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The main objective of this research project was synthesizingré€X¥ponsive latexes by
nitroxide-mediated polymerization (NMP). Therefor&@-(diethylamino)ethyl methacrylate
(DEAEMA) as a Ce@responsive monomer was chosen for the synthesis poly(DEAEMA)
macroinitiator that can be used as a stabilizer for the preparation of poly(methyl methacrylate),
PMMA, latexes.

NMP of DEAEMAwas performed in bulkwith excellent control and livingnesslThe
synthesized poly(DEAEMA) was then used in the protonated form as a macroalkoxyamine and
stabilizer for the preparation of pf¥esponsive and C&witchable latexes with surfactadfitee
emulsion polymerizationThe resultant latex particles were stabletiivsmall particle size and
narrow size distribution. To simplify the process, PMMA latexes were prepared hgyobieo-
step nitroxidemediated surfactanfree emulsion polymerization. First, DEAEMA was
polymerizedfor the first timein water and then ahigh conversions, MMA was added to the
reaction media and amphiphilic diblock copolymers were formed, which converted to the latex
particles when the hydrophobic block reached to the critical chain length based on
polymerizationinduced seHassembly (PISA mechanism. However, he synthesized
nanoparticles with poly(DEAEMA) shell and PMMA core were not redispersible after
coagulation.It was figured out thathie main reasorfor the irreversible coagulation of latex
particles wasthe low glass transition temerature ;) of poly(DEAEMA) whichause the
diffusion of the particlesshell into each otherAlso, it was demonstrated thaDEAEMAis
hydrolyzed very fasin the basic conditionand high temperatures suitable for NMP.

To address these issueslimethaminopropyl methacrgimide (DMAPMA)was used as
another CQ@-responsive monomer with higheg &ind alsohydraulicstahblity in the synthesis of
MMA and styrene latexedn this casethe synthesized nanoparticles were redispersible by the

stimulation of C@
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Chapter 1

Introduction

Controlled/living radical polymerization (CLRP) s effective and versatile methodfor
producing polymers with target molecular weight, functionalitgnd relatively narrow
dispersity Nitroxidemediate polynerization (NMP) is one of the matgpes of CLRPwhich
employs a nitroxide as a mediating species to establish a reversible deactivation between
growing polymer chaingConducting NMP in aqueousedia, the relatively high temperatures
required for the decomposition of the alkoxyaminasddifficulty inpolymerizng methacrylate
monomers are the main challenge§NMP.On the other hand simplicity of the reaction is the
main advantage of this techniquélsg NMPdoes not have issues in terms raflsidual catalyst

as in atom transfer radical polymerizationATRIP or the smell and colouiconcerns with
reversible additioAfragmentation chairtransfer RAFT polymerization However, there are
very few reports redted to the NMP of tertiary amine methacrylabmsed monomers.
Specifically applying NMP for producing,€€sponsive polymers has been not discussed in the

literature.

1.1 Overview

In this work, NMP in aqueous solution is investigated and different monomers are polymerized
for the first time in water by NMP to expand the applicability of this technique. Water is always

a preferredsolvent fromanindustrial point of viewand performng CLRP techniques in water is



very popular froma scientific point of view. Specifically in this work we focus on the synthesis
of pHresponsive tertiary amindased monomersuch as diethylamino)ethyl methacrylate
(DEAEMA)and also PE®Gased monomes such as poly(ethylene glycol)methyl ether
methacrylate (PEGMADr producing macroinitiator by NMP th@an be used as stabilizer for
the preparation of latexesTo show the application of # synthesized macroinitiators,
poly(DEAEMA) and poly(PEGMA) ytlaee used as stabilizein the synthesis of PMMA lateg
and modification of chitosafCTS)respectively. Since DEAEMA is £@sponsive, thause of
this monomer in the production of G@esponsive lategs is also investigated. The main
advantage olisingCQ as a trigger in the synthesis of £@sponsive polymexis that CQ has
low toxicity, & biocompatidde, abundarn, inexpensive andis non-accumulating in the system.
We will also investigate the us of dimethylaminopropyl methacrylamide (DMAPMA$ an
alternative for DEAEMA in the preparation of Z€&sponsive latexes

Chapter 2 of thisthesisis a literature reviewon NMP and C@switchable materials. In
chapter 3 bulk polymerization of DEAEMA for the synthesis of PDEAEMA is investigated and
then the usage of thesynthesized macroinitiatofor the preparation of PMMA lates is
explained Chapter4 explains the synthesis of PDEA&NM water and the effect of different
parameters on the kinetics of the polymerizatiothapter 5 contains the description dhe
one-pot synthesis of PMMA lates using PDEAEMA stabiliz&hapter 6 is related to the NMP
of PEGMA in water and @sf the synthesized poly(PEGMA) for the modification of chitosan.
UsingDMAPMA for producing G@esponsive lategs is demonstrateéh chapter 7 Conclusions

andrecommendations fofuture work are presented inhapter 8



1.2 Researclobjectives

The primaryobjectives of my doctoral research are:

1 Study NMP of DEAEMA as a-ngeidponsive and C&witchable monomer in different
polymerization systems

1 Study NMP of PEGMA in aqueous solution.

1 Perform nitroxidemediated surfactantfree emulsion polymerization of MM using
poly(DEAEMA) macroalkoxyamine.

1 Modify chitosan using poly(PEGMA) dmafting to and grafting from approaches.

1 Prepae CQ-responsive latexes under @@tmosphere using DMAPMA as a ,€O

switchable comonomer.

1.3 Summary oforiginal contributions

1 The firstNMPsof DEAEMA and PEGM#re performed in water witha high degree of
control and livingness.

1 The onepot two-step production of PMMA lateswas conducted using NMP of
DEAEMAollowed byin-situ chainextensionby MMA.

1 Modification of chitosarwas carried out bgrafting toandfrom approaches using
poly(PEGMA) synthesized previouslyNMPin water.

