia redox
reactiors using metafree oxidizing and reducing agents (e.gtert-butyl
hydroperoxide/ascorbic adidt ambient temperatusé’ Alternativdy, either UV >3 or visible
light>® can be used tmduce initiation. In this case, polymerizatioanalsooccur at room
temperaturebut thisapproachp r ovi d e s s avn tfod thebpblyrerization bygimply
turning thelight radiationon or off>2®%1 | ight-induced initiation can bachievedusing a
photdnitiator, such as (2,4;&imethylbenzoyl)diphenylphosphine oxide (TP&} or phenyi
2,4,6trimethylbenzoylphosphinatéSPTP)%? Another approach involves ahotoiniferter
mechanisn??°36364This does not requiréhe use ofany initiator sincethe RAFT agenacts
not onlyas a regulator of the polyamzationvia additionfragmentation buélso as the source
of the initiating radicals producedy light irradiation. Finally, there is alsophotcinduced
electrontransfer (PET) RAFTmethod wherebya photoredox catalyst can betivated by
visible light. This proceed via a radical anion antdasexpanded the applicability of light
inducedRAFT becauset can beconduced using either metallocomplex(e.g. Ru(bpyxCl>
or chlorophyll A)%%%¢or organic catalyst&.g.Eosyn Ydyeor 10-phenylphenothiazir)e’:67:68

To design avell-controlledRAFT polymerization, manyactors need to be considetaelyond
the initiationstep. Br examplethechoice ofCTA, CTA/initiator molar ratio, polymerization
temperaturand type okolventcan each play a raf@ Careful selectiomf theR and Zgroups
of theCTA is ciitical for a successful outconamdthis isusually determined by the monomer
class (e.g. methacrylic, acrylic, styrene etelpad et al reportedsomehelpful guidelinesto
decide which RAFT agentan be use to control the polymerization o given type of
monomer(see Figure 1.5).427 Accordingly, monomers can be classifies eithermore
activated monomers (MAMs3uch asvinyl aromatics, methacrylics, and acrylios less
activatedmonomes (LAMs), such as vinyl esterand vinyl ami@s. The phrasesdmore

a ct i wradessadtivatedindicatethe reactivity ofthe monomer towards radical addition.
MAMs react more easily with radicalsince thdattercan be stabilized by conjugationtoe
unsaturatedinyl group to neighboring aromatic or carbonyl grouppswever MAMs are less
reactive towards the CTAptheyrequire dithiobenzoate or tritihiocarbon&@&Asto enhance
propagatiorbecaus the ary[(dithiobenzoatedr Salkyl (trithiocarbonateyrous can stabilize
the intermediate radicaDn the other hand, LAMsactmore readilywith the CTA but they
arerelativelypoorleaving groups sganthates (€alkyl) or carbamates (dlkyl) are employed

to destabilize the intermediate radical and enhdrexgmentationvia delocaliation oflone
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pairswithin the thiocarbonyl group. Thisuggestdhatthe synthesis of Block copolymers
comprising a MAM and a LAM igroblematicvia RAFT polymerization However,so-called
ainiversabRAFT agentdhave been develep by Moad and cworkers thatire able t@rovide
reasonableontrol for bothmonomerclassesas well apH-switchable RAFT agentsvhich
canfacilitate the synthesis osuchMAM -LAM diblock copolymes by adjusting the solution
pH.47:69

a) Zgroup
0
===
Ph >> SMe > N ~ Me >> N > OPh > OEt ~ N(Ph)(Me) > N(Et),
—
~«—— MMA, MAM ——— <——— VAc, NVP, NVC ——
<———— 5, MA, AM, AN —————————————-rroemmemmnseneees >
b) R group
CH,3 CH; H CH; CH; CHj CH, H CH, H
}7CN ~ }7Ph > }—Ph > }7C00Et >> #CHE%cm ~ }7CN ~ }7Ph > CH; ~ }7Ph
CH, CH; CN CH; CH; CH; H CH, CH; H
«—— MMA, MAM ———— oo -
- S, MA, AM, AN >
- e YAE, NVP, NV s -

Figure 1.5. Guidelines forthe selection of appropriaté and R group on a RAFT CTAfor a given
type ofmonomer(a) For Zgroups addition rates decreafem left to rightwhile fragmentation rates
increase(b) For Rgroups fragmentation rates decrease from teftight. The dashed line indicates
only partial controcan be achieved during RABBlymerizatior?7°This Figure was reproduced from
ref. 70.

RAFT is a versatile polymerization technigthatcan be used tpolymerize a wide range of
monomers It is highly tolerart of monomer functionality anés compatibé with various
reaction conditions. Furthermore, its ease of implementatidnsimilarityto FRPmakesthis
techniqguemore amenable tandustrial scaleup. According to the patent literatyrglobal
chemicalc ompani es such as DAdhlandand UnilevelbwnilPhaséd, Lo6Or
on RAFT polymerizationformulatiors.*’ It is important toemphasizéhatpolymers produced
by RAFT possessa thiocarbonylthiebasedendgroup.In principle this is a usdul synthetic
handlefor introducing new functionalitiegia postpolymerization modificatior{seeFigure
1.6).”1"2For example, thiocarbonylthio groups can be directly converted into thiols by reacting
with nucleophiles (e.g. amines) or ionic reducing agsanth assodiumborohydride. Such
thiols can befurther modified via click chemistry’® On the oher handthiocarbonylthio end
groups confemtense colormalodorand potential toxicityln recent years, variowhainend
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removal techniques have bedevelopedSuch RAFT ad-groups can besadilyremovedvia
thermolysis,UV-radiation,reaction with an oxidizing agent (e. g%, tBUuOOH or Q), or
radicatinduced reductiong(g.hypophosphite salt§seeFigure 1.6).7%:7274.75

Radical-induced transformation Reaction with nucleophiles

Figure 1.6. Schematicepresentationf variousRAFT end-group modification and removal techniques
including radicatinduced transformation, reaction with nucleophiles, he@ets-Alder reaction and
thermolysist’ "t

Moreover, there are at least some industrial applications for RRthesized polymers that
do not require endroup removal. For exampl@ series ofstar copolymershave been
commercialized by The Lubrizol Corporatidor useas viscosity modifiersn automotive
engine o0ils’®’” Sincesuch application®ffectively involve a closed system, tlmlor and

malodor associated with the organosulfur-gnoups is irrelevant.

1.3.Physical forms of polymerization

In terms of physical forms of polymerizationge can distinguish betwedromogeneousral
heterogeneousformulations Homogeneousformulations include bulk and solution
polymerization while precipitation and dispersion polymerization are examples of

heterogenoutrmulations
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1.3.1.Bulk polymerization

Bulk polymerization is the simplest method to prodpadymersas it only requiresthe
monomerand a monomessoluble initiator (or catalyst) Chain polymerization of vinyl
monomerss highly exothermicso efficient heat dissipation can be problematic dubinlk
polymerization Moreover, in the case of FRRe viscosity of the reaction mixtunecreases
rapidly as high molecular weight chains are produséuich may causestirring problens and
localdotsposd wi t hi n t h élhus, danendidegradatoansdseolorationcan
occur, and theresulting polymerstypically possessoroad MWDs. Removal ofunreacted

monomerafter the polymerization may also be problemétfc

1.3.2.Solution polymerization

To avoidthe problem oheatdissipation solution polymerization can offensefulalternative

to bulk polymerization. In solution polymerization, a suitamé/entis selected that dissolves
the monomerinitiator and thetargetpolymer. This approach also leads to lower solution
viscosityfor the reaction mixturewhich aidsefficient stirring. However, o disadvantage of
solution polymerizatiots thatchaintransfer tasolvent caroccur, which results iralower Mp.
Depending on the intended application (and the final monomer convetsierinalpolymer
solutioncan beeither used as is, or the polymer caridmatedand purified by removinthe

solventandanyunreacted monomé&r-2

1.3.3.Precipitation polymerization

Precipitation polymerizatioimvolves an initial homogeneous reaction mixtacnprisingthe
monomer, initiator(or catalyst)and solventThe latter is chosen so that theg&t polymer
precipitategluring its synthesidBothinitiation and polymerization occur within the continuous
phase Nucleationof the insoluble polymer chaingmmediately produces nascent particles,
which thenaggregate over time to foraamacroscopic pcipitate Consequently, it idlifficult

to obtain high molecular weight polymers by this technigwéhich can also suffer from

incomplete monomer conversioffs®
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1.3.4.Dispersion polymerization

Dispersion polymerizatioessentially involves conductingpecipitation polymerization in
the presence dd suitable solublgpolymeric stabilizef® The mechanism for a typical FRP
basedlispersion polymerization is shownkigure 1.7. First ahomogeneous reaction mixture
of the monomer, initiatgrpolymeric stabilizerand solvents produced(1). The rext step
involvesinitiation, followed by popagation to producsolubleoligomers/polymers or graft
copolymers (2)When a certain criticathain lengthis achieved phase separation occurs
becaue the growingpolymerchains are no longer soluble in ttgaction mixtureThis leads
to the formation of nascent particle nuclei (Bjesenascent particles aggregate and gnow
size and become coated with the soluble polymeric stabvizesither physical adsorption or
chemical grafting (4). This confesseric stabilizationwhich prevents further particle growth
No further nucleatioroccurs,and mlymerization continuesvithin the monomeswollen
particles until alithe remaining monomer is consumed.(%je final product is a colloidally
stable dispersion of stericaltabiized polymer latex particle-8t

I :initiator M : monomer )
(r : polymeric stabilizer /- : oligomer 5
O : particle nuclei @ : polymer-stabilized @‘
particle et

Figure 1.7.Schematic representation of the five main stepsiRRPbased dispersion polymerisation:
(2) initial homogeneous phase, (2) initiation and formation of soluble oligorBgrai¢leation to form
nascent particles, (4) particle stabilization by polymer adsorption and (5) particle §towth.
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This method usually produces uniform spherical partielitis mean diametsrranging from
0.1 t of Thé particia.size can be tuned by adjusting miomerand polymeric
stabilizerconcentrationthe polymerization temperatuaedthe solvent compositio?®! The
first example of dispersiopolymerization was developed by Osmoedal at Imperial
Chemical Industries (ICIwho producedatex particles bycopolymerizng acrylic monomers
in the presence an oil-soluble polymeric stabilizein a hydrocarborsolvent® Since then,
variousdispersion polymerizatioformulations have been developed to produe#-defined

latex particlesin water®*#*alcohol$#’ and nompolarsolvents® 828889

In this Thesisgither bulk or solution polymerizationwas employed & produceoil-soluble
homopolymersor statistical copolymerswhile dispersion polymerizationvas utilized to
obtaina series oftericallystabilizeddiblock copolymemanoparticlesn variousnonpolar

solvents

1.4.Selfassembly

Molecularsel-assembly is a weknown naturalphenomenonFor example, mammalian cell
membranes are the result @iospholipid setassembly Similarly, soapmoleculesundergo
micellar selfassembly, with the micelles beingedto remove hydrophobisoils and hece
produce clean laundrySuch seHassembly is drive by the amphiphilic natue of such
molecules which typicallycomprisea hydrophilic headjroup and one or moiteydrophobic
tails. In aqueous mediasuch amphiphiles form micelleabove the critical migle
concentration@MC) to allowthe hydrophilic hea@roupsto remain incontact with thavater
molecules while enainlg the hydrophobic talto 6 escaped from the aque
forming the micelle coregseeFigure 1.8). Micelle formation occurs because the net gain in
enthalpy outweighs the loss in entropyhe CMC usually depends on the size of the
amphiphilic moleculé® Increasing themphiphik concentration abovies CMC results inthe
formation of more micellesyhile the unimer concentration remains consfaeéFigure 1.8).

In the case of small molecule surfactattig micellesare in dynamic equilibriunwith mean
unimer exchange frequencies ranging from ms tolugontrast, such exchange typically

occurs on much longer timescales for amphiphilic block copolymers.
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Figure 1.8.Graphical representation of thiariation inconcentration o small moleculsurfactanin

the form ofunimers andnicelles on increasintipe totalsurfactaniconcentration. Theertical dashed

line represents the critical micelle concentration (CMC), above which surfactant molecules self
assembléo form micelles. A schematicartoonof individual surfactant unimers and a micelle is shown,
with unimerexchange between thetwo species also being indicat¥d

In dilute solution, surfactant moleculégically form sphericalmicelles However higher
order structuresuch asvorms,vesiclesbilayersor inverted micelleareformedon increasing
the surfactantorcentration®® Surfactant selhssemblycan be rationaliseth terms ofthe

dimensionlesgractional packing parameteP),°? seeEquation 1.16
0 —— (1.16)
P depends oithe surface area occupied the head grougao), the volume occupied by the

hydrophobic chains) and the effective length of the hydrophobic chalgsgeeFigure 1.9.

Typical values foP for various morphologies aiedicatedin Figure 1.9.9293
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P <1/, = Spherical micelles

-

1/;< P <1/, = Non-spherical micelles

1/, < P <1 = Vesicles or bilayers a,

P > 1 = Inverted structures

Figure 1.9. Schematic illustration of a spherical micelle wéth expanded surfactant molecalown
toindicateay, |c andV terms. Typical values fd? for various morphologies asdso provided

Amphiphilic diblock copolymers can also undergo ss§emblyeither inthe bulk®¥°® or in
solution®"% In this case, selissemblyoccurs as a results tiie enthalpic incompatibility
between the two blockgn the bulk) or betweernone of the twoblocks and thesolvent(in
agueoussolution). Typically, block copolymemicellesexhibit significantlyhigher stability
thansurfactant micellesvith the former amphiphiles undergoing much less frequent exchange
with the micelles® 1% |ndeed, there are manyditature examples of kinetically frozen (ron
ergodic) block copolymer micelles in which there is effectively no exchange between the

micelles and the individual chaik¥"'108

1.4.1.Block copolymer selfassembly inthe bulk

Unlike blends of two or more homopolymers, diblock copolymers cannot undergo macrophase
separation owing to the covalent bonds between the two dldestead, lock copolymers

with enthalpically incompdble blocks undergo microphase separaiiorihe bulk to form
various morphologiesuch aspheres, cylinders, bicontinuous gyromtgamellae®°619°The
preferred microphasmorphologycan be tuned bgdjusing the chemical composition of the
copolymer.The selfassemblyof an AB diblock copolymedepends omhreeparameters(i)

the relative volume fraction afachblock fa andfs; 1 =fa + fg); (ii) the overall degree of
polymerization (N = M + Ng) and (iii) the FloryHuggins paramete(Gas).*'° Gas is a
temperaturaependent paramet#rat indicate the relative incompatibility between the two
blocksandhence dictates the extentmicrophase separatioiherelatiorship betweencas

and temperaturis describedy Equation 1.17:%>%
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&
: go- i (1.17)

P Al
Whered is the number of nearest neighbours per repeat unit ioofdymerchains Q "Yis
the thermal energgwhere™Q is the Boltzmanrconstantand“Yis the absolutéemperaturg
and- ,- and- arethe interaction energies betwette respective pairsf repeat units
(i.e,, A-B, A-A and BB).
The degree of microphase separattoequal tahe FloryHuggins parameter multiplied by the
overall degree of polymerizatigrwhich isalso known aghe segregation produ¢tN). A
higher GN indicates greaer incompatibility between thevo blocksat a given temperature
which increases the probability s¢lfassemblyIn contrast, sufficiently loweN value leads
to no selfassemblyAs shown inEquation 1.17, the enthalpicincompatibility between the
two blocks can be reduced by increasing the temperatusafficiently high temperature
(known as theTopt) can lead taan ordetto-disorder transition (ODTat which microphase
separation ntongeroccussi under such conditions the two blocks become fully miséfble

A theoretical phase diagrafor an AB diblock copolymer inthe bulk was construced by
Matsenand BategseeFigure 1.10.1'* As shown inFigure 1.10b, increasng fa (whenfa Ofe)
at a fixedeN above the ODT(GN > ~10.5) results in various selissembled structures
including closepacked spheres (CR3)ody-centred cubic spherdS), hexagonallypacked
cylinders (C), bicontinuous gyroidg4G) and lamellae (L). When fa > fs, morphological
inversion is observefrom Lto G C 6 t. &urti®idmpre, onla disordered meltan be
obtainedbelow GN ~10.5, which indicatesthat microphase separatiotioesnot occur for
sufficiently low molecular weightliblock copolymer$>®6This theoretical phase diagrasin
remarkaby goodagreement with the experimental morphology map obtained faries of
polyisoprenepolystyrene AB diblock copolymeneportedby Khandpuret al (seeFigure
1.10c).96:112
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(a)