1 CQ-switchable PS and PMMA latexes were prepared using DMAPMA as a CO

switchable comonomer.



Chapter 2

Literaturereview

The main focus of my Ph.D. w® synthesisof different polymers and latexes using DEAEMA
and DMAPMAas C@switchable comonomex Therefore, the literature review has been
divided in two man parts. The first part is related to NMR®hile second part iselated to CQ

switchable materials, which in recent yeduas attracted considerable research attention

2.1 Nitroxide-mediated polymerization (NMP)

In free radical polymerization (FRP) the average lifetime of polymer chains is less than 1 second
and all polymer chains die very quickly. Therefomeliving polymerization system is not
achievable and block copolymers cannot be synthesized by' PRRnic polymerization,
developed by Szwafchad a major impact on the development ldfing polymers To keep
polymer chains living in this system, chain transfer and termination reactionekmgnated.

This is achievable by completely eliminating any moisture or oxygeith requires applying

high vacuum and very low temperatures 80 'C)® Furthermore thereis a Imited range of
monomers polymerizable by anionic polymerizatiofiReversible deactivation radical
polymerization(the new terminology ofreversible deactivation radical polymerizatiofRDRP)

has been proposed by IUPAC fmntrolled/living radical polymerizatidih can be used for
polymerizing many different monomeget mild conditions with a igh level of control over their
structure. In CLRP, the initiation occurs very fast and all chains grow at the same time. Since

4



irreversible termination reactions occur atralativelylow level,the livingness of the most of
the chainsis preservedand the addition ofa second block, in order to prepare diblock
copolymers, is possible. The fraction of dead chains in CLRP is usually less tHaftdr%.
transfer radical polymerization (ATRP), nitroxidediated polymerization (NMP), and
reversible additioffragmentation chain transfer polymerization (RARETg the main types of
CLRPThe first two mechanisms are basedrenersibletermination and the third one is based
on reversible chain transfér CLRMas the advantages of both free radical polymerization and
living polymerizatiof (i) flexible polymerization conditions, and (i) a broader range of
polymerizable monomers b@LRP

NMPwas used in this researah order to synthesifiomopolymers andliblock copolymes
in bulk, solution, and emulsion. In the 1980s, Solomon andoworkers at CSRIO
(Commonwealth Scientific and Industrial Research Organization) discoveredcahadn
centered radicalsin free radical polymerization can be trapped by nitroxides to produce
controlled and living low molecular weight polymeis. 1993, Georges et &lused 2,2,6,6
tetramethylpiperidinyiN-oxyl (TEMPO) as a nitroxide in tRORRof styrene. This work later

became the foundation of nitroxidemediated polymerization.

2.2.1 Kinetics of NMP

In NMP, aghermally unstablealkoxyamine is decomposed homolytically and produces nitroxide
and initiator radicalgFigure 2.1f NMP can be employed for the synthesis of polymers with
relatively narrow molecular weight distributions and different polymeric structures can be

made by thigechnique (Figure 2.2).
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Figure 21 General scheme of NMP.

Nitroxides are stable radicals that usually do not-seiiinate but are able to react with
propagating radicals and deactivate them. Activation reactiocurs every 100 to 1000 seconds
while deactivation takes place very fast (in a fraction of a second). However, during the short
period time of the activation, some monomers (1 to 5 monomers) are added to the growing
chains® Therefore, all the chains have an almost equal chance for growing, and finally a
polymer with a narow molecular weight distribution (MWD) is produced. At the start of the
polymerization, the concentration of both propagating radicals and nitroxides increases with
time. Nitroxides do noundergo mutualirreversible termination reactions, but propagadj
radicals can terminate each other. Therefore, as conversion increases, propagating radicals
have more chance to react with each other and the population of propagating radicals
decreases while the concentration of nitroxide increases. Nitroxide molgddactivatethe
propagating radicals (deactivation) and convert them to a dormant state. After a while the
dormant chainswill be activated and continue growing (activation). Finally, a balance
(equilibrium) of activationdeactivation is established. Thphenomenon is called persistent

radical effect (PRE), which was first explained by Fisther.
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Figure 22 (a) PDI in FRP (bold line) and NMP (thin line). (b) live polymer chain ends. (c) Examples of
polymers afforded by NMP.

There are two types of initiatiorsystems: bicomponent and monocomponent. In the
bicomponent system, the initiator and the nitroxide are individually supplied for the reaction.
The ratio of the initiator to the nitroxide is very important since it will affect the kinetics of the
polymerizaion.® An example of this system is \0A4 (initiator) and SG1 (nitroxideyvhich has
been used in some of the experimends this researcHor the preparation of C&switchable
diblock copolymer. In the monocomponent system an alkoxyamine is used that can be
homolytically decomposed by heat to produce initiator and nitroxide. An example of this
system is BlocBuildét Commonly in the NMP of methacrylic monomers, a small amount of
free nitroxide is used to increase the control of the reaction at the start of the pardigation.
McHale et al? have investigated the effect of excess nitroxide in the NMP of methyl

methacrylate.

2.2.2 Range of monomers and nitroxides for NMP

Styrene and styrenic derivatives have been polymerized by different nitroxides. In most cases,
temperatures above 100C are required because of the slow polymerization rate. TEMPO
mediated polymerization is performed at high temperaturesi0-135 Q) but in the case of

SG1, polymerization can be carried out at much lower temperatures (:200C)3 For the
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methacrylic monomers, the situation is different. The only reported nitroxide that can produce
homopolymer of methyl methacrylate (MMA) with good control (PDI< 1.4 up to 60%
conversion) and livingness is DPAIO -(phenyt3-phenylimine2,3-dihydroindot1-yloxyl)3
This nitroxide is not available commercially. NMP of MMA with BlocBUfliepossible with
the addition of a small amount of styrene in the monomer mixture (<10 mol %) in order to
suppress the fast rate of the polymerizatioaaction by decreasing the \eerage activation
deactivation equilibrium constan{ and obtairinga controlled/living polymerization systeff.

The common nitroxides for NMP are TEMPO (2,2@&@&amethykpiperidineN-oxyl), TIPNO
(2,2,5trimethyl-4-phenyl3-azahexane3-nitroxide), and SGNN-tert-butyl-N-(1-diethyl
phosphonae2,2-dimethylpropyl) nitroxide). The most common alkoxyamine is BlocBUl{s+
(2-methylpropyl}N-(1-diethylphosphone2,2-dimethylpropyl}O-(2-carboxylprop2-yl)hydroxyt
amine) Recently new alkoxyamines such &khydroxysuccinimidyBlocBuildel® (NHS
BlocBuilde™)™ and Z H -trilgihyl-3-(1-phenylethoxy}-tert-butyl-3-azahexane, styryl-
TITNO¥ have been synthesized, which can be decomposed at lower temperatures. The
complete list of all the synthesized nitroxides and monomers polymerized by NMP has been

presented in a review pap@ N2 Y / KI NI*SdzE Q& 3 NER dzLJ

2.2.3 NMP in the dispersed media
Trarsition of NMP from homogeneous systems to dispersed medieh#élenging dueto
partitioning effects, coagulation, exit of radicals from particles, and different loci of

polymerization®> As the main part of the propagation reactions happen in the monemer



swollen particles, solubility of the nitroxide in the monomer phaserucial for having effective

activationdeactivation cycle§.

Emulsion

In a typical emulsion polymerization system, the reaction mediutigisd (usually water). A
hydrophobic or slightly watesoluble monomer is dispersed in water by means of a surfactant
(emulsifier). The size of the dispersed particles depends on the ratio of surfactant to monomer
(more surfactant leads to smaller paréis)}’ Another component in the emulsion
polymerization is a watesoluble initiator which is decomposdatiermally and produces the
initiating radicals in water. These radicals attack a small fraction of the monomer dissolved in
the aqueous phase and statthie propagation. If the concentration of surfactant exceeds its
critical micelle concentration (CMC), micelles are formed by the aggregation of the excess
surfactant. Usually each micelle-{® nm in size depending on the surfactant concentration)
contairs 50150 surfactant molecule¥.

Since the concentration of dissolved monomer in the aqueous phase is very low,
oligoradicals (formed by the reaction of initiator and monomer in the water phase) grow slowly,
and after a while they become hydrophebénough to enter the micelles. The total area of
micelles is much larger than that of monomer droplets; therefore, radicals have a higher chance
to enter the micelles! Micelles become polymer particles after entering radicals, and this
process is calledeterogeneous nucleation (micellar nucleation). If the oligoradicals grow more
than the critical length i) before entering into the micelles, they precipitate in the water

phase and are stabilized by the surfactant to form polymer particles (primarcles)' This



process is called homogeneous nucleation. Primary radicals can coagulate and form aggregate
particles, which are colloidally stable. These aggregateggoan by absorbing monomer and
are converted to the latex particles. This processaited coagulative nucleatiof.

The early attempts at performing TEM#@@diated emulsion polymerization were not
successful because of the latex instabilityaagsult of droplet nucleatiofi*°but some TEMPO
derivatives such as amiiBEMPO and ataxy-TEMPO resulted in satisfying results, whiglre
attributed to the hydrophilic nature of those nitroxidé$To suppressiroplet nucleation, which
was found to be the main reason of the coagulation in the TEMRPGISion polymerization,
Cunningham ando-workers® used a combination of-stearoydTEMPO as an inhibitor of the
droplet nucleation and TEMPO as the mediating nitroxidelimitio emulsion polymerization
of styrene at 135C with SDBS as surfactant. To eliminate the coagulation, the ratio of TEMPO
to 4-stearoyTEMPO was adjusted to 1.33.

The invention of SG1 and BlocBuildeimproved the situation to a large extent.
BlocBuilde™ can thermally decompose to produceitiator and nitroxide (Figure 2.3)
BlocBuildel" is water soluble in its ionized form, which is a great advantage for emulsion

polymerization?*

BlocBuilder® MA controller |

\~/ |
HG\’FL ,N\(<
0

0 Oﬁ?\.o.f’\k

Heat \
L, HDTPL . 'D’N*

0 o“ o™
0

Figure 23 Decomposition of BlocBuilder to initiator and nitroxide SRdprinted fronreference R1].
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In order to eliminate droplet nucleation in the early stages of the polymerization, Charleux and
coworkers? used a twestep SGimediated emulsion polymerization af-butyl acrylate and
styrene (Figure 2). The polymerization was controlled and living and the latex was stable with a
narrow molecular weight distribution. To be more industrially viable, the semibatch of this process
was conducted by theame groug? In thisprocess, monomer was added contusly during the
course of the polymerization. This addition was fast compared to the polymerization time;
therefore, the probability of the side reactions as a result of starved conditions was low. The final
latex was stable and polymerization showedchkracteristics of a controlled/living system (Figure

25).

°°° Na scu coo *Na

Step 1
Seed synthesis
T=112120°C,8 h

Living seed latex

Microemulsion-like system

0,7 wt.% BA + “One shot” monomer

Domal:ﬂt AB::?: + Step 2 addition (BA and/or S)

T=112120°C,8h

16-26 wt.% solids content
stable latex

Figure 24 Twao-step emulsion polymerization proce$eprinted from reference B.
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Figure 25 Semibatch SGinediated emulsiompolymerization Reprinted from reference B.