(b) 8¢

Figure 1.10. (a) Variousmorphologiesbserved for a series 8B diblock copolymers inthebulk. S

and SO r epeantereadembi d osyh e arehexagor@llyaanadk eCdd cy |l i nder s,
arebicontinuous gyroidandL indicatedamellae.(b) Theoretical phasdiagram ttained for a series

of AB diblock copolymergredicted by sel€onsistent meafield theoryby systematically vaigng the

volume fractionf) of the blocks and the segregation parametet,C P S a n dendBafloSepacked
spheres.(c) Experimental phasediagram obtained for a series gbolyisopreneblockpolystyrene
copolymers, in whichfa represents the volume fraction pblyisoprene PL denotesperforated
lamellag!t®

1.4.2.Block copolymer selfassembly in solution

The selfassemly of an AB diblock copolymer in solutiors more complicatedbecaus
introducing asolvent (S)produceswo additional irteractionparameters between the solvent
andeachblock (Gas, Gss). Thisbecomesven more complex whenbénary solvent mixture is

utilized 103110

Block copolymer aggregates are usually prepairedsolution via postpolymerization
processingA typical protocol istheso al | e d-s s @ Ic \h & whintleinvolvedthree
steps. Firstly, the amphiphilaiblock copolymeis molecularlydissolved in auitablesolvent
that is a goodsolventfor both blocks. In the literatur®MF, dioxane or THRare commonly

used Next, a solventtypically water)thatis selectivefor one of the blocks islowly added to
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the copolymersolution. This induces seffissembly, where the core is formed by the block for
which the selective solvent is a nsalvent while theotherblock remains solvated and hence
acsasasteic stabilizer. Afteraddition ofsufficient selective solvent, the common solvent can
be removed by either dialysis or vacuum afford a dispersion of diblock copolymer

mice”esllo,113,1l4

Many copolymermorphologies can be accessesing this protocol For example, eight
different morphologiegincluding spheres, rods, lamellae and vesjciesre reported for
polystyrenepoly(acrylic acid) PSPAA) diblock copolymersvhenusinga binarymixture of

DMF (which acts as a common solvent) and water (which is a selective solvent for the PAA
block), seeFigure 1.11.1% In this case, e block copolymer morphology depends on the
relative volume fraction andegree of stretching of the cefiming block and the interfacial
tension between the core and the solvastwell as electrostatic interactions between the
ionizedstabilizer chaind*>!4Therefore any conditions which affect one of theparameters

caninfluence thefinal copolymemorphology**°
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(a) Spherical Micelles (b) Rods (c) Bicontinuous Rods (d) Small Lamellae
PS200-b-PAA2¢ PS190-b-PAAz PS1g0-b-PAA2 PS132-b-PAA2
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(e) Large Lamellae (f) Vesicles (g) HHHs (h) LCMs
PS4s-b-PAA1o PS410-b-PAA 3 PS410-b-PAA¢3 PS200-b-PAA4

Figure 1.11. Transmission electron microscopy (TEM) images obtained for various polystyrene
poly(acrylic acid) (PSPAA) diblock copolymemorphologies preparedn aqueous solution using DMF

to ensure initial molecular dissolutidnset: red indicates the hydrophoBi8 coreforming block while

blue denotes théydrophilic PAA stabilizer block. HHHs and LCMdenotehexagonallypacked
hollow hoops and large compound micelles, respectiely.
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For example, the morphologybtainedfor an AB diblock copolymer is highly depeston
therelative volume fractioof eachblock. Thus,varying the mean DP for the cef@ming PS
block leads ta series of P®AA morphologies (seEigure 1.11a-d).1° Anotherimportant
parameter is the polymer concentration. For example, the morphology evolves from spheres
to rods for P&oPAAs in a dioxanewater mixture at a constant water contehii0% w/w

when the copolymer concentration is increased from 0.1 to 10 w/woFigee 1.12).115116

This is becausthe copolymer concentratiorc)is directly related tahe aggregation number
(Nagg), seeEquation 1.18.

0 ¢O

o
T (1.18)

#

This equation was originallyerived for small moleculsurfactarg ** where theCMC indicates

the critical micellization concentratiohlowever,according to Eisenberg and-emrkers the
CMC should be replaced lige critical water content (CWGQgquired for the onset celf
assembly. According to this relatsmp, a higher copolymer concentration leads to a larger

Nage Which promotes the formian of higher order morphologié&
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Figure 1.12. Phase diagram constructed tloe selfassembly of @olystyrenepoly(acrylic acid) (P&o
PAAs,) diblock copolymer in dioxarievater mixture when systematically varying the copolymer
concentration and water content. The coloured intermedigtens indicate mixed phases: the yellow
region corresponds to a mixture of spheres and rods whitgrdlearegion indicates a mixture of rods
and vesicles!®
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Theconcentration of theelective solvent, in this casater, can also influence thepolymer
morphology.As shown fora PS:10-PAAs, diblock copolymerin a series otdioxanewater
binary mixtures the copolymemorphology can evolve from spheresods to vesiclesvhen
increasing the water content from 10 to 40% \wafva constant copolymer concentration (e.g.,
0.1% w/w),seeFigure 1.12.1*>116Spherical micelleare formed at the CW.Gurther addition
of water causesgraduakeduction inthe mobility of thecoreforming PS block. If tis redwced
mobility is sufficientthenthe number of particleils reduced/ia a particle fusiormechanism,
which leads to an increaseNaggand thevolume fraction of the cororming PS blockThis
alsoleads to a reduction in the interfacial enebbgyween théScores and wateand results in
the formation of higher order morpholeg If the mobility of thecoreforming blockis
reducedsignificantly before Nagg reaches a critical pointhe spherical morphology can be

become kineticalljrozenor non-ergodic!10-11

Selection ofan appropriateommon solvens alsomportant becauseinfluencestheeffective
volume fractionof eachblock. For examplea PSoo-PAAs1g diblock copolymeformsspheres
when DMFis used as aommonsolvent whereasarge compound micellesre formedvhen
THF is employed. Usinga binary mixture of these solventgan provide accesdo rods and
vesicles.When selfassembly occurs, the common solvdiffuses into the micelle cossto
provide solvationSince THF is a better solvent fttre PSchains than DMF (which is only a
d solvent) higher solvation leads ta larger effectivevolume fractionfor the coreforming

blocks,which results inhigher order morpholags %117

Finally, if the stabilizer block camcquire polyelectrolytic charactethe resulting charge
density and countdons can alsinfluencethe aggregate amphology.In thecase othePS
PAA system the PAA blockbecomegpartially ionized ateither neutral or basic pHThus
mutualelectrostatic repulsion between tn@onicstabilizer chainsesults ina higherrelative
volumefraction occupied by thidlock Addition of HCI lowers the effective anionic charge
density and henceeduceshe electrostatic repulsioms expected, thieeduction in volume

fractionfor the stabilizer chains promotes the formatiohigher order morpholags %18

Unfortunately, he postpolymerization processing route to block copolymer rainjects
suffers from several disadvantages. It involves using-sobeent, which usually requires
removal prior to the intended application. Moreover, it is a relatively slow process @toific

via dialysis typically requires several days) that is almost invariably performed in dilute
solution (typical copolymer concentrations are no higher thd@%d w/w solidg. Such
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problems have hitherto proven to be an insurmountable barrier withdréggpotential

commercial applications.

1.5. Polymerization-Induced SeltAssembly (PISA)

In principle polymerizationinduced seHassembly (PISAffersahighly convenient synthetic

route for the efficient produdion of diblock copolymer nanobjects athigh copolymer
concentratios (up to 50% w/w solid$.11912” Typically, RAFT polymerization is used to
prepare a soluble precursor bldéKk! %128 This precursor is then chaextended using a
suitable monomer/solvent pair such that the growing sebtsck becomes insoluble in the
reaction mixture once it reaches a certain critical degree of polymerization (DP). This causes
micellar nucleation, and the ensuing sedtembly eventually leads to the formatioin
sterically-stabilized diblock copolymenanoparticles seeFigure 1.13 Dependingon the
relative volume fractions of each blo@sdefined by the fractional packing paramegRP?-12°

T and providing various other conditions are dlgdfilled 1 the final copolymer morphology

can be adjusted to obtain spheres, worms, vesicles, or lafféftae!24130.131

Initial solution polymerization Polymerization-induced
self-assembly
Miscible
core-forming block

§08 Sl g

Soluble
stabilizer block Soluble chains Spheres Worms Vesicles
/"'“"“"'f """""""" N [——
i Packing parameter ) N
| I % _
! 1 ]
: ao V : % h
: P = | ——
‘\ L J P<1/3  1/3<P<1/2 1/2<Ps1

Figure 1.13. Schematic representation of the synthesis of diblock copolymer-aigecs via
polymerizatiorrinduced seHassembly (PISA)V andl. denote the volume and the length of the €ore
forming block andy is the effective interfacial area of the block junction.
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A wide range of queous and alcoholic PISA systems have been studiedaaiods potential
commerciahpplicationdhave been suggesi2!:123.124.126,130.18237 o examplespheregould
be utiized as modelparticulate emulsifiers forthe formation ofoil-in-water Pickering
nanoemulsion$3®3%effective dispersants for either aqueous pigtsté’ or micromeer-sized
organic crystalline fungicidalmicroparticles for agrochemical formulation$! Wormlike
particleshavebeen employed forthe longterm storage ohuman stem cellsithout loss of
pluripotency*? andvesiclescanbe used fovarioustherapeutic application$3144In addition
over the past decade there have hmany reportslescribing the synthesis, characation
and applications for block copolymeancobjectsprepared in noipolar medige.g.n-alkanes,

mineral oil or silicone oil)#>:46:122,146158

In this Thesisa series of diblock copolymeancobject were prepared exclusively in ron

polarmedia.Hencethe relevant PISAiteraturein this subfield will be discusseth detail.

1.5.1.PISA in non-polar media

1.5.1.1.Reagentsused for PISA in non-polar media

Recently, PISAformulationsin nonpolar mediahas attracted attention from industh
companies such as Lubrizol. 6 Or @na |Ashland to produce nanoparticde for
lubricaion®®1%° or personal care product®1®! Diblock copolymer nanoparticlesan be
preparedvia PISA usingeither a twepot*®1°2182or a onepot protocolt®2163164n the former
approachthe first block is synthesized in an organic sohsrmth as THF or toluenpurified,
then chairextended in auitablenonpolar solventThe alternativ®nepot synthesis protocol
involves usinghe same nopolar solvent fothe synthesis dhe first block andts subsequent
chainextensionlin this caseno purification stepsire requiredDepending on theolubility of
themonomermployed to produce the insoluble blpsiéchsynthess can beonducted under

eitherRAFT dispersion polymerizatiéf®©or RAFT emulsion polymerizatiosonditions®®

VariousRAFT CTAshave been employed fgorepammg nanoparticles in nepolar solvents,
including dithiobenzoate$:14%152.153.162[a g, 2-cyane2-propyl dithiobenzoate (CPDBYr
cumyl dithiobenzoate (CDB¥eeFigure 1.144 and trithiocarbonate'§8 148:155,160.162.16fa
2-(dodecylthiocarbonothioylthie2-methylpropionic acid (DDMAT or 4-cyanc4-((2-
phenylethanesulfonyl)thiocarbonylsulfanyl)pentanoic acid (PETT$®e Figure 1.14].

Furthermore, acryli¢®162.163.166methacryli¢®152.153.156r acrylamide monomer€* have been

32



Chapter 1. Introduction

utilized as steric stabilizer and ceferming blocks (seeFigure 1.15). A series ofalkanede.g.
n-heptang?®164166 n.octane!®*1%” n-decané® n-dodecané?’14® n-tetradecané®'®® n-
hexadecan&?* iso-dodecan®®1%2or iso-hexadecanéd have been employeak solventsas
well asindustrially-relevantsolventssuch agoly(U-olefin) (PAO) 2 mineral 0if52:153156 or

low-viscosity silicone oif®"1°8.169
(a) Dithiobenzoates
s s .
CN
@)'Lsk @)’Lsk @)_LSX©

Tert-butyl dithiobenzoate 2-Cyano-2-propyl dithiobenzoate Cumyl dithiobenzoate
(TBDB) (CPDB) (CDB)

(b) Trithiocarbonates

o} 0]
OJJTS\ITS\HLO
S
§,8- Bis[1-(2-ethylhexyloxycarbonyl)ethyl] trithiocarbonate
(EHCETTC)

HOOC. _S. _S HOOC S. S

2-(Dodecylthiocarbonothioylthio)-2-methylpropionic acid 4-Cyano-4-((2-phenylethanesulfonyl)thiocarbonylsulfanyl)pentanoic acid
(DDMAT) (PETTC)

Figure 1.14.Chemical structurefor (a) dithiobenzoatdased andb) trithiocarbonatebasedchain
transfer agents (CTAs)sed for RAFT PISAynthesein nonpolar media.
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(a) Stabilizer blocks
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Poly(3-[tris(trimethylsiloxy)silyl] propyl methacrylate) Poly(lauryl acrylate) Poly(2-ethylhexyl acrylate) Poly(tert-octyl acrylamide)
(PSIMA) (PLA) (P(2-EHA)) (POAA)

(b) Core-forming blocks
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Poly(methyl methacrylate) Poly(glycidyl methacrylate) Poly(2,2,2-trifluoroethyl methacrylate) Poly(2-hydroxypropyl methacrylate)
PM (PGlyMA) (PTFEMA) (PHPMA)
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Poly(benzyl methacrylate) Poly(3-phenylpropyl methacrylate) Poly(2-(dimethylamino)ethyl methacrylate) Poly(N-2-(methacryloyloxy)ethyl pyrrolidone)
(PBzMA) (PPPMA) (PDMA) (PNMEP)
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Poly(methyl acrylate) Poly(phenyl acrylate) Poly(benzyl acrylate) Poly(N,N-dimethylacrylamide) Poly(N-(2-acryloyloxy)ethyl pyrrolidone)
(PMA) (PPhA) (PBzA) (PDMAC) (PNAEP)

Figure 1.15. Summaryof the chemical structures dfe variouspolymersemployed aseither(a) the
stericstabilizeror (b) thecoreforming block for RAFT PISAsynthesef nonpolar media.
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In the following Section we will discussspecific literature examples ofonpolar PISA
synthesesclassifiedaccording tathe resulting copolymemorphologieqspheres, wormser

vesicles)

1.5.1.2.Spherical nanoparticles

The first examplgof the PISA synthesis aiphericaddiblock copolymer nanmarticles in non
polar media were reported by Charlewet al in 200752 and 20103%%1° An all-acrylic
formulation was employedn which poly(2ethylhexyl acrylateP(2-EHA)) servedas the
steric stabilizer blockn iso-dodecaneand poly(methyl acrylat§PMA) was usedisthe core
forming block!¢0:16217050]ely pherical nanoparticlesmere obtainedvithin the size range of
30-300 nmat up to 40% w/w solid$%152The dispersion polymerization of methyl acrylate
using a dithiobenzoate RAFT ageter{-butyl dithiobenzoat€TBDB), seeFigure 1.14) at
28% w/w solidded to strong rate retardation, poor RAFT confrok 6.00 at the highest MA
conversion of 85%within 24 B and illdefined nanparticleswith bimodal distributionsas
judged by DLS studies. In striking contrassjng a trithiocarbonateased 2-EHA) stabilizer
block (S ;bi§[INj2-ethylhexyloxycarbonyl)ethyl] trithiocarbonate EHCETTC seeFigure
1.14) led to 100% conversionithin 4 h whertargeting 39% w/w solids. Moreoverelatively
narrowMWD (n = 1.21)and neamonodisperse nanoparticlesnimodal distribution, PDO
0.10) were obtainedaccording toGPC andDLS studies respectively®? According to the
authors,the lowglass transition temperatu(@g) of PMA makesthese particles potentially

useful forcosmetics formulations (e.g. nail varnisfp

In 2013, an almethacrylic PISA formuhtion was reportedy Fielding et al*® More
specifically, poly(lauryl methacrylatgoly(benzyl methacrylate) (PLM&RBzMA)
nanoparticle were peparedvia the RAFT dispersion polymerization bénzyl methacrylate
(BzMA) using a dithiobenzoateappedPLMA stabilizer blockin n-heptane High BzMA
conversios (097%)were achievedvithin 5 h at 90°C. In this case, ghericalnangarticles
were producedusing a PLMA?7 precursorand targeting relatively low DPs for the PBzMA
coreforming block (DPO )3a812.525% wi/w solids Reasonably good RAFT control over
the polymerization (n < 1.3) was achieved for such synthes&sirthermore,employing
relatively longPLMA stabilizer blocks( DP O 37) i tadvinatmeifaantatiop of r e s u |
kinetically-trapped sphereSuchobservatios were consistent with prior studies afjueous
PISA formulatiors.}’+172 Using arelatively long stabilizer blockPLMA37), the nanoparticle
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diameterincreased systematicalfyom 41 nm (PDI = 0.01)up to 139 nm(PDI = 0.01) when
increasing theargetDP of the coreforming PBzMA block from 100 to 900 at 15% w/w
solids*® SubsequentlyDerry and ceworkersusedthe same PLMAPBzMA system to produce
well-defined spheresa(id also worms or vesiclem more industriallyrelevant solvents such
as poly(U-olefin) (PAO) or mineral oil.Furthermore,a highly efficient ongot synthesis

methodwas devisedo produce such spheres at up to 50% sa¥ids>?

According to Zhenget al, diblock copolymer nampmarticles may be useful asubricity
modifiers for automotive engine ois In a related work,Derry et al preparedcore
crosslinked poly(stearyl methacrylatg)oly-(benzyl methacrylatepoly(ethylene glycol
dimethacrylate) (PSMA-PBzMA200-PEGDMAx) triblock copolymer nanoparticle®f

approximately 8 nm diametein mineral oi via RAFT PISA(seeFigure 1.169.1%°
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Figure 1.16.(a) Representative transmission electron microscopy image recorded fmly(stearyl
methacrylatepoly(benzyl methacrylatg)oly(ethylene glycotlimethacrylate}PSMAg1-PBzMA2oo-
PEGDMA 20) spheres(b) Stribeck curves showing the change in friction coefficient with entrainment
speedbservedor a lubricating base oil alone (black squares))%.5v/w glyceryl monooleate (GMO,
greentriangles) in the same base oil, and &%5v/w dispersion ofi8 nmdiameter core&rosslinked
PSMAg1-PBzMA20o- PEGDMA 20 spheres dispersadthin the same base oil (red circles). Data were
recorded at a 20% sligde-roll ratio (SRR) under an applied load38 N at 100 °C*° Figure adapted
with permission from ref.39.

Using PSMAInstead of PLMA as stabilizer bloclprovided higher blocking efficiencies and
improved cortrol over the copolymer MWD especially whertargeting higher PBzMA
DPs#8:153 Incorporating only 9 mol% EGDMA into the coréorming block provedto be

sufficientto obtain corecrosslinked spherés® Tribology experimentsonductedising a mim
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traction machme (MTM) confirmedthatjust0.50% w/wof suchnanoparticlesandramatically
reduce the friction coefficient oénginebase oil within the boundary lubrication regime
compaed toatraditional friction modifiey glyceryl monooleate (GM¥employedatthe same
concentrationseeFigure 1.16b. Giventherelativeease oproduction ofthesenangarticles
on an industrialscale this PISA formulation offes anexcellent opportunity fothe design of

nextgeneration ultralowiscosity engine 0il$>°

Anotherimportantcontributionto this field involved theprepaation of nanoparticles
with highly reactive functional group&or example,he synthesis oépoxyfunctional
poly(stearyl methacrylatg)oly(glycidyl methacrylate) (PSMAGIyMA) diblock
copolymer spheres in mineral vihsreportedby Dochertyet al1>° A series of spherical
nangarticles were preparada the RAFT dispersion polymeritian of GyMA using
eitherPSMAw3 or PSMAss as a sterictabilizer block The particle diameter could be
tuned between 21 and 86 nm by simply varying the DP for thefcoreng PGIyMA
block between 50 and 40A.long-term chemicalstability study revealed that only 9%
of the epoxy groupeeacted over &6-weekperiodwhen stoed at ambient temperature
This was significantly less than that previously repored for the poly(glycerol
monomethacrylatepoly(glycidyl methacrylate) (PGMAGIlyMA) in aqueous media
(27% over a 12veek period).”

Anotherinterestingexample opreparingunctionalspherical nanoparticlas n-alkanes
was reported by Peit al, who introdued reactive pentafluorophenyl methacrylate
(PFPMA) unitsinto the steric stabilizerchainsof P(SMAge-statPFPMAp)-PPPMArg
spheres where PPPMA denotes poByphenylpropyl methacrylatesee Figure
1.15.'%8 The postpolymerization modificatiorof suchnangarticlesvia nucleophilic
acyl substitutiorwas studiedising excess benzylamine, tetrahydrofurfanyline,N,N-
dimethylethylenediaminer methyl red amine in the presencendfutyl acrylatewhich
actedas a Michael acceptor.

The upper size limit for stericaHlgtabilized spherical nanoparticles in Aaolar mediawas
examinedby Parkeret al, who studed the PSMAPBzMA systemin mineral oil**® Well-
definedkinetically-trappedspherical nanoparticlesf up to 459 nm diameter weobtainedat
20% w/w solidswhen targeting?BzMA DPs up to3500by usinga relatively long PSMA4
precursoiseeFigure 1.17). To date, heseare thelargest sphericalangarticles accesseda
RAFT-mediated PISAIn nonpolar media A doublelogarithmic plotindicated alinear
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evolution inthe DLS diametewhen targetind?BzMA DP of up t02500(seeFigure 1.17b).
However, deviation from this linear relationship was observed wégetinghigher DPs
which also producednan@atrticleswith relatively broad size distributionsoreover,RAFT
control was gradually lost whetargeing higherPBzMA DPs, withn increasng from 1.14
(DP =50)upto 3.41 (DP = 3500).
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Figure 1.17. (a) Representative TEM images recorded for selected R®MBzMA, spheical
nanopartiaks. (b) HydrodynamicDLS diameter Dn) vs PBzMA DP (x) obtainedfor a series of
PSMAe+PBzMA, spheres (x 5 01 350 0) vigpRAETpdspersiah polymerization of BzZMA in
mineral oil at 90 °Gvhen targetin@0% w/wsolids Error bars represent the standard deviatidbmin
as calculated from the DLS polydispersity ind&Figure adapted with permission from r46.
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Cornelet al reporteda fundamental stugdto gain a betterunderstanithg of the behavior of
PLMA3o-PBzMA sphericalnanoparticlesduring thermal annealing’” Smallangle Xray
scattering (SAXS) studies confirmed that heatnt w/w dispersion comprising a binary
mixture of relatively small PLMA3s-PBzMAg7 spheres(core diameter 21 + 2 nm) and
relatively large PLMA39-PBzMA294 spheres (core diameter = 4&% nm) up to150°C led to
the formation of spherical nanoparticles of intermediate size (core diametet 4 8@) on
cooling to 25°C, seeFigure 1.18a. These observations were confirmed tognsmission
electron microscopy (TEM) analysis (sEgure 1.18a). However, vhenthe two types of
initial nangarticles were separately exposed to the same thermal anneafidijions nosize
change occurredrorthe smallemangarticles solvationof thePBzMA cores owing toingress
by hot solvenbccurredat150°C. In contrast, no solvation tfe larger particlewas observed
Furthermore thermal annealing of the smaller particles at 160resulted in asignificant
reduction in thear aggregation numberwhich suggestspartial dissociationunder such
conditions A two-stage mechanism was proposedaccount forthe formation of the
intermedate-sized sphereéseeFigure 1.18b). During thefirst stage the smaller PLMAo-
PBzMAg7 spheres undergo partidissociation and theesuling free copolymerchainsthen
becomencorporate into the largePLMAz9s-PBzMA294 Spheresvhich leads toan increase in
their size. The second stamwolves fusion ofthe remaining smaller spheres with the new
largerdybridosphereswhich results in the formation @feakly anisotropic transient species
that subsequentlyndergo fissionn most likely becase of further incorporation G{LMA 3¢-

PBzMAg7 chainsi to producespheresf intermediate siz&’
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Figure 1.18. (a) SAXS patterns (and corresponding TEM images) recorded at 25 °C for 1.0% w/w
dispersions of: PLMAyx-PBzMAzg4 spheres (red data) and PLMPBzMAg; spheres (blue data); a

1.0% w/w equivolume binary mixture of these two initial dispersions prior to thermal annealing (orange
data) and the final hybrid nanoparticles formed after thermal annealing of the same binary mixture at
150 °C for 1 h (green datdlVhite traces indicate the best fits to the data obtained when using a spherical
micelle model’ Scale bars shown in TEM images correspond to 10@b)rBchematic representation

of the twastage mechanism proposed fbetchanges in copolymer morphology that are observed
during thermal annealing of a binary mixture of£22 nm and 4& 5 nm diblockcopolymer spheres

at 150°C. Here, then, mandp values refer to the number density of each type of nanopatrticle. In Stage
1, the smaller PLMA-PBzMAg; spheres undergo partial dissociation to form copolymer chains, which
then become incorporated into the larger spheres to produce hybrid spheres with a mean diameter
greater than 48 nm. If the volume fraction of these smafigeres is less than 0.20, this is the final
copolymer morphology. However, using higher volume fractions of this component leads to Stage 2,
whereby the 21 nm spheres undergo fusion with the larger hybrid spheres to form weakly anisotropic
transient spees. The latter then undergo fissibmost likely mediated by incorporation of further
PLMA3s-PBzMAg; chainsi to form spheres of intermediate size (e.g. 36 nm diaméteFjgure
adapted with permission from re#
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Cornel and ceworkers reporteddirect experimental evidence®r the rapid exchange of
individual copolymer chainbetween stericalbgtabilizedsphericalnanoparticles aglevated
temperaturé*® More specifically, ime-resolved small angle neutron scatigr(TR-SANS)
was used to analyse a binary mixture of fullydrogenouspoly(lauryl methacrylate)
poly(methyl methacrylate) PLMA3s-PMMAss) and coredeuterated PLMAy-dsPMMASs7
spherical nanoparticlqggachwith a mean core diameter 6f20 nn) after heating a150 °C
for 3 min The TR-SANS dataevealed thamixed corespherexomprisng boththe PMMAs5
and dPMMAGs7 blockswere obtained aftehis heating protocolMoreover,a similar mixture
of PLMA3o-PMMAg4 and PLMA3s-dsPMMAgs requireda longer anneaihg time (8 min) to
produce mixed core sphesy which suggestthat therate ofcopolymer exchange depends on
the DP of the coréorming block. Furthermore, relatively slow copolymer exchange was
observedeven at 80°C, which is belowthe Ty of the coreforming PMMA block!#® These
findings are consistentvith previousTR-SANS studiesof block copolymer micelleseported

by Lund et al and Bates, Lodge and-emrkers'48176179

Gibson et al reported the RAFT dispersion polymerization MfN-dimethylacrylamide
(DMAC) using apoly(tert-octyl acrylamide(POAAgs) precursor-8* This is the first al
acrylamide PISA formulation reported for nrpolar media. High DMAC conversions and
reasonably good RAFT contraWi(/M, O  1).wér@ achieved and a series of wafined
spheres with DLS diameters ranging fr@@nm to 9Inm were obtaind when systematically
increasing the PDMAC DP (x) from 50 to 250. Interestingly, the colloidal stability of such
nanoparticles depends on the type-alkane solvent used for the PISA synthesis. Colloidally
stable spherical nanoparticles were obtaine@0atC in n-heptanen-octane orn-decane,
whereas employing-dodecanen-tetradecane or-hexadecane led to nanoparticle flocculation
on cooling from the synthesis temperature {@Pto 20°C. This is because the POA#steric
stabilizer chains exhibitpper critical solution temperature (UCSfpe behavior irhighern-

alkanes, which leads to the loss of steric stabilizattda20°C.

Finally, it is also well-known thatblock copolymer spheres can be utilized as effective
Pickering emulsifierst3189182 Hydrophobic particles, prepared in napalar media usually
produce watein-oil (w/0) emulsion&€28 put examples for faning complex emulsigsuch

as Pickering double emulsionsing hydrophobic particles have also been repdfted®
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1.5.1.3.Worm-like nanoparticles

The synthesis of worms and vesicles in-potar mediawas first reported biielding et al*®
These workerdoundthatthe PISA synthesis of highly anisotropt¢ MA17-PBzMAy worms
in n-heptane requickasufficiently high copolymer concentratiq®17.5% w/w) Presumably,
thisaidsthestochastic fusion of multiple spheres to generate the vikenmorphologywithin
the timescale of theBzMA polymerization According to the pseudghase diagram
constructed by Fieldinet al, the pure worrike morphology was restricted ta@hemarrow
PBzMA DP rangg(seeFigure 1.19a).#% In a follow-up study, a pseudephase diagranfor
essentially the same PLMAPBzMA formulation in n-dodecanewas constructed by
systematicallyvarying themean DPfor each block while targeting0% w/w solids This
approach demonstratéiat a sufficiently short PLMA stabilizer block (PLMA DP21) was
requiredto access pureworm phasgseeFigure 1.19).%
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Figure 1.19. (a) Phase diagram constructed fay PLMA1-PBzMA, diblock copolymer nanoparticles
prepared by RAFT dispersion polymerizatafBzMA in n-heptane at 90C usinga PLMAs7precursor
and ar21s initiator whersystematically varyingdhe PBzMA DP and the total solids contéhtb)
PLMA-PBzMAy diblock copolymer nanoparticles prepared by RAFT dispergiymerization of
BzMA in n-dodecane using an AIBN initiataat 70 °C when targeting20% w/w solidsand
systematically varying th€LMA and PBzMA DP$® In both cases, thpost mortemcopolymer
morphologies werassigred by TEM analgis. Figuresre adapted with permission from ref§. and
45, respectively

The thermoresponsive behavior of such anisotropiangarticles was subsequently
examined® PLMA16-PBzMAs7 worms prepared in-dodecandwhich has a higher b.p. than
n-heptaneunderwent aeversibleworm-to-sphere transition upon heatifrgm 20 to 90 °C
(seeFigure 1.20). A 20% w/wdispersionof PLMA16-PBzMAs7 worms formed atransparent

free-standing gel a20 °C but degelationoccurred at 90 °CThis is because isotropic spheres
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interact with each other much less efficiently than highly anisotropic worms, which form a
percolating 3D networkt a relatively low copolymer conaeation® Moreover, the worm
to-sphere transitiorproved to be more or lessversibleat 20% w/w solids but irreversible
behavior was observed @t5% w/w solids This difference was explained in termstbé
reduced probability of interparticle fusion t@woastitute the originaorms, which is a highly
cooperative process Variable temperature rheology siesrevealed that degelatiactually
occuredat~47 °C Interestingly, SAXS studies indicated thgtady spherical morphology
wasonly obtairedafterheating theopolymerdispersiorupto 160 °C.Thus, a complete worm
to-sphere transition is not required to induce degelatisimply producing a mixed phase of
shorter worms and some spheres is sufficiéatiabletemperature SAXStudies indicaied a
gradual reduction ithe mean contour length on heatimghich reduces the multiple inter
worm contacts that cause gelation. SAXS and HiMiesalsorevealedhat a mixture oghort
worms and spherds formed at intermediate temperatures.mechansm for the worrrto-
sphere transitiowas proposed that involvesttquential budding of spheres from worm ends,
rather than random worm scissitmvariable temperatureH NMR studies oma 5% w/w
dispersion of PLMA1e-PBzMAsz7 worms dilued in de-dodecaneconfirmed that partial
solvation of the PBzMA block occurred on heating, whicbvided further insightegarding
this thermaly-induced morphologicdtansition. Ifuniform plasticization of the cordorming
block occured at elevated temperatutleis would increasats effective volume fractiorand
hence resulin a higher packing parameterThis scenariancorrectly predictsa wormto-
vesicle transitioninstead a worm-to-sphere transition occumswing to surfaceplasticization

of the worms This means thabnly the BZMA repeat units locatedearestto the PLMA
stabilizer block become solvatedThusthe effective volume fraction of the stabdr block
increass, which lowers the packing parameter and hence accounts fer dbserved

morphologicakransition?®
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Figure 1.20. Worm-to-sphere transition observed on heating a 20% w/w dispersion of RBEMA
PBzMAz; worms up to 90 °C im-dodecane. TEM analysis indicated reversible behavior, with
reconstituted worms being formed on cooling to 20*Egure adapted with permission from ref. 45.
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Subsequentlya similar worm-to-sphere transitiompon heatingvasrepored by Loweet al
for PSMA-PPPMAwormspreparedat 30% w/wsolidsin n-octane for PSMAws-PPPMAy1)167
or at 20% w/wsolidsin n-tetradecanef¢r PSMA;s-PPPMAss).187 Similarly, Rymaruket al
observed a wornto-sphere transition for poly(dimethylsiloxanepoly-(2-
(dimethylamino)ethyl  methacrylgte (PDMSe-PDMA10g worms  prepagd in