Cunningham et &° reported SGimediated surfactanfree emulsion polymerization of
styrene. The stability of the latex was provided by the sulfate end group of potassium
persulfate (KPS) which is a wasoluble initiator. One of the important parameters in the

success of the polymerization was pH, which was adjusted by the amount ofGa@d¢ided to

the system.

Miniemulsion

The main difference between emulsion and miniemulsion is in the partitieleation
mechanism(Figure 2.6)In miniemulsion, a high shear device such as ultrasonicator is used to
produce a dispersion of monomer droplets with submicronic sizel(BD nm). A highly
hydrophobic compound such as hexadecane or a high molar magméeolis used as a

12



costabilizer tosuppress Ostwald ripenirf§.An alkoxyamingerminated macroinitiator can be
used as costabilizer as wéllContrary to emulsion polymerization, the concentration of
surfactant in miniemulsion polymerization is kept bel@C to prevent micellar nucleation.
The polymerization occurs in the droplets and the size ofdimplets does not change during

the reaction (final latex particles are a copy 1:1 of the starting dropféts).

(a) = o (b) . . %i
\ droplet

M

\Q\O’D\monomer dnﬂ)plet %j £ 3</\ i >b>a R’ ﬁ! &' 5(/\ R
SER RS e SR o
L [ &\a\j 3 - M— onomer s dr’ Mma \ r XVA

(‘\ free surfactant L \> M ;1
o R M . — radical initiator / ;\i f Ki-fy\ “ c)</\ (g >‘0>j
AT B
/ 4\~ —— monomer- !5 \7/ 2 é</ L \3>4 / o
swollen micelle radical initiator

Figure 26 Initial state of polymerization in emulsion (a) and miniemulsionReprinted from
reference [B].

The first TEMP@nediated living radical miniemulsiopolymerization of styrene with
benzoyl peroxide (BPO) as the initiator was reported bpaskergroup?® During the last
decade many research studies have been conducted in the field of nitroxidiéated
miniemulsion polymerization with TEMPO and SG1. Cunningheewiewed NMP in
miniemulsion based on the nitroxide type. Conversions are limitedot@®%6 in most TEMRO
mediated miniemulsion polymerization because of alkoxyamine disproportionation reactions.
Cunninghanmand coworker$’ performed a semibatchaddition of nitroxidescavenging additives

such as ascorbic acid in TEMPO mediated styrene mitsgon. Conversions of more than 98%
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were obtained in short times (~2 h). Also, as a result of shorter polymerization time, higher
livingness was achieved. SG1 is more flexible in conducting emulsion and miniemulsion
polymerization since it requires \er temperature and a wider range of monomers can be

polymerized by SG?.

2.2.4 Synthesis of block copolymers by NMP

The general strategy for the preparation of a diblock copolymer is the synthesis of the first
blockand the extension of the secoraock. This method is called the sequential addition of
monomers'’ The first blockcan be purified by different methods before addition of the second
block. In this case, the first block acts as the initiator for the polymerization of the second block.
Therefore, the first block is considered as a macroinitiator. Also, the first block can be used
without any purification i situ). Difunctional alkoxyamines have been also employed for the
synthesis of diand triblock copolymer8SG1, TIPNO, and TEMPO d&&een used in designing
many different block copolymers by NMR4omopolymers, copolymers, diblock copolymers,

graft copolymers, and crodimked polymer particles have been preparedMiyIP in emulsiorf®

2.2.5 Polymerizationnduced selfassembly(PISA)

If amphiphilic block copolymers are dissolved in a selective solvent (a good solvent for one
block and a norsolvent for the other block), the copolymer chains associate reversibly to form
micellar aggregates. Insoluble block forms the core winéedoluble block forms the corona of

the micelle? Theseblock copolymer micelles have lower CMC compared to the-Ntw!

surfactants which is a great advantage in many applications such as drug d&livery.
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Amphiphilic block copolymers can be syntlzesi by CLRP methods such as NMP. A
relatively new method is based on the situ chain extension of a hydrophilic block (prepared
by CLRP in water) with a hydrophobic block and the-asslémbly of the resultant diblock
copolymer® In fact, thehydrophilic block plays the role of the initiator for the extension of the
hydrophobic block(Figure 2.7) This process is called polymerizatioduced seHassembly
(PISAJ® Compared to anionigolymerization;the main advantage of synthesizing diblock
copolymer by NMP or other CLRP methods is the compatibility of the reaction medium with
water. Thus, block copolymers can be synthesized in aqueous media, which is more
environmentally friendlyAmphiphilic block copolymers can be used as stabilizersa(garits)
in emulsion polymerizatiof® Also, other unique properties of block copolymers are their
ability to be used as the emulsifier for a system of two immiscible liglitlssuch a condition,
each of the liquids are nesolvents for one of the bloskof the block copolymer but a selective

solvent for the second block.

®
®
———— k + :0 @ Hydrophilic living polymer
@ + hydrophobic monomer

Living amphiphilic

block copolymer

Self-assembled block
copolymer particle

Figure 27 PolymerizatioAnduced seHassembly (PISAReprinted from reference [3.
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2.3 Switchable materials

Switchable materials are materials whose properties can change with the applicatian of
trigger. There are many potential applications for these switchables in different processes in
order to decrease waste, increase energy efficiency, reduce materiaguogotion and as a
result cost reduction, and finallyp make processes greener. One important typeswitchable
materialsis CQ-switchable materialsCQis an ideal trigger for switchable or stintdisponsive
materials because it is benign, inexpensigeeen, abundant, and does not accumulate in the
system. Many different C&esponsive materials including polymers, latexes, solvents, solutes,
gels, surfactants, ral catalysts have been prepared so far.my research, | have employed
DEAEMAand DMAPMAas CQ-switchable comonomer and stabilizes, which acted like
surfactans. | have also used V@61 as a Cg&switchable initiator for producing G&witchable
latexes Therefore in the following sectiog, CQ-switchable surfactants CQ-switchable

monomers, C@switchable initiatorsand CQ-switchable lategsare discussed in more detail.