decamethylcyclopentasiloxane (D5) silicone'dfl

An importantaspectof the highly anisotropic worrike nanoparticles is theidistinctive
rheological behaviorRymaruket al found thatPDMSPDMA worm gels can be used as
efficient viscosity modifiers for eithen-dodecane or lowiscosity silicone oilssuch as
decamethylgclopentasiloxane  (D5), octamethylcyclotetrasiloxane (D4) or

hexamethyldisiloxangHMDS).'%° In this case, acommercially availablemonohydroxy

terminated polydimethylsiloxane (DP = 66) was esterified using a carboxylic acid

functionalzed trithiocarbonate RAFT agefPETTC)to yield a PDM%e precursorVarous
methacrylate monomers (e.g. BzMA2,2trifluoroethyl methacrylatd TFEMA), MMA, 2-
hydroxypropyl methacrylattHPMA) or DMA) were employedo chainexterd this precursor
via PISA syntheses performéu silicone oil. However, aly kinetically-trapped spheres were
obtained in most cases. ExceptionalDMA polymerizationgrovided accesgo wormsand
vesicles which was attributed to the relatively loly of PDMA (D 18 °C). Interestingly,
rotational rheology experiments indicatedtthab% w/w dispersion ofPDMSse-PDMA100
wormsproducel a sixty-fold increase irsolution viscosity relative tthat forthe corresponding
pure solven{seeFigure 1.21).1%°In a subsequent study, Rymaetkal reported that the same
worms could becrosslinked using 1,2bis(2-iodoethoxy)ethane (BIEEJ® This bifunctional
reagent quaternizes the tertiary amine groups on the DMA residues within the worrthoares,
introducing cosslinks via the Menshutkin reactiorOscillatory rheology studies @5% w/w
gels formed bythe linear and corerosslinked PDM&-PDMA 100 worms revealed that using
a BIEE/DMA molar ratio of 0.15 increas#tteworm gel strength@ Njramaticallyfrom 94 to
7855 PaSuchderivatizationalsoreducel the critical gelation concentration (CGC) from 12%
for thelinearwormsto just2%for thecorecrosdinkedworms This was attributed to the much
greater stiffness of the latter wormdoreover, such worm gels no longer exhibited any
thermoresponsive behavialfter corecrosslinking, which enables their use aswscosity
modifier over a wide temperatureange A similarly low CGC (2.5%) wasleterminedfor
poly(lauryl acrylateypoly(benzyl acrylate) (PLA-PBzAso) worms which could be prepared

at up to 40% solids in-dodecane using convenienionepot protocolt®® This was the fist
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all-acrylic PISA formulation in nonpolar mediato provide access to higher order

morphologies
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Figure 1.21. Concentration dependence of the solution viscosity (at a fixed shear rate'®f fth s
PDMSsst PDMA, diblock copolymer worms prepared irthedr D5 silicone oil (open black squares),

D4 (openred diamonds), HMDS (open blue triangles),redodecane (opegreencircles), where x

varies between 91 and 110 depending on the solvent type. In each case, worms were prepared at an
initial copolymer concentration of 30% w/w solids and then sequentially diluted using the same solvent
for viscosity measurement®.Figure adapted with permission from r&&9.

In related work, poly(3-[tris(trimethylsiloxy)silyl]propyl methacrylajepoly(benzyl
methacrylateYPSiMA-PBzMA) diblock copolymerdave been prepareda PISA syntheses
conductedn silicone o0il*®*” Accordingto the pseudphase diagramonstrucéd forPSiMA;2-
PBzMA nanoparticlegx O200)when varying the solids content between 5% w/w and 20%
w/w, a pure worm morphology could be accessed even at the lowest copolymer concentration
(5% wi/w). This is rather unusual this morphologyusually requiressomewhathigher
copolymer concentrati®152167.168.187.188Fqr  example, Darmauet al reported that
poly(hydrogenated butadierpdly(benzyl methacrylate) (PhBBBzMA) wormscould only

be accessed aither40 or 45% w/w solids im-dodecané® For this latter systemin situ
SAXS analysiduringthe synthesis oPhBDso-PBzMA4o worms at 40% w/w solidenabled
identification of intermediatelyotropic phasessuch asbodycenered cubic (BCC) and
hexagonally clospacked (HCP) sphere phagasor to the formation of afinal hexagonal
cylinder phase (HEX3®®
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Another exampl®f the synthesis gbure wormsat 5% w/w isthe PSMAPBzMA systemin
mineral o0il}>® Potential application of such highly anisotropic nanopartickes rheology
modifiers wasexamired by Derry et al, who studiedthe alignment oPSMA1z-PBzMAs4
worms in nonpolar media usingheasinduced polarized light imaging (SIPL1)® Highly
anisotropic particles tend to align in the direction of flow above a certain critical shear rate
which results in sheghinning.In this studyworm alignmentwas examineas a function of
temperatureA worm-to-sphere transitionccurson heatingrom 20 to 150C. Thusthe initial
shearthinning anisotropiavorms are convertednto isotropic sphericahangarticles which
behave like Newtonian fluidé 20% w/w dispersion dPSMA:3-PBzMAs4 nanoparticlesvas
monitored by SIPLIduring a thermal cye from 20 °C to 150 to 20°C to determine the
relationship betweedispersionviscosity and shear alignmemetween 20 and 66C, the
dispersion hadh relatively high viscosityowing to the presence of worméligned linear
worms were obtainedt 80-110 °C andfurther heatingup to 150°C produced dow-viscosity
dispersion of sphereghe same PSMABzMA formulation wasisoused to desighydrogen
bondedworm gels inn-dodecané® This was achieved by using carboxylic aefdnctional
PETTC for thesynthesis of aPSMA precursor(HOOGPSMA:;) via RAFT solution
polymerization Half of this precursowas then subjected to Steglich esterificathotih excess
methanoko produceH:COOGPSMA:. When &rgeting the same PSMAPBzMAss worms
in turn, the HOOG-PSMAu1 precursor produced much stronger physical g& Nj114 kPa
than that obtained when using tH&€COOGPSMAw: precursor G Nj4.5 kPa. This substantial
difference was attributed to the formation of carboxylic acid dimers between neighbouring
worms within the percolating networkloreover,a series ofworm gek with tunablegel
strength can beeadily prepagd by either (iusing binary mitures of acid and estecapped
PSMA precursorsduring PISA or (ii) using a postpolymerization processing strate¢y
exploit the reversible worrto-sphere transitiorexhibited by suctwormsto create binary
mixtures ofacid and estefunctionalized spéres at 110C that reform éybridd worms on
cooling to 20°C (seeFigure 1.22).1%°
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Route 2: post-polymerization
processing strategy
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Figure 1.2. Schematic representation of the two synthetic routes used to prepare two series ef PSMA
PBzMA worms containing varying proportions of carboxylic acid-gnalips. Both routes are based

on the principle of entropic mixingRoute 1utilizes a binary mixturefdHOOC-PSMAs; and HCOOG

PSMA: precursors during the RAFT dispersion polymerization of BzMA,; this approach results in a
statistical distribution of carboxylic acid emgdoups located at the outer surface of each sterically
stabilized wormRoute 2involves heating two Omasterbatchdé -20% w/ v
PSMA1-PBzMAss and HCOOGPSMA,1-PBzMAss worm gels up to 110 °C to induce a wetm

sphere transition (and concomitant degelation) in each case. These tilowiieg fluids of spherical
nangarticles were then mixed together in various proportiodd@t°Cto produce the desired range

of carboxylic acid/methyl ester molar ratios. On cooling to 20 °C, a sfx@verm transition occurs

via 1D stochastic fusion of multiple (mixed) spherestropd uce 6éhybri dé segmented
spatiallylocalized patches of steric stabilizer chains bearing carboxylic acidjrengs!>® Figure

adapted with permission from réfs0.

Route 1: in situ PISA approach

1.5.1.4.Vesicles

Well-definedvesicles an be prepared in nepolar media using many of the formulations
discussed aboveLiterature examples includ®LMA-PBzMA %152 PLMA-PGIyMA, %
PSMA-PFPMA, 167187 PSMA-PBzMA *31%* PSMA-PNMEP!8 PLA-PBzA%® PDMS
PBzMA *° PDMS-PDMA, % PSIMA-PBzMA'®" and PhBBPBzMA 188 However, there are
only a few reportshatarefocusedon this particular morphologyhese arériefly discused

in turnbelow.

Insights intothe vesicle growthmechanismduring PISA syntheses conducted non-polar
mediawasprovidedby Derryet al'®3In situ SAXS studies conducted duririge synthesis of
PSMA13-PBzMA150 vesicles at 10% w/wsolidsin mineral oilwithin a capillary celrevealed

agradual evolution icopolymemorphology frommolecularlydissolvedchains to spheres to
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worms to vesiclegsee Figure 1.23a). Comparingthe kinetic plot obtained from this
experiment with the corresponding pseyod@se diagramonstruced for PSMAz-PBzMA
nanceobjects confirmed that the critical PBzMA DP boundarie for pure morphologies
(spheres, wormar vesicles) were in raarkally good agreementDLS, TEM andpostmortem
SAXS analysigndicatedthat, oncevesicleswere formed at around 72% BzMA conversion
thar membrane thickness incredsaonotonicallywith monomer conversion as tRB8zMA
DP increased Furthermorethe overall vesicle diameter remaaa constant. Thushevesicle
lumen volume must decreasduring the polymerizationT h i s i mmWardegsowtld n
mechanism fothevesicles Moreover this appears to ba geneic mechanism fothe gravth

of diblock copolymewesicleduring PISA since similar observations were reported by Warren
et al for PGMA-PHPMA vesiclespreparedvia aqueous PISA? The samePSMAs-
PBzMAuso vesicles were also preparedl@6 w/w solids in mineral obn alaboratoryscale
to enablealiquotsto be periodically extracteftom the reaction mixturéor TEM analysis
Intermediate morphologies such as octopi and jellyfsse Figure 1.23b) were identified
duringthe evolution fromwormsto vesicles, similar toobservations madey Blanazs and co
workersfor a PGMA-PHPMAxoo aqueous PISA formulatiofi?
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Figure 1.23. (@) In situ SAXS patterns recordeduring the PISA synthesis of PSMAPBzMAs0
diblock copolymer vesicles prepared at 90 °C in mineral oil at 10% w/w sdidg a capillary cell

The onset of micellar nucleation is indicated by the red arfoM.EM images recorded for 0.1% w/w
dispersions of PSMA-PBzMAx nanoparticles obtainedt various time points during the PISA
synthesis of PSMA-PBzMA:so vesiclesduring the equivaleriaboratoryscale synthesiat 10% w/w
solidsin mineral oil. A pure worm morphology is observed after 91 min, worms and octopi structures
are observed aft&7 min and worms, vesicles, octopi and jellyfish structures are observed after 100
min and 103 minrespectively®®Figure adapted with permission from ref31
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Derry et al also studed the vesicleto-worm transitionexhibited by PSMA-PBzMAgs
vesicles prepared in mineral & The vesicleto-worm transitionoccurredon heating from
20 to 150°C owing to surface plasticization of the PBzMA cdmming block adiscussed
abovefor the wormto-sphere transitioexhibited byPLMA-PBzMA nanoparticles® In this
case, variable temperature SAXfidies were conductdd confirm the gradual change in
morphology while oscillatory rheologyndicated arincrease in the storage mods(G § by
five orders of magnitudabove 135°C, which was determined tbe the critical gelation
temperatureThese observations led the authors to propose that this systenaoffeesesting

new hightemperature oithickening mechanism.

Dorsmanet al found thatheatingessentially the sameSMA-PBzMA vesicles up to 180°C
produced avorm-to-sphere transition after the initiaésicleto-worm transitiont>* Moreover,
statistical copolymergtion of n-butyl methacrylatgd BuMA) with BzMA to form thecore
forming blockenabledhe temperature at which temorphology transitiosoccurto be finely
tunedsimply by adjusting theeomonomemolar ratio.This is because PBUMfg = 20 °C)
has a relatively lowg compared to PBzMATy = 54 °C). For example, theesicleto-worm
transitionwasobsened at167 °C for PSMAws-PBzMA12s vesiclesbut at 109 °C for PSMAw4-
P(0.5BzMA-stat0.5BuMA) 130 vesicles Heating the latter dispersionfurther produceda
mixture of short worms and spheid 30°C andapurdy spherical morphologwas obtained
at 180°C. The wormto-sphere transitiotredto a sharp reduction iboththe storage modulus
(seeFigure 1.24) andthe dispersion viscosit\oreover lowering the temperatureat which
such morpholoigal transitionsoccurshouldin principleenable a wider range of d@tiickening

applications to be explored.
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Figure 1.24. Temperature dependence of the storage mod@iis( r ed squar esGhbdband
blue triangles) observed for a 10% w/w dispersion of PSNPAD.5BzMAstat0.5BuMA)i30 nane
objects in mineral oil when heating from 2Dto 180 °C at 2 °C mifi. This experiment was conducted

at 1.0% strain and an angular frequency of 10 radRRepresentative TEM images recorded after drying
0.10% w/w dispersions of PSMAP(0.5BzMA-stat-0.5BuMA)s0 nancobjects: (a) vesicles (plus
worms) at 20 °C, (b) worms (plus spheres) at 130 °C, (c) spheres at 18(-tglire adapted with
permission from refl51.

1.6. Thesis outline

In this Thesis, stericalhstabilized methacrylic diblock copolymer naabjects are
synthesizedvia RAFT dispersion polymerization either in mineral oil or in lesigin n-
alkanes.Such nanebbjects are potentially usefabditives for he design of nexgeneration
automotiveengine oils.Chapter 2 describes the synthesis of poly(stearyl methacrylate)
poly(2-hydroxypropyl methacrylat€PSMA-PHPMA) spheres, worms and vesicles in mineral
oil. A pseudephase diagram is obtained when systematically varying? #ié@MA DP while
targeting a range of copolymer concentratioriie kinetics ofpolymerization duringhe
synthesis olPSMAe-PHPMA:s50 vesiclesis compared to that d?SMAe-PBzMA1s50 vesicles
usingin situ *H NMR spectroscopy. Moreover, the thermoresponsive behaviBiStfAc-
PHPMA7 worms is briefly explored. I€hapter 3, the principle of refractive index matching
is used to prepare hih transparentpoly(stearyl methacrylajepoly(2,2,2trifluoroethyl
methacrylate\PSMA-PTFEMA) vesicles of ~240 nm diameter n-dodecane at relatively
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high solids.Following the approach developed by Cornel andvoockers® in situ visible

absorption spectroscopy is udednonitor chairend fidelity during the synthesis of PSIMA
PTFEMAsgs spheres im-hexadecane using a dithiobenzelaésed RAFT agent. The synthesis
of poly(lauryl methacrylatepoly(methyl methacrylate) (PLMAMMA) spheres and short
worms in mineral oils discussed ihapter 4. Targeting a relatively high PMMA DP results

in an unexpected morphological constraint that is attributed to theThigh PMMA. In
Chapter 5, this problem is addressed by statistical copolymerization of 10 mol% LMA with
MMA to produce relatively long PLMA(MMA-statLMA) worms as well as vesicles. The
thermoresponsive behavior of these nabgects is examined at elevated temperature.
Chapter 6 compares the synthesis and ppslymerization modification of epoxfunctional
poly(lauryl methacrylatepoly(glycidyl methacrylate) (PLMAPGIyMA) spheres, in which
epoxy groups are located within the nanoparticle cores, with that of PEttSIyMA)-
PMMA spheres in which epoxy groups are incorporated into the steric stabilizer chains. In
Chapter 7, QCM-D is used to compare the adsorption of such ~30 nm diameter-epoxy
functional spheres onto planar stainless steel fneshodecane to that of similaized non
functional PLMAPMMA spheres. QCM adsorption experiments are also conductee56r

nm diameter P(LMAstatGlyMA)-PBzMA and PLMAPBzMA spheres and SEM is used to
estimate the fractional surface coverage. Finally, such efumctional and notiunctional
spheres are evaluated as friction modifiers in MTM tribological experiments deddog

Lubrizol scientists.
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2.1.Introduction

Poly(2hydroxypropyl methacrylate) HPMA) has been utilized for a wide range of PISA
formulations!''* For example, Blanazst al. studied the evolution of copolymer morphology
during the RAFT aqueous dispersion polymerization of HPMA, which provided important
mechanistic insights regarding the wetovesicle transitiort.In closelyrelated work, using
PHPMA as a weakly hydrophobic structidieecting block enables the rational design of
thermoresponsive worrmi$® and vesicles.Moreover, utilizing PHPMA in conjunction with
highly biocompatible steric stabilizer blocks such as poly(glycerol monomethacrylate)
[PGMA]*? or poly(ethylene glycol) [PEG]® enabls the soft hydrogels formed by semi
concentréed worm dispersion$to be evaluated asovel cell storage medid® 1’ Zehm and
co-workers demonstrated that PHPMA can also be used as a stéiizestdlock for the
RAFT alcoholic dispersion polymerization of benzyl methacrylafes mentioned ifChapter

1, Rymaruket al. reported that PHPMA could serve as a eomrening block when exploring
RAFT dispersionpolymerization formulations in silicone dft. However, only kinetically
trapped spheres could be obtained in this latter case. As far as we ardlevarae no prior
reports othe use of PHPMA as a structtatgectingblock to access spheres, worms or vesicles

via RAFT-mediatedPISA in nonpolar media.

Herein, we report the synthesis of PSMPHPMA diblock copolymer nanobjectsvia

RAFT dispersion polymerization of HPMA in mineral oil at 9D. Using a relatively short
PSMAe precursor block ensures access to spheres, worms and vEsil@seudephase
diagram has been constructed for a series of PSRHPMA nanoparticledy varying the
copolymer concentration from 15% to 30% w/w, confirming that a pure worm phage can
obtained over a relatively narrow range of diblock copolymer compositions (x = 67 to 70). The

thermoresponsive nature of such worms is briefly explored.
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2.2.Experimental

2.2.1.Materials

2-Hydroxypropyl methacrylate (HPMA) was donated®iO Specialty Chemica(®JK) and

used without further purification. Stearyl methacrylate (SMA) was purchased from Santa Cruz
Biotechnology Ltd (USA)and was used without further purificatioBenzyl methacrylate

(BzMA, 96%) was purchased from Sigma Aldrich, passed through ahitothremover
column to remove monomethyl ether hydroquino
to use2-Cyana2-propyl dithiobenzoate (CPDB), CD£indn-dodecane were purchased from

Si gma Al dr i-AzdbisigolhltgrpnitrilieZAIBNNvas obtainkefrom Molekula (UK).

tert-Butyl peroxy-2-ethylhexanoate (T21s) was purchased from AkzoNobel (The Netherlands).
CD.Cl> was purchased from Goss Scientific (UK). APl Group Il mineral oil (viscosity = 3.1

cSt at 100C) was kindly provided by The Lubrizol @moration Ltd (Hazelwood, Derbyshire,

UK). All other solvents were purchased from Fisher Scientific (UK) and were used as received.

2.2.2.Methods

Synthesis of poly(stearyl methacrylate) (PSM#4) precursor via RAFT solution

polymerization

The synthesis of the PSMAomopolymer precursor was conducted at 50% w/w solids as
follows. SMA (34.0 g; 100.4 mmol), CPDB (4.40 g; 19.9 mmol; target degree of
polymerization = 5), AIBN (659 mg; 4.01 mmol; CPDB/AIBN molar ratio = 5.0) and toluene
(39 g) were weighed into a 250 mbundbottomed flask. The sealed reaction vessel was
purged with nitrogen for 30 min, then placed in alpeated oHbath at 70°C with stirring for

4 h. The SMA polymerization was quenched by exposing the reaction solution to air and
cooling to room temgrature. A final SMA conversion of 77% was determinedHyNMR
spectroscopy. The crude homopolymer was purified by two consecutive precipitations into a
tenfold excess of ethanol. The mean degree of polymerization (DP) of this-@Q&éravas
calculated tdoe 9 usingH NMR spectroscopy by comparing the integrated aromatic protons
from the dithiobenzoate ergtoup at 6.83.0 ppm to the two oxymethylene protons assigned
to the SMA residues at 340 ppm. THF GPC analysis using a refractive index detectbr an
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a series of neanonodisperse poly(methyl methacrylate) standards indicatith ah4 500 g
mol* and arMw/M, of 1.12.

Synthesis of poly(stearyl methacrylatepoly(2-hydroxypropyl methacrylate)
(PSMAgs-PHPMAX) diblock copolymer nanoparticles via RAFT dispersion
polymerization of HPMA in mineral oil

The protocol for the synthesis of PSMRHPMAss0 diblock copolymer vesicles at 15% w/w
solids is representative and was conducted as follows. B$0I@40 g; 12.2 umol), HPMA
(0.26 g; 1.84 mmol), T21lsnitiator (0.53 mg; 2.45 pmol; 10.0% vAn mineral oil;
PSMA./T21s molar ratio = 5)0and mineral oil (1.73 g) were weighed into a vial and this
reaction mixture was purged with nitrogen gas for 30 min. The sample vial was then immersed
into a preheatedil bath at 9C°C and the reaction mixture was magnetically stirred for'sih.
NMR spectroscopy studies indicatedlicated more than 984 PMA monomer conversion

(the integrated vinyl proton signalss0-6.0 ppmwere compared with the integrated polymer
backbone signals at 360 ppm). THF GPC analysis indicatedM#of 18 800 g mot and an
Mw/Mpn of 1.37. Other diblock copolymer compositions were targeted at 15% to 30% w/w solids
by using the same mass of PSyahd adjusting the HPMA/PSM#nolar ratioand the volume

of mineral oil accordingly.
'H NMR spectroscopy

'H NMR spectra were recorded in either £ or CDCk using a 400 MHz Bruker Avance

Il spectrometer. Typically 64 scans were averaged per spedtrsituH NMR spectra were
recorded using the same spectrometer in order to study the HPMA polymerization kinetics
during the synthesis of PSMAHPMAyso vesides at 15% w/w solids in mineral oil and also
PSMAe-PBzMA150 vesicles at 18% w/w solids in the same solvent. A 0.20 mL aliquot of the
reaction mixture was transferred into an NMR tube equipped withaniMestd n g 6s t ap ur
a nitrogen atmosphere. A clary tube containing 0.28 M toluene dissolved ¢DMSO was
flame-sealed and used as an external standard (and also a solvem lakyence spectrum

was recorded at 20 °C prior to heating the reaction mixture up to 90 °C. Spectra were recorded
apprximately every 2 min for the first 20 min and approximately every 6 min thereafter.
Spectra were acquired in eight transients using a 30° excitation pulse and a delay time of 5 s
over a spectral window of 16 kHz with 64 k data points.
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Gel Permeation Chromatography (GPC)

Molecular weight distributions (MWDs) were assessed by GPC using THF eluent. The THF
GPC system was equipped with two 5 um (30 cm) Mixed C columns and a WellChrom K
2301 refractive index detector operating at 950 + 30 nm. The THF mobise ghbatained
2.0% v/v triethylamine and 0.05% w/v butylhydroxytoluene (BHT) and the flow rate was fixed
at 1.0 mL mih'. A series of eleven neanonodisperse poly(methyl methacrylate) standards

(Mp values ranging from 800 to 988 000 g Mpivere used focolumn calibration.
Dynamic Light Scattering (DLS)

DLS studies were performed using a Zetasizer Nano ZS instrument (Malvern Instruments, UK)
at a fixed scattering angle of 173°. Copolymer dispersions were dilutedadecane (0.10%

w/w) prior to light sattering studies at 25 °C. The intensityerage diameter and
polydispersity of the diblock copolymer nanoparticles were calculated by cumulants analysis
of the experimental correlation function using Dispersion Technology Software version 6.20.
Data wereaveraged over ten runs each of thirty seconds duration. It is emphasized that DLS
assumes a spherical morphology and reports inteagéyage diameters. Thus, the apparent
DLS diameter determined for highly anisotropic particles such as worms is rgjttadito the

worm length nor the worm width. Despite this limitation, DLS can be used to monitor a
thermallyinduced worrto-sphere transition by determining the reduction in the apparent
diameter?®

Transmission ElectronMicroscopy (TEM)

TEM studies were conducted usingrlal Tecnai G2 spirilnstrument operating at 80 kV and
equipped with &atan 1k CCD camer®iluted diblock copolymer dispersions (0.10% w/w)
were placed on carbecpated copper grids and exposed toentm(VIIl) oxide vapor for 7

min at 20 °C prior to analysf3.This heavy metal compound acted as a positive stain for the
coreforming block to improve contrast. The ruthenium(VIII) oxide was prepared as follows:
ruthenium(1V) oxide (0.30 g) veaadded to water (50 g) to form a black slurry; addition of
sodium periodate (2.0 g) with continuous stirring produced a yellow solution of
ruthenium(VIIl) oxide within 1 min. In order to study the thermafiguced wormto-vesicle
transition, a sample Miaontaining 1.0 g of a 25% w/w PSMAHPMA7o dispersion in

mineral oil was placed in a pteeated oil bath at 150 °C, allowed to equilibrate for 1 h, diluted
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with n-dodecane (preheated to the same temperature), and then a single droplet of this hot

dispesion was transferred onto a TEM grid and allowed to evaporate.
Small-Angle X-ray Scattering (SAXS)

SAXS patterns were collected at a synchrotron source (Diamond Light Source, station 122,
Didcot, UK) using monochromatic-kay radiation (wavelength= 0.1@ nm, withq ranging

from 0.017 to 2.1 nrh, whereq = 4 .sind/ads the length of the scattering vector afid one

half of the scattering angle) and a 2D Pilatus 2M pixel detector (Dectris, Switzerland). A glass
capillary of 2.0 mm diameter was used as a sample holder. Scattering data were reduced using
standard routines from the beamline and were further zedlysing Irena SAS macros for

Igor Pro??

2.3.Results and Discussion

2.3.1.Synthesis of PSMA macro-CTA

The RAFT solution polymerization of SMA was conducted in toluene at 70 °C using CPDB as
a RAFT CTA to produce the desired PSMA maC@®DA precursor (se&cheme 2.1 A
preliminary kinetic study when targeting a PSMmacreCTA had indicated firsbrder
kinetics after an initial induction period of approximately 1 h and the expected linear evolution
in molecular weight with conversion (s€egure 2.1). In order to avoid the possible loss of
RAFT chairends under monomeatarved caditions, the scaledp SMA polymerization was
guenched after 4 h by exposure to air, which resulted in an SMA conversion of 77%. This
protocol produced approximately 26 g of PSMA homopolymer with a mean degree of
polymerization (DP) of 9 and a relativelgrrow molecular weight distributioM(,/Mn = 1.12),
indicating thagood RAFT control was achieved.
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Scheme 2.1.Synthesis of a poly(stearyl methacrylate) (PSMA) precussar RAFT solution
polymerization in toluene using&anoe2-propyl benzodithioate (CPDB) at 70 °C, followed by the
RAFT dispersion polymerization oft2ydroxypropyl methacrylate (HPMA) in mineral oil at 90 °C.
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Figure 2.1. RAFT solution polymerization of SMAn toluene at 50% w/w solids and 70 °C using
CPDB as a RAFT agent (target PSMA DP = 5; CPDB/initiator molar ratio =(a)0Conversiorvs
time (blue circles) and corresponding In(pi1]) vs time (red triangles) plotgb) Evolution in M,
(red diamonds) andl./M, (blue circles) obtained by THF GPé&halysis using a series of near
monodisperse poly(methyl methacrylate) calibration standards

2.3.2.Kinetic study of the RAFT dispersion polymerization of HPMA in

mineral ol

In situ’H NMR spectroscopy experiments were performed to examine the kinetics of the RAFT
dispersion polymerization of HPMA at 90 °C when targeting PSMBPMAs0 vesicles at

15% w/w solidsHPMA conversions were determined by comparing the integrated monomer
vinyl proton signals at 5:8.0 ppm to the three methyl protons assigned to the toluene external
standard at 2.3 ppiseeFigure 2.23.
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Figure 2.2. (a) Selected partialH NMR spectra recorded during tHRAFT dispersion

polymerizationof HPMA targeting a 15% w/w dispersion of PSMRHPMAso vesicles in

mineral oilat 90 °C:after 3 min (black data), 12 min (red data), 15 min (blue data) and 19 min

(green data) using toluene i BMSO as an external standafld) Conversionvs time curve

(blue circles) and corresponding selmjarithmic plot (red triangles) for the san®SA
synthesis

The HPMA polymerization proceeded relatively slowly for the first 10 min prior to an
approximate sifold rate enhancement. This time point responded to 29% HPMA
conversion or a PHPMA DP of 44 and is attributed to the onset of micellar nucleatithe
growing PHPMA chains become insoluble in the HPMA/mineral oil reaction mixsrdting

in the formation of spherical micelldsy in situ sdf-assembly-*® Thereafter, firsorder
kinetics were observed up to 84% HPMA conversion, followed by a slower rate of

polymerization under monomstarved conditions (sd&gure 2.2h). More than 98% HPMA
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conversion was achieved within 70 min at 90. This indicates a significantly faster
polymerization than most previously studied PISA formulations inpaar media, which is
attributed to the polar nature of HPMAIn order to confirm this hypothesis, we compared the
kinetics of this RAFT dispersion polymerization with that for a-pofar monomer, benzyl
methacrylate (BzMA), while targeting PSMA&BzMA1s0 vesicles in minal oil under
precisely the same reaction conditionse.( using identical monomer and PSMA
concentrations). For PSMAHPMAus0 vesicles, an HPMA conversion of 94% was achieved
within 40 min whereas only 37% BzMA conversion was achieved for RERBYMA150
vesicles on the same timescale (sBgure 2.39. Moreover, the corresponding
semilogarithmic plots suggested pseuddirst order rate constant for the HPMA
polymerization that was twelvield greater than that for the BzMA polymerizati(@eeFigure
2.3b).

THF GPC analysis of the final PSMA&RHPMA:50(98% conversion after 70 mi, = 19,500

g molt, Mw/M,, = 1.24) and PSMAPB2VIA 1s0diblock copolymers (97% conversion after 150
min; M, = 17,300 g mot, Mw/M, = 1.11) indicated good RAFT control over each
polymerization. Thus it appears that the RAFT dispersion polymerization of HPMA offers an

advantage over the equivalent synibesing BzMA.
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Figure 2.3. (a)Conversiorvs. time curves obtained for the RAFT dispersion polymerization of either
HPMA (blue circles) or BzMA (green squares) at 9 in mineral oil targeting either PSMA
PHPMAys, vesicles at 15% w/w solids or PSMRBzMAso at 18% w/w solids, respectively.
Conditions: [HPMA}= [BzMA]o = 0.78 M; [PSMA] = 17 g dm?; [PSMA.]/[T21s] molar ratio = 5.0

(b) Semilogarithmic plots obtained ftre RAFT dispersiorpolymerizationof either HPMA or BzMA

in mineral oilat 90 °Ctargeting either 15% w/w PSMAHPMA; s vesicles(red trianglespr 18%
w/w PSMAs-PBzMAs0 vesicles (open green diamonds).

2.3.3.Synthesis of PSMA-PHPMA  diblock copolymer nanoparticles

A series ofPSMAe-PHPMA\ diblock copolymer nanobjects were then targeteth RAFT

dispersion polymerization of HPMA in mineral oil at 90 °C. The PSld#&cursor was utilized

to polymerize HPMA and PHPMA DPs from 30 to 150 were targeted while varying the overall

solids content between 15% and 30% w/w. In each case, more than 98% HPMA monomer
conversion was achieved within 5 h as judged'HyNMR spectroscopy. GPC analysis

indicated that relatively good RAFT control was achieved in all cadefVp O 1. 3 7, S e e
Figure 2.4). Targeting higher PHPMA DPs resulted in a systematic shift in the GPC curves

76



Chapter 2. Synthesis of Poly(Stearyl Methacrylatedly(2Hydroxypropyl Methacrylate)
Diblock Copolymer Nanoparticleda RAFT Dispersion Polymerization ofaydroxypropyl
Methacrylate in Mineral Oil

towards higher molecular weight (séggure 2.4g, while minimal PSMA precursor
contamination indicated high blocking efficienci®oreover, a linear evoation of M, with
target PHPMA DP is observed kgure 2.4bfor a series of PSMAPHPMA\ nancobjects
prepared at 15% w/w solids, although a gradual incread&uiil, is discernible as higher
PHPMA DPs are targeted.