2.3.1 CQ-switchablesurfactants

In many applications, matergbkuch as polymefatexes are required to react to a specific
stimulus or triggesuch as C£ Stimuliresponsivematerialsexhibit reversible changes in their
physical or chemical properties in response to external triggers asdbmperature, pH, light,

or voltage® However, there are major limitations in applying these triggers including
economi@l and environmental costand product contaminatiori® Instead, C@as a benign,
inexpensiveabundant, and no#oxic trigger for stimutresponsive materials has received great

attention during the last decad®
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In 2006, C@switchablesurfactants based on the lorghain alkylamidinegvere introdued,
which could be easily switched on and off in agueous media in the presence,dfQde
2.8).%° In this case, bicarbonate salts rather than carbamate salts were formed upen CO
addition. Componentsla and 1b are protonated (switched on) by bubbling €@ their
aqueous solutions and converted to compone@tsand 2b. In the protonated form they can
stabilize latex particles due to the existence of electrostatic repulsive foWben theyare

deprotonated (switched off) by removal of €fdom the system, the latex is destabilized and

coagulated.
Me
Me
R -0,COH
R\J\ T o \/k
N= N
NMe, H 7+ NMe,
2a
1a R: C16H33 Zb

Figure 28 CQ-switchability of amidineébased switchable surfactant®eprinted from reference3p).

There area few reviews related toCQ-switchable materials includin@Q-switchable
solvents and surfactanf§ CQ-responsive polymerd and C@-responsive block copolymet8
Surfactants are essential components emulsion, miniemulsion, microemulsion, and
suspension polymerizatioH The mairrole of surfactants in all these polymerization systems is
stabilizing latex particle§ However, after polymerization, the existence of surfactant in the
final product is problematic. Removal of the surfactant by washing processes is not always
perfect and most often some amount of the surfactant remains in the purified polymer. In
general,the better the surfactant at stabilizing latex particles, the more difficult is its removal

from the systent® Residual surfactants can alter the propertiestbé final product® for
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example, in film forming applications, migration of the residual suigiat has a negative effect
on the properties of the final product®*®*!Latexdestabilization (for obtaining latex powder) is
conventionally performed by addition of acid, base, and salt depending on the type of
surfactant employed iremulsion polymedation®? Therefore postwashing steps are required
for removing these chemicals and a large volume of waste water is produced, which leads to
the increase in the cost arehvironmental impact of the proce$$

Another issue in latex production is transportation of the latex from the point of production
to the point of consumption. Because a large fraction of the maskeofatex is water, moving
latex from one location to another means paying extra mofueythe transportation ofwater.*®
Switchablesurfactants can address all the abewentioned concerns. These surfactants can be
switched on (active state) or switched off (inactive state) as negddthis is an advantage in
latex production since the stability of the latex is not always necessary. So far many different
types of switchable surfactants have been prepared which mainly differ in the type of the
trigger that is used in the switching on apé process. Brown et &f. have recently reviewed
stimuli-responsive surfactantdn most cases atition of acid, base, oxidant, or reductant is
required, which has environmental impact due to producing wastewater in the following
washing steps. In the sa of light sensitive surfactants, the reaction media should be
transparent>® which is unlikely in many polymers or latex suspensiéiso, switchable peptide
surfactants (pepfactants), which are based on series of amino acids, are exp&ri8ive

To overcomethese problems, Cg&switchable surfactants, as a new class of stimuli
responsive surfactants, were introducddin aqueousmedia, pH can change by addition of

CQ. The degree of change in pH depends on the concentration of dissolvad @@ aqueous
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phase. However, the solubility of gases in liquids depends on temperature, pressure, and pH. As
temperature increases, the solubility of €@ecreases, while as the pressure increases the
solubility of CQincreases'’

Longchain alkylamidines can be protonated by bubbling Zfito their aqueous solutior>
In this state, they can behave like surfactants because they have a charged hydrophilic head
and a long hydrophobic tailTherefore, they can be employed as stabilizers in emulsion
polymerization®* The removal of Cli 2 a6 A G OK 2FFé¢ GKS adzNFI Odlt vy
purging with a nonacidic gas such as nitrogen, argon, orBa@cause deprotonation is an
endothermic process, heat is generally required to facilitate the digpration reaction

The performance of longlkyl chain molecules as &8witchability surfactants depends
largely on the nature of their head group. The structure of the head group can change
solubility, basicity, heat of protonation, and €€witchability of the surfactant®

CQ-switchable surfactants have been used in emulsion polymerization for the stabilization of
the original emulsion andhe product latex particles>*®4° However, in some cases, the
surfactant is not available commercially and should be synthesized. For exaMple,
didodecylacetamidinium bicarbonate, as a doutdded cationic surfactant, was synthesized by
the reaction ofdimethylacetamide dimethgicetal and dodecylamine and then reacting with
dry ice® (N-amidino)dodecy! acrylamide (DAm) was employed as as@ichable surfactant
for the preparation of coagulatablegdispersible polystyrene latex&$ Redispersionof the
latex was achieved by purgingth CQ, while coagulation was performed by purging with N
and heating to remove G@nd neutralize latex particleglowever, it must be noted that the

amidine group was partially hydrolyzed under basic conditions.
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Poly(DMAEMA-MMA), preparedvia two-step solution RAFT polymerization, was used in
the protonated form (initial protonation was performed by addition of HCI) as as@d@chable
surfactant inemulsion polymerization of MMA*®! The latex stabilitylepended on the diblock
copolymercomposition, and the latex particles size decreased with increasing weight fraction
of MMA (Fuma). After neutralizing the latex with caustic soda, the coagulated latex was
redispersible ifRyva<46%. C@switchable PS and PMMA latexes by using-€&¥@tchabé
surfactants have been prepared®>* Coagulationand redispersion of latex particles was
achieved by removal and addition of £@ has been shown that when both initiator and
surfactant are C@switchable, redispersion is most effective and almost full recovery of the
zeta potential and size distribution of latgoarticles are obtained® Similarly PMMA latexes
were prepared using long chain alkyl amidine,S®itchable surfactants, and the effts of
several parameters including the type and amount of surfactant and initiator, and solid
contents on the particle size and zeta potential were investigaféthe resulting latex particles

were 50 to 350 nm in size and could be easily filtered t@inbdry polymer powder.

2.32 CQ-switchable monomers

DEAEMA®42%% DMAEMA®®*"® 3-N'N'- dimethylaminopropyl acrylamidéDMAPAY?® N-(3-
Dimethylaminopropyl)methacrylamidéDMAPMAY’ and methacrylic acid (MA) have been
used so far fothe synthesis of C&responsive (co)polymers. DEAEMA and DMAEMA are the
two most studied C@switchable monomers, and have been used extensively in the synthesis
of pHresponsive polymer® DEAEMA igydrophobic in the neutral form and hydrophilic when

the tertiary amine group becomes protonated. This protonation and deprotonation can be
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performed reversibly by addition and removal of £LOhe K, of DEAEMA and the
corresponding homopolymer is 8.8 and5, respectively® DEAEMA is a G®witchable
monomer and incorporating DEAEMA in the structure of (co)polymer can induge CO
switchability to the whole structure ofhe polymer>> DMAEMAIs another C@-switchable
monomer with the [, of 8.3 and 7.4 fothe monomer and polymer, respectively While
DEAEMA and PDEAEMA are hydrophobic, DMAEMA and PDMAEMA are hydrophiltevdrhese
monomers are prone to hydrolysis however, based on our observations, DEAEMA is more
resistant to hydrolysis than DMAEMA. Aog substitution for these monomers could be
dimethylaminopropyl methacryalamide (DMAPMA), which is a hydrophiligs@{hable, and

hydrolytically stable monomer.

2.33 CQ-switchable initiators

2,2-Azobis[2(2-imidazolin2-yl)propane]dihydrochloride (\V844Y%°2°* and 2,2:azobis[2(2-
imidazolin2-yl)propane] (VA061)?23842:52548183 qre two important C@switchableinitiators.
To be more precise, V@44 is C@switchable only after neutralization with a base to remove
the chloride counter ion. The 10 h hdife decomposition temperature of @61 is 61'C and
decreases when protonated (~ 4&) which makes it suitable for initiating polymerizations

under a CQ atmosphere™

The positively charged imidazole groups resulting from
decomposition of VA44 or protonated VA61 are very effective in stabilizing latex particles.
The Cunninghag@ group performed surfactantree emulsion polymerizations of styrene using

VAO061 initiator under a COatmosphere®* finding that the obtained latex particles could be

coagulated by CQemoval and redispersed upon the introduction of {BEigure 2.9). The solid
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content was relatively low (¥%), but could be increased if a small amounD&AEMA aa

CQ-switchable comonomeisincluded*?

<’7-7‘NH H
N

. . 5%/“ I
N x N a2 1CO;
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Figure 22 Preparation of switchable polystyrene latex usingOBA initiator.Reprinted from reference
[81]

2.3.4 C@-switchable latexes

Gonventional methods for breaking suspensions incltieeeaddition of a salt, an acid for a latex
stabilized by anionic surfactants, or a base for a latex stabiliedationic surfactant§*®
Addition of chemicals such as acidsases causes salt accumulation in the syst€éoaddress
this problem,a CQ-switchable latex was reporte®f Longchain alkyl amidine compounds were
used as Cgxswitchable surfactants in the emulsion polymerization of styrene. After the
polymerization,removal of C@by bubbling of Ar at 65C, triggered the coagulation of the PS
latex. Also, Cg&switchable PS and PMMA latexes employing amibdased switchable
surfactantshave been preparelf' In eachcase the latexes could be coagulated by removal of

the CQ. It was found that initiator and surfactant selection is crucial in preparing- CO

switchable latexes. For example, -UA4 causes the permanent stability of latexes even in the
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absence of C* Shortly after, the first time coagulatable and redisgibte C@switchable PS
latexeswas reported®> When both initiatorand surfactant are G@&witchable, redispersion of
latexes can be performed more effective. The aggregation and redispersion of latexes were
possible for several cycles without accumulatiof any background saif.Aryl amidines and
tertiary amines are less basic than alkyl amidines; as a result they are switched off much more
rapidly®® Long chain tertiargmine switchable surfactants are commercially available and have
lower costcompared with aryl amidine based surfactants. PMMA latexes made using tertiary
amine and aryl amidine based surfactants were destabilized much more easily by bubbling Ar to
remove the C@and had lower zeta potentials than those prepared with alkyl amiased
surfactants®® CQ-switchablePS latexes were made under £f8mosphere in surfactarfree
emulsion polymerization using W61 as bothinitiator and stabilize* Accordingto the
calculations of the decomposition rate parameters, the 10 h-hf@f(T,on half-life) of VA061

under a C@atmosphere was estimated to be similar to the 10 h tiédf of VAO44 under arAr
atmosphere®* Because imidazolgroups created from the decomposition of &1 are
bonded covalently to the surface of the latex pees, unlike switchable surfactant, they
cannotbe detached from latex particles during destabilization. Thus, upon bubblingHe®

can be protonated again and stabilize latex particles. To increase solid content, polymerization
was repeated at 65C and 0.54 mol% DEAEMA was used as as@@chable comonomer to
prepare a C@switchable PS late®. It was found that adding a few mole percent MMA can
increase the conversion considerably because MMA is more hydrophilic than styrene and
produces more hydrophobic oligomers in the agueous phase. After destabilization and drying,

the latex could be ra@lispersed by Cgbubbling and sonication (Rige 2.10).
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TEM