(a) PSMA;-PHPMA
M,= 11,9 kg mol"

PSMA;-PHPMA
M, = 8,1 kg mol

M,/M,=1.19 M/ M,=1.16
PSMAs-PHPMA, 1, PSMA; macro-CTA
M,= 14,7 kg mol-! \ M,=45kg mol"
M, IM,=1.24 \ MM, =1.12

PSMA,-PHPMA 5,
M,=18,8 kg mol
M, /M, =1.37

13 14 15 16 17 18
Retention time (min)

T
“—

M, (kg mol)

0 20 40 60 80 100 120 140 160
PHPMA DP (x)

Figure 2.4. (a)THF gel permeation chromatograms (poly(methyl methacrylate) standards) obtained
for the precursor PSMAmMacreCTA (black dashed curve) and four PSMRHPMA diblock
copolymers prepareda RAFT dispersion polymerization of HPMA in mineral oil at 90t&Egeting
15% wiw solids(b) Plots ofM,(red diamonds) antll,/M, (blue circlesys PHPMA DP for a series

of PSMA,-PHPMA, diblock copolymer nanobjects. The black dashed line indicates the theoretical
Mn vs PHPMA DP relationship for this series, withe difference being attributed to the GPC
calibration error incurred by using poly(methyl methacrylate) standards.
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Recently, Dochertgt al reported the chain extension of PSMAnd PSMAgstabilizer blocks

using glycidyl methacrylate in mineral oil, tonly kineticallytrapped spherical nanoparticles
could be obtaine&: In contrast, using the shorter PSMatabilizer block for the RAFT
dispersion polymerization of HPMA provides convenient access to worms and vesicles, as well
as spheres. Accordingly, a pseymltase diagram was constructed to facilitate the reproducible
synthesis of such narabjects (sedables 9.1-9.2), with copolymer morphology assignments
being made on the basis of TEM studies (Begure 2.5).%192526\Well-defined spherical
nanoparticles could be obtained at @polymer concentrations examined, with DLS studies
indicating narrow size distributions (polyd
increase in the intensigverage diameter when targeting higher PHPMA DPs, as expected.
1924 However, a pure worm phase could only be oistdiat relatively high copolymer
concentrations (either 25% w/w or 30% w/w solid3rry et al.reported similar observations

for poly(lauryl methacrylatepoly(benzyl methacrylate) diblock copolymer neaotgects
prepared in mineral off The raher broad mixed phase observedrigure 2.5eis similar to

that recently reported by Rymaruket al'® for polydimethylsiloxangpoly(2-
(dimethylamino)ethyl methacrylate) napbjects in silicone oil. This suggests that sphere
sphere fusion is not particularly efficient for such PISA formulatidwesverthelesspure
vesicles could be accessed by targeting PHPMA DP415 or higher atcopolymer
concentrations ranging from 15% w/w to 25% wi/w. Interestingly, a mixed phase comprising
vesicles and lamellae was observed when increasing the copolymer concentration up to 30%
w/w (seeFigure 2.5d).

To confirm the copolymer morphologies assigngy TEM analysis, SAXS patterns were
recorded for 1.0% w/w dispersions of faeBEMAe-PHPMA\ diblock copolymers originally
prepared at 25% w/w (s&égure 2.6).
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Figure 2.5. Representative TEM images obtained faj PSMAs-PHPMAs; spheres(b) PSMAe-
PHPMAz, worms, (c) PSMA-PHPMA20 vesicles and(d) a mixed phase comprising PSMA
PHPMAwlamellae and vesiclege) Pseudephase diagram constructed for PSiMPHPMA, diblock
copolymer nanabjects prepared by RAFT dispersion polymerization of HPMA in mineral oil using a
PSMAg precursor and T21s initiatorat 90 °C ([PSMIA [ T21s] mol ar rati o = 5.
red diamonds () and blue circlesd) represenpure vesicles, worms and spheres, respectively. Green
squaresH ) correspond to either sphere/worm or worm/vesicle mixed phases, whereas purple squares
(¢ ) represent a vesicle/lamellae mixed phase].
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Figure 2.6. Smallangle Xxray scattering patterns recorded for 1.0% w/w dispersions of BSMA
PHPMA diblock copolymer spheres, worms and vesicles in mineral oil. Dattéd lines indicate the
data fits obtained using the relevant scattering model. In each case,dibock copolymer nano
objects were initially synthesized at 25% wi/w solids.

For PSMA-PHPMAso, an approximate zero gradient was observed aiglaw expected for
spherical nanoparticles, and the local minimum in the scattering patterO nm' indicates

a mean core radius of approximat@lynm?’ Fitting this SAXS pattern to a wekinown
spherical micelle mod&indicated an overall sphere diamet®ggherd 0f 21.1 = 1.9 nm and a
mean aggreggion numberNagg or number of copolymer chains per nanoparticle) of 200 (see
Table 2.1). This volumeaveragespherevalue is consistent with the intensayerage diameter

of 31 nm reported by DLS for these PSMPRHPMAso spheres. The SAXS pattern recorded
for PSMAe-PHPMA7 exhibits a gradient of approximatel in the lowq region, which is
consistent with the worm mphology indicated by TEM analysis. In this case, the local

minimum observed at~ 0.4 nm' represents the mean worm core radius.
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Table 2.1. Summary of nanmbject dimensions obtained from fitting smaligle Xray scattering
patterns using either alsgrical micelle’® worm-like micelle’® or vesicle modet? Dsprereis the overall
sphere diameter such tHadphere= 2Rs + 4Ry, WhereRs is the mean core radius aRglis the radius of
gyration of the stabilizer chain$wom is the overall worm thicknes3 form = 2Rwc + 4Ry, whereRyc is

the mean worm core daus) andLworm is the mean worm contour lengfyesicie is the overall vesicle
diameter Dvesicie= 2Rm + Tmembranet 4Ry, WhereRy, is the distance from the centre of the vesicle to the
centre of the vesicle membrane, @hgmbraneiS the vesicle membrane thicknesN)gy is the mean
aggregation number.€. the mean number of copolymer chains per ralject).

Block copolymer ':g:gﬁg{g;t’ D, e T Lo D, T e N
PSMAQ'PHPMASO Spheres 21.1+1.9nm - - - _ 200
PSMA;PHPMA,, Worms - 22.5+2.4nm 252 nm - - 3800
PSMA-PHPMA | Vesicles - - ; 348 +54nm | 16.0+16nm | 177,400
PSMA;PHPMA, Vesicles - - - 366+58nm | 18.1+1.9nm | 177,500

Fitting this SAXS pattern to a worlike micelle modet indicates an overalorm thickness
(Tworm) Of 22.5 + 2.4 nm, a mean worm length.4m) of ~252 nm and aMagg of 3800.
Comparing this aggregation number with that determined for the BFNRMAso Spheres
suggests that, on average, each waormed by stochastic 1D fusion of no more than 19
spheres. SAXS patterns recorded for PSNPAIPMAL20andPSMAe-PHPMAus0 both exhibit
low q gradients of approximateh2, which is consistent with a vesicular morphol8¢¥in

this case, the subtledgtire observed at log/(q~ 0.02 nimt) indicates the overall vesicle radius
while the welldefined local minimumat high q (g ~ 0.20.3 nm') provides information
regarding the vesicle membrane thickness. Fitting these patterns to-knaweh vesicle
model?® indicated thaPSMAe-PHPMA:20andP SMAe-PHPMAss0 vesicles exhibit comparable
overall diametersQvesice= 348 + 54 nm and 366 + 58 nm, respectivehtincreasing the
PHPMA DP from 120 to 150 led to a thicker vesicle membramenprane= 16.0 + 1.6 nnvs
18.1 + 1.9 nm, respectively). These data are consistent withréki@usly discussedesicle
growth mechanism proposed by Waredral2° and later validated by Derst al*® for PISA
synthesegseeChapter 1). Mean Nagg values for PSMAPHPMA120andPSMAe-PHPMAs50
vesicles were calculated to be 177,400 and 177,500, respectively. Nhgselues are
remarkably similar, which suggests that little or no net copolymer chain exchange occurs
during the latter stages of the PISA synthesis of P&RMAPMA: 50 vesicles i.e. from 80% to
100% HPMA conversion).

81



Chapter 2. Synthesis of Poly(Stearyl Methacrylatedly(2Hydroxypropyl Methacrylate)
Diblock Copolymer Nanoparticleda RAFT Dispersion Polymerization ofaydroxypropyl
Methacrylate in Mineral Oil

2.3.4.Rheological studies of a PSMAPHPMA 70 worm gel

The PSMA-PHPMAzo worms prepared at 25% w/w solids in mineral oil form a-s&mding

gel owing to multiple inteworm contact$? This worm gel was characterized by variable
temperature oscillatory rheology, as described previously for other worm gel s§$€ms.
Degelation occurred on heating above approximately 100 °C, with this critical temperature
corresponding to the creswer point br thebulk storage modulu& éandloss moduluss 0
curves(seeFigure 2.73. Similarthermoresponsivieehavior has been reported for poly(lauryl
methacrylatepoly(benzyl methacrylate) narabjects inn-dodecane and explained in terms

of awormto-spheretransition owing to surface plasticization of the worm cores by ingress of
hot solveniseeChapter 1).° However, in the present case TEM studies suggest that a partial
wormto-vesicletransition occurs on heating. Thdtial pure wormsi diluted at 20 °C for
TEM analysis (seéigure 2.7b i were transformed into a mixed phase comprising large

vesicles and some remaining worms on heating up to 150 °Eitgee 2.79.

These observations are consistent with DLS studiesspherequivalent intensitaverage
diameter determined at 20 °C for the initial dilute dispersion of pure worms (156 nm, PDI =
0.54) increased significantly after heating up to 150 °C (231 nm, PDI = 0.63). On cooling,
regelation occurred at a crisicgelation temperature (CGT) of approximat&g0 °C, which
suggests thermoreversible behavior. However, the if#idlalue of ~ 6700 Pavas reduced

by more than an order of magnitude to ~ 420 Pa after this single thermal cycle. Moreover, TEM
analysis o the diluted copolymer dispersion revealed a mixed morphology of worms and
vesicles at 20 °C, thus indicating that the original pure worm morphology had not been restored

on cooling (se&igure 2.8).
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Figure 2.7. (a)Temperature dependence for the storage mo@Uij¢d squares) and loss mod@i i

blue circles) observed for a PSMRHPMAz, worm gel prepared at 25% w/w solids in mineral oil on
heating from 20 to 180 °C (filled symbols) and cooling from 180 to 2M&0ow symbols) at a rate of

2.0 °C mint. Data were recorded at 1.0% strain amplitude using an angular frequency of 10 rad s
Representative TEM images obtained for this PSIRAPMAz, dispersion after dilutioiib) at 20 °C
(pure worms) an¢t) 150 °C (ixed phase comprising vesicles and worms). This partial morphological
transition accounts for the degelation that is observed above 100 °C.

Figure 2.8.Representative TEM image recorded fanixed phase oPSMA-PHPMAy vesicles and
worms(prepared at 25% w/w solids) obtairgftler oscillatory rheology studies.
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Unlike previous morphological transformations of diblock copolymer +adojects in non

polar medig®3133 this partial wormto-vesicle transition on heating cannot be explained by
surface plasticization of the PHPMA worm cores by hot solvent. This can only result in an
increase in the volume of the solvophilic block relativéhe solvophobic block, resulting in a
reduction in the critical packing paramet®) @nd thus favoring the formation of spheres.
Instead, amncreasein P is required to generate vesicles from the initial worms, which means
that the volume of the salphobic PHPMA block must increase relative to that of the
solvophilic PSMA block. In principle, this could occuia uniform solvationof the core
forming PHPMA block. However, this seems unlikely given that even-dodecane is likely

to remain a very @or solvent for the hydroxyfunctional PHPMA chains. An alternative
explanation could be that the poly(stearyl methacrylate) block becomes less solvated at
elevated temperature and hence occupies a smaller volume relative to that at 20 °C. Clearly,
further studies are warranted to provide a satisfactory physical explanation for this unexpected
morphological transition, which serves to demonstrate that there is still much to learn about
such thermoresponsive PISA formulations.

2.4.Conclusion

The PISA synthesis of PSMRHPMA diblock copolymer spheres, worms and vesicles was
achievedvia RAFT dispersion polymerization of HPMA at 90 °C in mineral bil situ *H

NMR spectroscopy was utilized to examine the kinetics of the PISA synthesis of PSMA
PHPMAuso vesicles, for which (more than 98%) monomer conversion was achieved within 70
min. This is a remarkably short time scale compared to most other PISA formulations
conducted in nompolar media and is attributed to the relatively polar nature oHPEIA
monomer. Construction of a pseupase diagram enables the reproducible targeting of
PSMAe-PHPMA\ pure spheres, worms or vesicles, as confirmed by TEM, DLS and SAXS
studies.Thus this is a rare example of the use of a commercially available polanmaofor

PISA syntheses in negpolar media that offers access to the full range of copolymer
morphologies.The worms formed thermoresponsive fstanding gels with degelation
occurring on heating above 100 °C. Unusually, such degelation is the resultapieo-

vesicle transition, rather than a wetmsphere transition.
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3.1.Introduction

Poly(2,2,2triflu oroethyl methacrylate) (PTFEMA) has been utilized as a-fmyreing block

for various aqueous and nagueous PISA formulatiods’ Semsarilar and eworkers were

the first to report that choosing PTFEMA as the struetlimecting block offers an opportunity

to study the fate of the RAFT chagmds during RAFT dispersion polymerization. More
specifically, the refractive index of PTFEEM1.418) is close to that of ethanol (1.361), which
leads to minimal turbidity for PTFEMA&ore nanoparticles in this solvent. This enabled the
living character of RAFBolution polymerization to be compared with that of RAFT dispersion
polymerization by drgeting the same diblock copolymesmposiion and monitoring the
gradual loss of RAFT chaiendsover time byex situUV spectroscopy Akpinaret al.reported

the RAFT aqueous emulsion polymerization OofFFEMA wusing poly(glycerol
monomethacrylate) (PGMA) as a stabilizer block to produce a series of kinetiegihed
spheres. Such nanoparticles were used as Pickering emulsifiers by Thompabto produce
oil-in-water nanoemulsions with relatively higtability >*° Subsequently, Rymaruk and-co
workers demonstrated that highly transparnsotrefractive n-dodecanen-water Pickering
emulsions could be prepared using PGIMAFEMA spherical nanoparticles. This is because
the refractive index of water can be raige that ofthe PTFEMA cores (and the oil droplets

by dissolution of sufficient quantities of either glycerol or sucfoRecently, Cornekt al
reported that careful optimization of a PISA formulatipe.(judicious choice ofi-alkane and
reaction temperature) enabled the rational design of an isorefractive dispersion of PTFEMA
core spherical nanoparticles using a poly(stearyl methacrylate) (PSMA) precursor. At the
chosen reaction temperature (70 °C), the preferretkane (-tetradecane) had almost
precisely the same refractive index as the growing PTFEMA block, which resulted in a highly
transparent dispersioithis enabled the kinetics of the RAFT dispersion polymerization of
TFEMA to be monitored byn situ visible absorptia spectroscopgtudies of the relatively

weakn  ¥* transition for the trithiocarbonate emploup at 446 nn.

Herein we report the PISA synthesis of a series of PSRIAFEMA« nancobjectsvia RAFT
dispersion polymerization of TFEMA in-dodecane at 90C. The use of a relatively short
PSMAg precursor block ensuresccess to the full range of copolymer morphologies, (
spheres, worms and vesicles). A psepHase diagrams constructed for this PISA
formulation by targeting PTFEMA degrees of polymerizations (DPs) ranging from 2@to 30
at 1525% wi/w solids. Copolymer morphologia® initially assignedbased oiDLS and TEM
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studies and subsequently confirmed by SAXS analysiparticular, this PISA formulation
provides the first example of highly transparent block copolymer vesigsieg ¢o the close
match between the refractive indices of PTFEMA amtbaecane at 20C. Moreover, the
variation in refractive index with temperature enables minimization of the turbidi$ afAe-
PTFEMA« nanoparticle dispersions at elevated temperature in eithetradecane on-
hexadecane. Such formulations enahlesitu visible absorptia spectroscopy studies to be
performed during the RAFT dispersion polymerization of TFEMA when using a
dithiobenzoate RAFT agent to target PS)#RTFEMAgs spheres at 15% w/w solids m
hexadecane at 90 °C.

3.2.Experimental Section

3.2.1.Materials

Stearyl methacryte (SMA) was purchased from Santa Cruz Biotechnology, Inc. (USA) and
was used as received. 2@fluoroethyl methacrylate (TFEMA) was purchased from
Fluorochem Ltd. (UK) and was used without further purificationCyanae2-propyl
dithiobenzoate (CPDBYX;DCls, n-dodecanen-hexadecane andtetradecane were purchased
from Mer c kAzdbisldohutyronitrile ZANBN) was obtained from Molekula (UK) and
tert-butyl peroxy2-ethylhexanoate (T21s) was purchased from AkzoNobel (The Netherlands).
CD.Cl> was puchased from Goss Scientific (UK). Tetrahydrofuran amkeptane were
obtained from VWR Chemicals (UK). Ethanol and toluene were purchased from Fisher
Scientific (UK).