SEM K

Initial Destabilized Restabilized

Figure 210 TEM and SEM of the original latex (left), after destabilization in the presence of
poly(DEAEMA) (middle) and redispersed after 10 min of sonication undexti@@sphere (right).
Reprinted from referencedp].

An amidinecontaining styrene derivative was synthesized and then employed as,a CO
switchable comonomer in the surfactafree emulsion polymerization of styrerf8.Since 2,2'
azobis(2methylproponamidine)dihydrochloride (80) had been used as a positively charged
initiator, destabilization of the prepared latex was only possible by addition of a small amount
of a base such as NaOH. However, the coagulated latex was redispersible aftanbBling
followed by sonicatioi® The coagulated, filtered and dried latex powder was also redispersible
using C@and ultrasoundIn another study, C&switchable PS latexes were prepared by using
VA061 as a C&switchable initiator’® In this process (N-amidino)dodecyl acrylamide was
synthesized as a GOwitchable surfactant and then employed in the emulsion polymerization

of styrene. However about 20% hydrolysis of amidine was observed in the surfactant during the
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reaction® The PS latexes were stab#mainst electrolytes and could be coagulated and
redispersed several times. To overcome the hydrolysis problem and simplify the synthesis
steps, DMAEMA as a commercially available-&@@tchable monomer was employed in the
preparation of PDMAEMB-PMMA va RAFpolymerization>! This diblock copolymewas used

as a polymeric surfactant in the emulsion polymerization of MMA. To keep surfactant
protonated during the reaction, protonation was done by HCI. The resultant latex could be
coagulated by addition i small amount of base. After washing with DI water, the latex could
be redispersed and coagulated many times by addition and removal pfitG@as found that

the latex would be stable if the weight fraction of MMRy(;a) in the surfactant was lower than
58.5%:" Particle sizelecreases wheRywaincreases.

An advantage of using polymeric surfactants is the prevention of surfactant migration4n film
forming applications. When latexes are employed as -forming polymers, physically
adsorbed surfatants on the surface of the particles migrate toward the interfaces and lead to
phase separation that reduces glaasd adhesiori! Also, theycan be entrapped in pockets and
increase percolation by water or water sensitivity. These are major drawbacks for paint and
coating applications'®** Surfactants that areovalently linked to the particles cannot desorb
and migrate during film formation.

CQ-switchable PMMA and PS latexes were prepared using commercially available
dimethyldodecylamine (DDA), a £€witchable surfactantyia miniemulsion polymerizatiof.

The PMMA latexes could be aggregated by bubbling argon (Ar) & @thdredispersed by
bubbling C@ at room temperature. DDA is protonated by bubbling,@®the solution and

converted to DDAHHCQ but some deprotonation occurs after sonication or during the
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reaction at elevated temperaturé€.At 80 'C, 40 % of DDAHCQ switched back to DDA after

2 h. PS latexes were not destabilized only by bubbling Ar. The reason could be attributed to the
lower density of PS latex (1.05 g ®mcompared to PM latex (1.18 g &y’ However,
increasing the pH to 9 resulted in the aggregation of PS latexes because of the decrease in the
hydration effect of the tertiary amine. Since the PS nanopatrticles contained some hexadecane
with a density of 0.77 g cf the final density of the ® latex was lower than 1 and it collected

on the surface of the watet. In dispersion of nanoparticles composed of a DDA hydrophobic
core and polyvinylformal (PVF) shell, bubbling, Cahverted the core from hydrophobic to
hydrophilic, which was the firsteport of preparing wateicore polymer capsules from O/W

emulsions (Figre 211).

Figure 211 SEM and TEM images of PVF colloids: (a and b) with DDA as the core; (c) and (d) with water
core. PVF capsules were prepared bing PVF and DDA (4:1 by weigRgprinted from reference [8.

N-Methacryloytl1-aminoundecanoic acid was employed as a-8&@itchable comonomer
and stabilizer in the preparation of PS latexasa surfactantfree miniemulsion
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polymerization®® Latex particleswere coagulated by bubbling G@ue to protonation of
carboxyl groups and redispersed by ultrasonication due to removal gff@@ the solution.
According to DLS and zeta potential measurements, redispersion and coagulation processes
were repeatable. Surfactadtree miniemulsion polymerization has also been used for the
preparation of C@switchable PDMAEMB-PS nanoparticle§ The resultantparticles had a
core-shell structure with 120 nm diameter.