3.2.2.Methods

Synthesis of poly(stearyl methacrylate) (PSMA) stabilizer block via RAFT solution

polymerization in toluene

PSMAs and PSMAe stabilizer blocks were prepared by following a recently reported synthesis
protocol!! The synthesis of PSMAwas conducted as follows. SMA (30.0 g; 88.6 mmol),
CPDB (3.92 g;17.7 mmol; target DP = 5.0), AIBN (582 mg; 3r660l; CPDB/AIBN molar

ratio = 5.0) and toluene (34.5 g) were weighed into a 250 mL rbattdmed flask. The sealed

reaction vessel was purged with nitrogen for 30 min and placed in a preheated oil bath at 70

90



Chapter 3. Synthesis of Highly Transparent Diblock Copolymer Vesicles RAFT
Dispersion Polymerization of 2,2 Rrifluoroethyl Methacrylate in NAlkanes

with stirring for 4 h. The ensuing SMA polarization was then quenched by exposing the
reaction solution to air and cooling to room temperature. A final SMA conversion of 78% was
determined byH NMR spectroscopy. In order to remove residual monomer, the crude polymer
was purified by three conseoté precipitations into a tefold excess of ethanol. The mean
DP of the stabilizer block was calculated to be 9 usthd\MR analysis by comparing the
aromatic protons of the dithiobenzoate -gmndup at 6.83.0 ppm to the two oxymethylene
protons of PSMAat 3.64.0 ppm. THF GPC analysis of PSMAsing a UV detector (set at
=260 nm)and a series of neanonodisperse polystyrene standards indicatdd.aof 2 700 g

mol?! and anMiw/M,, of 1.22. GPC analysis of PSMé#gaveMn = 5 500 g mot andMw/Mn =

1.16.

Synthesis of poly(stearyl methacrylatepoly(2,2,2trifluoroethyl methacrylate) (PSMA -
PTFEMA) diblock copolymer nanoparticles via RAFT dispersion polymerization of
TFEMA in n-dodecane

A typical example is the PISA synthesis of PSMATFEMAggs diblock copolymer vesicles at
25% wi/w solids, which was conducted as follows. PSvracreCTA (0.05 g; 15.30 pmol),

T21s initiator (1.10 mg; 5.06 umol; 10.0% v/viardodecane) and-dodecane (2.47 g) were
weighed into a sample vial and purged with nigodor 30 min. TFEMA monomer (0.65 mL,;
4.59 mmol; target DP = 300) was degassed separately, then added to the reactiorviaixture
syringe. The vial was immersed in a preheated oil bath &€ @d the reaction mixture was
magnetically stirred for 17 B°F NMR analysis indicated 98% TFEMA monomer conversion
by comparingthe integrated monomer triplet signalia4.0 ppm to the integrated polymer
signal afi 73.5 ppm (se€igure 3.1). THF GPC analysis indicated My of 26 500 g mot and
anMw/M, of 1.31. PSMA-PTFEMAz94diblock copolymer vesicles were also prepared at 25%
w/w solids following the same protocol using eithdaetradecane ar-hexadecane instead of
n-dodecane. To construct a pseydmse diagram for PSMATFEMA nancobjects
prepaed inn-dodecane, a range of diblock copolymer compositions were targeted between
15% and 25% w/w solids by adjusting the total volume of the dispersion to 2.0 mL and varying
the TFEMA/PSMA molar ratio accordingly.

NMR Spectroscopy

'H NMR spectra wereecorded in either CEZl, or CDCk using a 400 MHz Bruker Avance
spectrometer. Typically, 64 scans were averaged per spettuUNMR spectra were recorded
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in either CBRCI, or CDCk using a 400 MHz Bruker Avance spectrometer. Typically, 16 scans

were averaged per spectrum.

CigHa7
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NC 9 294 S“
(o} ? fo) o
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-73 -73.5 -74 -74.5
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Figure 3.1. Assigned®®F NMR spectrum recorded in CDClor the PSMA-PTFEMAp, diblock

copolymer vesicles prepargih RAFT dispersion polymerization of TFEMA at 25% w/w solidsin
dodecane at 9€C. In this case, the target diblock copolymer composition R&s1A-PTFEMAgoo,

andthe final TFEMA monomer conversion was 98%.

Gel Permeation Chromatography (GPC)

Molecular weght distributions (MWDs) were assessed by GPC using THF eluent. The THF
GPC system was equipped with two 5 €230 30 cm
refractive index detector operating at 950 + 30 nm. The THF mobile phase contained 2.0% v/v
triethylamine and 0.05% w/v butylhydroxytoluene (BHT) and the flow rate was fixed at 1.0 ml

min' 1. A series of nine neanonodisperse polystyrene standafds alues ranging from 580

to 550,100 g moéh) were used for column calibration in combination with a d&tector

operating at a fixed wavelength of 260 nm.
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Dynamic Light Scattering (DLS)

DLS studies were performed using a Zetasizer Nano ZS instrument (Malvern Instruments, UK)

at a fixed scattering angle of 173°. Copolymer dispersions were dilutetieptane (0.10%

w/w) prior to light scattering studies at 25 °C. The intersitgrage diaeter and
polydispersity of the diblock copolymer nanoparticles were calculated by cumulants analysis

of the experimental correlation function using Dispersion Technology Software version 6.20.
Data were averaged over ten runs each of thirty secondsoduriatis emphasized that DLS
assumes a spherical morphology. Thus, the DLS diameter determined for highly anisotropic
particles such -acguiwalmsntié wvaalobse hteraet 1 s nei

nor the worm width.

Transmission ElectronMicroscopy (TEM)

TEM studies were conducted using a Philgl 100 instrument operating at 100 kV and
equipped with &atan 1k CCD camerd single droplet of a 0.10% w/w diblock copolymer
dispersion was placed onto a carlmmated copper grid using a pipand allowed to dry, prior

to exposure to ruthenium(VIIl) oxide vapor for 7 min at 202Chis heavy metal compound
acted as a positive stain for the cfweming PTFEMA block to improve contrast. The
ruthenium(VIIl) oxide was prepared asléls: ruthenium(lV) oxide (0.30 g) was added to
water (50 g) to form a black slurry; addition of sodium periodate (2.0 g) with continuous stirring

produced a yellow solution of ruthenium(VI1ll) oxide within 1 min at 20 °C.
Small-Angle X-ray Scattering (SAXS)

SAXS patterns were collected at a synchrotron source (Diamond Light Source, station 122,
Didcot, UK; experiment number SM19852) using monochromatiay¢adiation (wavelength

&= 0.100 nm, withy ranging from 0.015 to 1.8 rir) whereq = 4" sin d/adis the length of the
scattering vector andlis onehalf of the scattering angle) and a 2D Pilatus 2M pixel detector
(Dectris, Switzerland). A glass capillary of 2 mm diameter was used as a sample holder.
Scattering data were reduced using saaddoutines from the beamlitfeand were further

analyzed using Irena SAS macros for Igor Pro.
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UV-visible spectroscopy studies of vesicle dispersions

The transmittance of vesicle dispersions prepared at 25% w/w solids in vaatkanes was

studied using a P<€ontrolled U\M1800 spectrophotometer equipped with a 10 mm pathlength
guartz cell. Spectra were recorded between 200 and 800 nm from 20 °*@xd@ihcreasing

the temperature at 10 °C intervals. The transmittance was determised @0 nm and
corrected by the pure solvent transmittance at each temperature determined prior to analysis of
the vesicle dispersions. This wavelength was chosawdinl the absorption bands associated

with the dithiobenzoate chaends at approximately 300 nm and 507 nm.

In situ UV-visible spectroscopy studies of the synthesis of PSMAPTFEMA g0 spheres in

n-hexadecane

This experiment was conducted using an Agilent Cary 60 spectrometer equipped with a Hellma
all-quartz U\tvisible immersion probe, 1.8 m fiber optic cables and SMA 905 connectors. This
probe has a wavelength range of 190 to 1100 nm, can operate betweand &0 °C and

has a 10 mm pathlength. The baseline for ptimexadecane was recorded at 90 °C prior to the

in situ experiment. During the PISA synthesis conducted at 90 °C, spectra were recorded
between 200 and 800 nm at a spectral resolution of + @siimgy a scan rate of 1800 nm min

at 1 min intervals for the first 20 min of the polymerization, then at 2 min intervals for the

remaining 880 min. In a final experiment, the spectral resolution was adjusted to + 1 nm.
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Scheme 3.1.Synthesis of poly(steg@ methacrylate) (PSM& macreCTA via RAFT solution
polymerization in toluene using&anoe2-propyl benzodithioate (CPDB) at 70 °C, followed by the
RAFT dispersion polymerization of 2,2t@fluorethyl methacrylate (TFEMA) in-dodecane at 90 °C.
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3.3.Results and Discussion

3.3.1.Synthesis of PSMA stabilizer precursors

Two PSMA precursors with mean DPs of either 9 (target DP = 5) or 16 (target DP = 20) were
synthesizedria RAFT solution polymerization of SMA in toluene at 70 °C using a CPDB
RAFT agent, as shown tBcheme 3.1To preserve the dithiobenzoate egrdups {.e., avoid
monomesstarved conditions), the polymerization was quenched after 4 h in the case 0§ PSMA
andafter 5 h for PSMAe.2>*H NMR spectroscopy studies indicated SMA conversions of 78%
(PSMA o) and 60% (PSM#s). Relatively good RAFT controMw/Mn O 1) w&sZonfirmed

by THF GPC analysis in both cases.

3.3.2.Kinetic studies of the RAFT dispersion polymerization of TFEMA in

n-dodecane

Kinetic data was obtained for tiRAFT dispersion polymerization of TFEMA at 9C when
targetingPSMAe-PTFEMAxqo vesicles at 20% w/w solids mdodecane. The reaction mixture

was periodically sampled and each aliquot was diluted withQBDprior to °F NMR
spectroscopy analysis, which enabled excellent discrimination between the TFEMA monomer
and PTFEMA signalsThe corresponding semilogarithmic plot indicates three distinct linear
regimes (sed-igure 3.2a). Cornelet al reported similaiobservationdor the synthesis of
PSMA-PTFEMAgs spheres im-tetradecané.The initial solution polymerization proceeds
relatively slowly, then an approximate tfald rate enhancement is observed after 1.5 h. This
marks the onset of micellar nucleation for this PISA formuldti&if at approximately 22%
TFEMA conversion, for which the theoretical PTFEMA DP is calculated tarbend 45. A
subsequenfour-fold rateenhancement occurs afteh2which corresponds to ~34% TFEMA
conversionand a PTFEMA DP of approximately 67. Fster kinetics were observed
thereafter up to 93% TFEMA conversion, whereupon a slower rate of polymerization occurs
under monomestarved conditiondMore than 95% FEMA conversion was achieved within

5 h at 90 °C.THF GPC analysisdicates dinear evolution oMM, with conversion (seEigure

3.2b) and relatively low dispersities throughout the polymerizatd@/M, O 1. 23), whi ¢

consistent witlthe pseuddiving character expected for a RAFT polymerizafidat
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Figure 3.2. (a)Conversionvs time curve (blue circles) and the correspondingMai[ Mi]) vs. time
plot (red squares) for the RAFT dispersion polymerization of TFEMA at 90 °C targeting £SMA
PTFEMAeqo diblock copolymer vesicles at 20% w/w solidsnilodecane(b) Evolution of M, (blue

triangles,vs polystyrene calibration standards) avig/M, (red diamonds) with TFEMA monomer
conversion for this PISA formulation.

3.3.3.RAFT dispersion polymerization of TFEMA in n-dodecane

As we have shown i€hapter 2, using a relatively short PSM#Astabilizer block provides
access to the full range of copolymer morphologies, (spheres, worms or vesiclef®r
PSMA-PHPMA. Herein the RAFT dispersion polymerization of TFEMA was examined using

suchPSMAg precursolin n-dodecane at 9tC.

Semsarilaret al. reported that GPC analysis of PTFEMMsed diblock copolymers can be
problematic because of the relatively low refraetimdex of PTFEMA (1.418) compared to
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that of most other methacrylates (1.4R596)! This means that a GPC refractive index
detector tends to underestimate the signal arising from thefeemnated PTFEMA block
relative to the other (nefluorinated) block. This typically produces a bimodal molecular
weight distribution, which at firssight suggests significant contamination of the diblock
copolymer by the nofiuorinated macreCTA.! However, this is simply an experimental
artefact owing to the mismatched refractive indices: the truel l®f macreCTA
contamination is significantly lower. Fortunately, the dithiobenzoapped diblock
copolymer chains formed in the present study enables a UV detector to be used for GPC
analysis. Chromatograms for four PSMRTFEMAgs-201 diblock copolymes prepared at 20%

w/w solids recorded using a UV detector at a fixed wavelength of 260 nm are sheyara

3.3a along with the corresponding chromatogram recorded for the BMéursor. The latter

has a relatively low dispersity,/Mn = 1.22), andbligomers are partially resolved at longer
retention times. Each of the four diblock copolymers exhibits a unimodal and reasonably
narrow molecular weight distributioMu/M, O 1 .Ircdnjrast, GPC analysis of the PSMA
PTFEMApg: diblock copolymer using refractive indexletectoiindicated a somewhat broader
molecular weight distributionMw/Mn = 1.49) owing to the appearance of a low molecular
weight shoulder, which is assigned to the (exaggerated) presence of the contaminating PSMA
precursor (seEigure 3.4). On the basis of these preliminary findings, UV GPC was preferred
for the analysis fthe PSMA-PTFEMA\ diblock copolymers reported in this study.
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Figure 3.3. (a) Gel permeation chromatogramss(a series ofnearmonodispersepolystyrene
calibration standards using a UV detector set at 260 nm) obtained for the;p&AdArsor (prepared
in toluene at 50% wi/w solids at 70 °C) and a series of four RIMAEMA, diblock copolymers
prepared by RAFT dispersion polymerization of TFEMA at 90 °@0&b w/w solids, where the mean
DP of the cordorming block was 38, 97, 155 or 291, respectiv@ty.Correlation between GPM,
(blue circles,vs. polystyrenecalibration standards) arattual PTFEMA DP (as determined byF
NMR) for a larger series of SMA,-PTFEMA: diblock copolymers at 20% w/w solids. The
corresponding GP®./M, (red squares) are also shown.
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Figure 3.4. THF GPC curves recorded for the PSMATFEMAs: diblock copolymer vesicles
prepared at 20% w/w solids atite corresponding PSMAmacreCTA using(a) a refractive index
detectows poly(methyl methacrylate) standards d@loda UV detector calibrated at a fixed wavelength

of 260 nm against polystyreséandards.

UV GPC data obtained for a series of PSMA FEMA« nanopatrticles prepared at 20% w/w

solids are shown ifigure 3.3b.There is a linear correlation between the G®Cdata and
the actual PTFEMA DP (after correcting for the TFEMA conversiomhen the latter is

systematically varied from 19 to 29Reasonably narrow molecular weight distributions

(Mw/Mn O 1.31) were obtained for mean

PTFEMA

data reported by &ry et al and Dochertyet al for similar RAFT dispersion polymerization

formulations conducted in mineral 6#°>1"18The broader molecular weight distributions that

are observedhen targeting higher DRse most likely the result of chain transfer to polyiter.

The pendent methylene group in the TFEMA repeat units is expected to be particularly

susceptible to this side reaction owing to the highly electronegative nature of the three

neighbouring fluorine atoms.

A pseudephase diagram was constructedatd thereproducible targeting of pure spheres,

worms and vesicles mdodecane (sdeigure 3.5). A series of PSMAPTFEMA\ copolymers
was produced by varying the target DP for PTFEMA between 20 and 300 for formulations

conducted at 15%, 20% or 25% w/w sojicsspectively (se€ables 9.3 and 9.1
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Figure 3.5. (a) Representative TEM images obtained for PSNPAFEMAgs spheres, PSMA
PTFEMAss worms and PSMAPTFEMAgg, vesicles prepared at 20%, 20% and 25% w/w solids,
respectively(b) Pseudephase diagram constructed for PSWATFEMA\ diblock copolymer nano
objects prepared by RAFT dispersion polymerization of TFEM&dodecane using a PSM#&acre
CTA and T21s inititor at 90 °C ([PSMA]/[T21s] molar ratio = 3.0). Green diamonds correspond to a
mixed phase comprising worms and vesicles (plus a minor population of spheres in some cases).

PSMAe-PTFEMAgs spheregould be produced at all copolynemcentrations examined, with
z-average diametersof 881 nm ( DLS pol ydi spersity (or PD
Unlike PSMA-PHPMA, formulations previously examined in mineral oil (&@apter 2), a

relatively broad worm phase was observed with \defined worms being obtained at
copolymer concentration as low as 15% w/w. A digital photograph recorded for #SMA
PTFEMAs3 worms prepared at 20% w/w solids confirms the relatively high transparency of

such freestanding gels (seEigure 3.6. However, sinlar findings have been reported for

many other PISA formulations in various solvents because the mean worm width is usually so
small that such narobjects do not scatter light particularly strondfly?2’ In contrast, the

formation of vesicles invariably leadshaghly turbid dispersions, regardless of whether such
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dispersions are prepared directlyia PISA or indirectly via postpolymerization
processingl?3252833 |ndeed, we areot aware of any literature reports of the synthesis of
highly transparent vesicle dispersions. Howeak? SMA-PTFEMA\ vesicles obtained at up

to 25% w/w solids im-dodecane by targeting a PTFEMA DP (x) of 140 to 300 proved to be
highly transparent at 2TC.

Figure 3.6. Digital photograph recorded for 20% w/w dispersion oPSMAs-PTFEMAs3 worms
preparedria RAFT dispersion polymerization of TFEMA mdodecane at 9TC. A highly transparent,
free-standing gel is obtained for this PISA formulation.

Transmittancess wavelength plots recorded at 25 for 0.50% w/w dispersions &fSMAe-
PTFEMApgs vesicles (DLS diameter = 237 nm, PDI = 0.10) and PSIRAPMApg4 vesicles
(DLS diameter = 175 nm, PDI = 0.03) are compareéigure 3.7. In both cases, the vesicles
were originally prepared at 25% w/w imdodecane and subsequently diluted to 0.50% w/w
usng the same solvent. The PSMRHPMAzg94 vesicles form aelatively turbiddispersion
(e.g.,31% transmittance &= 600 nm) owing to theefractive index difference between the
PHPMA block (~1.51 at 20°C) and n-dodecane 1421 at 20°C), which leads to light
scattering. In contrast, tharger PSMA-PTFEMA94 vesicles form ahighly transparent
dispersion(e.g., more than 99% transmittancesat 600 nm)becausehe PTFEMA block
(refractive index = 1.418 at 2C) is almost perfectlysorefractive with the same solvent at
20-25 °C
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Figure 3.7.Transmittances wavelength plots recorded at 25 °C for 0.50% w/w dispersions of BSMA
PTFEMAy4 (red data) and PSMAPHPMAve, (blue data) vesicles indodecane, respectively. These
vesicles were originally prepared at 25% w/wnidodecane by RAFT dispersion polymerization of
either TFEMA or HPMA, respectively. Insets: digital photographs recorded for the 0.50% w/w
dispersions at 25 °C to illustrate thdiffering turbidity.

Smallangle Xray scattering (SAXS) patterns were recorded for 1.0% w/w dispersions of

selected PSMAPTFEMA\ nancobjects originally synthesized at 20% w/wnrdodecane
(seeFigure 3.8).

PSMA,-PTFEMA,,, (v)

Intensity (a.u.)

PSMA-PTFEMA, 4, (V)

PSMAg-PTFEMA,; (w)
PSMA,-PTFEMA,, (W)

PSMA,-PTFEMA,; (s)

q (A7)

Figure 3.8.Smallangle Xray scattering (SAXS) patterns and corresponding data fits (white lines) for
1.0% wi/w dispersions of PSMATFEMA, spheres, worms and vesiclesidodecane at 20 °C. These

nancobjects were initially synthesized at 20% w/w solids. Blaclkhddsdines indicate gradients of O,
11 andi 2 for guidance to the eye.
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SAXS offers important advantages over TEM and DLS. Data are averaged over millions of
nanoparticles in their native dispersed state, unlike the hundreds of driedljacts typically
analyzed by TEM. Moreover, SAXS enables much more rigorous analysgbf anisotropic
nancobjects such as worms than DLS, not least because the latter technique assumes a
spherical morphology. Similarly, SAXS provides additional structural information for vesicles
such as the mean membrane thicknasshown inChapter 2, SAXS analysis can be used to
corroborate the pseugihase diagram shown iRigure 3.5b for which morphology
assignments were based on TEM studies. Indeed, preliminary inspection of theetpan of

the SAXS patterns recorded for each dispersioncaidd the same morphology as that
suggested by TEM. More specifically, gradients of approximatély @ndi 2 were observed

for spheres, worms and vesicles, respectively Ksgpare 3.9).

These initial observations were further validated by obtainingfaetory fits to these SAXS
patterns when using established spherical miéélegrm-like micelle®* or vesiclé® models.

These data fits also provided volwaeerage nanopatrticle dimensions and the mean number
of copolymer chins per nanmbject, otherwise known as the aggregation numigy)( as
summarized ifTable 3.1 For example, PSMAPTEMAgs spheres have an overall diameter
(Dspherd 0f 14.6 £ 1.7 nm, with aNaggof 110. For PSMAPTFEMAs and PSMA-PTFEMAs3
worms, the overall worm thicknessebudm) were 15.8 + 2.0 nm and 16.4 £ 2.1 nm,
respectively, with slightly thicker worms being formed as the PTFEMAXPR4s increased,

as expected. Moreover, the mean worm contour lengilasn] were comparable (90tmvs

1040 nm respectively) and simillkgg values (13,70@s 13,400) were obtained. Similarly,

the vesicle membrane thickne3sdmorang increased from 20.6 £ 4.4 nm to 28.8 £ 4.4 nm on
increasingx from 194 to 291, but the overall vesicle diamet@ve{icd remained relatively
constant (195 N 66 nm and 190 N 48 nm, res|
vesicles on increasing the membrdoeming block DP%3¢is consistent with our observations

for PSMA-PHPMA vesicles inChapter 2. Interestingly,Nagg was reduced by ~19% from
50,700 to 41,100 on increasingfrom 200 to 300, which suggests that copolymer chain
rearrangement/reorganization may well occur during the vesicle growth phase for this PISA

formulation3®
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Table 3.1.Summary of structural parameters obtained from fitting saradle Xray scattering patterns
recorded for a series of PSMMRTFEMA naneobjects using either a spherical micéfleyorm-like
micelle*®, or vesicle modeP Dgphereis the overall sphere diameter such Dghere= 2Rs + 4R;, Where
Rs is the mean core radius aRglis the radius of gration of the stabilizer chain$wom is the overall
worm thickness Tworm = 2Ruc + 4Ry, whereR,c is the mean worm core radius) anghm is the mean
worm contour lengtiDyesicieiS the overall vesicle diametdDsicie= 2Rm + Tmembranet 4Ry, WhereRy is
the distance from the center of the vesicle to the center of the vesicle membrahesmaagdis the
vesicle membrane thickneshlygis the mean aggregation numbieg (the mean number of copolymer
chains per nanobject).

. D T L D T
Nanopartlcle sphere worm worm vesicle membrane N
Block copolymer agg

Morphology (nm) (nm) (nm) (nm) (nm)
PSMA-PTFEMA_ Spheres 146+1.7 - - - - 110
PSMA -PTFEMA | Worms - 15.8+2.0 905 - - 13,700
PSMA-PTFEMA_ Worms - 16.4+2.1 1040 - - 13,400
PSMA-PTFEMA | Vesicles - - - 195+66 | 20644 | 50,700
PSMA-PTFEMA Vesicles - - - 190+48 | 288+4.4 | 41,100

3.3.4.Transmittance of PSMAs-PTFEMA 294 diblock copolymer vesicles

synthesized at 25% w/w solids in various-alkanes

Cornel et al reported the synthesis of highly transparB@MA>-PTFEMAgs spherical
nanoparticlewvia RAFT dispersion polymerization of TFEMi& n-tetradecane at 7. The
minimal turbidity of this PISA formulation enabled the kinetics of the TFEMA polymerization
to be monitoredin situ using visible absorption spectroscopySubsequently, they
demonstrated that selectingdodecane rathehan n-tetradecane enabled high transmittance
to be achieved foPSMAs>-PTFEMA490 spheres at 30C owing to the differing temperature
dependence of the refractive index for the former solvent compared to that of the PTFEMA
coreforming block! Herein we extend this approach to presarious ekamples of highly
transparent vesiclesBlock copolymer vesicles are invariably obtained as highly turbid
dispersion-232528293hecause their relatively large particle size scatters visible light much
more strongly thn that of spherical nanoparticles. Simedodecane 1421 at 20°C), n-
tetradecanel(429 at 20C) andn-hexadecan€l(434 at 20C) have similar refractive indices

to PTFEMA (1.418 at 20C) using suchm-alkanes as solvents for the synthesi$8MAo-
PTFEMA« vesicles enablesuch light scattering to be minimized. AccordingBSMAg-
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PTFEMAg4 vesicles were synthesized at 25% w/w solids-dodecane (DLS diameter = 237
nm, PDI = 0.10)n-tetradecane (DLS diameter = 209 nm, PDI = 0.06)rahexadeane (DLS
diameter = 193 nm, PDI = 0.03), respectively. The transmittgare&00 nm) of the resulting
vesicle dispersions was determined at 10rft€rvalsbetween 20 °Gind 90 °C when using
eithern-dodecane (sdeigure 3.9) or n-tetradecanddowever,aslightly narrower temperature
range was preferred forhexadecane owing to the relatively high melting point (18 °C) of this
solvent. In principle, if the same PSMRTFEMAp94 vesicles are synthesized at a fixed
copolymer concentration, the turbidity of the dispersion should simply depend on the refractive
index difference obtained between the PTFEbWXe and then-alkane at any given
temperature. Hence the highest transmigascbserved at the temperature where these two
refractive indices are (almost) identi¢ah Figure 3.1Q this isorefractive temperature was
determined to be 2TC for vesicles synthesized mdodecane and either 8G or 90°C when

they were prepared imtetradecane ar-hexadecane, resptively.
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Figure 3.9. Transmittancevs wavelength plots recorded between 20 and 90 °C for 25% w/w
dispersions of PSMAPTFEMAuq4 vesicles im-dodecane.
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Figure 3.10.(a) Transmittanceg= 600 nm)vs temperature plots recorded for PSMATFEMApgs
vesicles prepared by RAFT dispersion polymerization of TFEMA at 25% w/w solidsidadecane
(blue circles)n-tetradecane (black squares) anldexadecane (red triangles), respectiv@dy Digital
photographs recorded for these three 25 %wefsicle dispersions at 25 °C, 50 °C and 90 °C to illustrate
their difference in visual appearance. The most transparent dispersions are obtahuediécane
(Ci2H26) at 20 °C, im-tetradecane (zHsg) at 50 °C and im-hexadecandlisHs4) at 90 °C, respectively.
These observations informed our subsequresitu visible absorption spectroscopy studies.
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3.3.5.1In situ visible absorption spectroscopy study during the synthesis of

PSMA16-PTFEMA g6 spherical nanoparticles inn-hexadecane

In order torecord highquality visible absorption spectra during the RAFT dispersion
polymerization of TFEMA, three criteria must be fulfillédirstly, nanoparticle scattering
must be minimized (preferably eliminated) by obtaining an isorefractive dispersion at the
reaction temperaturet-or the current PISA formulation, this can be achieved by emplaying
hexadecane as a solvent at®@)seeFigure 3.10 while targeting relatively small PSMé
PTFEMAsge spherical nanoparticles (in this case, DLS studies indicai@varage diameter of

26 nm and a PDI of 0.05). Ideally, the absorbance of the initial and final reaction mixture should
remain below unity to ensure that tBeeii Lambert law remains validThe former can be
achieved by utilizing a longer stabilizer block (PSMAo produce kietically-trapped spheres
while the latterrequires the copolymer concentration to be reduced to 15% w/w solids. In
principle, the kinetics of polymerization can be monitoreddaysing on the relatively weak
absorption band associated with the ¥* transition fordithiobenzoatehainends at 515 nm

in preference to the much stronge¥ ~* transition that occurs approximately300 nm.”

The final requirement is that the RAFT cha&inds mustemain stable throughout the duration

of the TFEMA polymerization.

Cornelet al recordedhigh-quality visible absorption spectra during the synthesB®MA.>-
PTFEMAgg spheres at 30% w/w solids irtetradecane usingtethiocarbonatebased RAFT
agent abmax= 446 nm’ In this case, the corresponding absorbassctme plot suggested that
such chairends remained stable for at least 2 h under monstaered conditions (96%
TFEMA conversion). Thus the observed increase in absorbance could be directly related to
the volumetric contraction of the reactiorxtoire that occurs on converting TFEMA monomer

() =1.18 g cr) into PTFEMA { = 1.47 g cri¥). This dilatometric effect enables the kinetics

of the TFEMA polymerization to be monitorétiThe question to be addressed in the present
study is whether the same approach can be used to study the kinetics of TFEMA polymerization

for a similar PISA formulation when usingléghiobenzoatdased RAFT agent.

An absorbances time plot recorded ding the synthesis of PSMAPTFEMAgs spheres at
15% w/w solids usin@-cyane2-propyl dithiobenzoate (CPDB) at S in n-tetradecane is
shown inFigure 3.11a For comparison, kinetic data obtained for precisely the same PISA

formulation using®F NMR spectroscopyare shown irFigure 3.11h
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Figure 3.11. Synthesis of PSMA-PTFEMAgs spherical nanoparticles at 15% w/w solids rin
hexadecane at 90 °(a) absorbances time curve angb) conversiorvs time curve (blue circles) and
corresponding In{flo]/[M¢]) vs time plot (black squares). These data confirm that the dithiobenzoate
chainends do not remain stable on the timescale required for the TFEMA polymerization under such
conditions. Instead, their gradual loss is observedimwith h, which corresponds to a TFEMA
conversion of only around 80%. Thus, the kinetics of polymerization for this particular PISA
formulation cannot be monitored by visible absorption spectroscopy.

If it is assumed that thaithiobenzoatehainends remaistable for the duration of the TFEMA
polymerization, then the absorbamvsetime data suggests that this reaction is complete within
approximately 1 h. Moreover, a plateau region is observed at longer reaction times, which is
similar to that reported by Corned al.” However, the®F NMR kinetic data indicate that only
approximately 41% TFEMA conversion is achiewsdhin the first 60 min. Indeed, 94%
TFEMA conversion required a reaction time of around 3 h whereas a gradual reduction in
absorbance is observed after 2 h, implying the premature loss of dithiobenzoatencizain
Finally, it is noteworthy that both eggments produced essentially the same copolymer chains
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as judged by GPC (s@able 3.2 while the formation of relatively small spheres in both cases
was confirmed by TEM and DLS analysis ($égure 3.12.

Table 3.2. Summary of the GPC and DLS data obtal for PSMAsPTFEMAgs spherical
nanoparticles prepared at 15% w/w solidsnihexadecanaluring thein situ visible absorption
spectroscopy study ankle kinetic experiments conducted ustfg NMR spectroscopy

» Solids content M DLS diameter
Mw/M PDI
Target Composition (% wiw) (kg mol) w/Mn (nm)
Precursor block PSMA - 55 1.16
i isi i PSMA 1 PTFEMA
In situ visible absorption " N6 15 177 113 26 0.05
spectroscopy spheres
ineti 19 PSMA 1 PTFEMA
Kinetics by*F NMR " So 15 171 117 o5 0.02
spectroscopy spheres

Figure 3.12.Representative TEM images recorded R8MAsl PTFEMAgs spherical nanoparticles
prepared at 15% w/w solidsirhexadecane durin@) thein situvisible absorption spectroscopy study
and(b) the kinetic experiment conducted usiti§ NMR spectroscopyThe very similar particle size
indicated by these two images is consistent with the DLS data repoiftatlan3.2

It is well known that RAFTendgroups are prone to thermal degradation. Indeed, thermolysis
can be used to remove such organosulfur functionality from various vinyl polymers ir a post
polymerization derivatization stéf*2 The chairend stability depends on the monomer type,

the precise chemical structure of the RAFT agent and the reaction conditions. The thermal
decomposition of dithioesters such as cumyl ditbitzoate (CDB) at 9020°C and its effect

on the polymerization of styrene or methyl methacrylate was stbgfiddth Liuet al*® and

Xu and ceworkers* Nejadet al reported thén situdegradation ofi-cyanopentanoic acid-
dithiobenzoate (CPADB) during the synthesis of poly(methacrylic acid) andnpethyl
methacrylate) chaingia RAFT solution polymerization at 80C in either 1,4dioxane or
toluene, leading to the formation of dithiobenzoic acid (DTBA) as a-mmioguct™
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