Using a different method, a G@witchable latex can be produced by using fswitchable
components including initiator, monomeand surfactanf® In this method the stability of the
fLGSE A& O2y i iNRftSR 06& FRRAY3 | a6 A00KFoTE S
water, the ionic strength of the aqueous solution can be switched between low and high values
by addition andremoval of C@® This changoccurs because an amine or polyamine called an
ionogen is reversibly converted from a neutral to a bicarbonate salt by the action 0fFGO
example, sodium dodecylsulfate (SDS), in the absence of an ionogen, is rewi@Bable but
the aqueous solutin of SDS and\,N-dimethylethanolamine (DMEA, an ionogen) has,-CO
switchable air/water surface tension (kig 2.19. Jessop and coworkers showed that a PS latex
stabilized by SDS can be aggregated by bubblin@@Dredispersed by bubbling Ar (to remove
CQ).% Since the latex was prepared with potassium persulfate (KPS) initiator, the aqueous
solution was acidic. Therefore, the initial pH was lower than tkg qf carbonic acid and
prevented neutralization of the amine group by removal of, J&gure2.13 shows the results
as the latex was neutralized by NaOH and then treated with DMEA ionogen, after which the

latex was C@responsive.
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Figure 212 Air/water surface tension as a function of the concentration of aquesnlations of SDS
under air or C@in the presence of DMEA (33 % v/v) under air o5 &Q5 "C. Reprinted from reference
[89].

Added Added - A‘r?‘?n" ;0
Treatments Original 0.4 ml NaOH aq. 5mL €
- DMEA 10 min Hand
(2.0 mol L) shaking
pH Value 23 9.7 11.0 6.5 10.8

Conductivity 20Mscm™ 32Mscm™ 35Mscm™ 10.1Mscm™ 3.6Mscm™

Particle size 101 nm 104 nm 103 nm 103,000 nm 102 nm
PDI 0.242 0.121 0.138 N/A 0.246
¢ -potential  -38.5 mV -39.1 mV -46.5 mV -6.6 mV -51.9 mvV

Figure 213 Reversible aggregation/redispersion of a PS latex prepared by using styremt \1SDS
(0.5 g), KPS (0.1 g) and water (50.iReprinted from reference .

CQ has also been used for tuningicroemulsion aggregatior$:™* Reactiveionic liquids
were employed in the preparation of a @€witchable microemulsioft: In a micr@mulsion
system containing cyclohexane, surfactant -h@ixadecy3-methylimidazolium chloride
(GemimG) and decanol, with mole ratio of 1:2), and ionic liquieb(ityl-3-methylimidazolium
triazolide ([bmim][trial23])), the nanodomains can be reversibhed by addition and removal

of CQ.% Silica particles prepared in surfactdnée emulsions using only G®witchable
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chemical functional groups can stabilizeiio#water emulsions, while particles containing both
CQ-switchable and hydrophobic functial groups on their surface are able to stabilize water
in oil emulsions’? Emulsions aréroken when C@is introduced due to the alteration of the
wettability of the stabilizing particles which leads to phase separation of emulsions. The
stability is reestablished by bubbling air and £&@moval. C@creates a positive charge on the
surface of the responsive particles, increasing hydrophilicity and as a result the particles
destabilize the emulsioff. Acrylic latexes with low jTwere prepared in surfactd-free
emulsion polymerization (SFEP) of MMA and BA with a small amount of DEAEMA as a CO
switchable comonome? The T, of the copolymer was adjusted by the combination of MMA
and BA. If the dlis higher than room temperature, the latex is @@dispersble while if the is
lower than ambient temperature, after coagulation, latex particles are diffused to each other
and they are not C&redispersible

As DEAEMA is one of the mastestigatedmonomers in CQ-switchablity technology, the
main focus of this thesis is NMP of DEAEMA. Chapter 3 is related to the NMP of DEAEMA in bulk
and then using the synthesized macroalkoxyamine as a macroinitiator for the preparation of
PMMA latexes. Chapter 4 explains the NMPDEAEMA iwater and then based on the
information obtained in this chapter, the ofgot synthesis of PMMA latexes using PDEAEMA
macroinitiator will be explained in chapter B the second half of the thesis NMP of PEGMA
(chapter 6) and PEGylation ofitdsan (chapter 7) are explained. Also, to address the ssue
(low Ty and hydrolysisyelated to the usage of DEAEMA for the synthesi€@f-switchable
latexes, chapter 8 explains employing DMAPI\ a C@switchable comonomer for the

preparation of C@switchable latexes. Finally, chapteirfzludesconclusion and future works.
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Abstract

The SGinediated copolymerization of -@iethyl)aminoethyl methacrylate (DEAEMA) and a
small percentage of styrene (S) was performed with different initiating systems including a
monocomponent initiating system using an alkoxyamine efiydroxysuccinimidyBlocBuilder
(NHSBIlocBuilder) at 80'C and a bicomponent initiating system using -225bis[2(2-
imidazolin2-yl)propane] (VA)61) as the initiator andN-tertbutyl-N-(1- diethylphosphone2,2-
dimethylpropyl) nitroxide (SG1) as the nitroxide at 1@ The resultant macroalkoxyamines,
poly(DEAEMAGO-S)YSG1, were used as génsitive macroinitiators in the nitroxid@ediated
surfactantfree emulsion copolymerization of methyl methacrylate (MMA) and styrene 4690
which proceeded via a polymerizatimduced seHassembly (PISA) process, leading to the in
situ formation of pHresponsive amphiphilic block copolymers. The reaction wasceelrolled

with high initiation efficiency and exhibited excellent livingness as evidenced by evolution of
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the molar nmass distribution. The final latex particles were-géhsitive with excellent colloidal

stability and monomodal size distribution.

3.1. Introduction

Preparation of stimulresponsive materials exhibiting reversible changes in chemical or physical
properties in response to external triggers by controlled/living radical polymerization (CLRP)
has been an active area of research during the last detadertiary aminebased polymers,

an important category of stimuhesponsive polymers which are pH and/antperature
responsive, have potential applications in emulsion polymerizatidsipck copolymers
synthesis’ and the biomedical fiefi(gene or drug delivery)’ In particular, the monomers-2
(diethylamino) ethyl methacrylate (DEAEMA) and(dnethylamingethyl methacrylate
(DMAEMA) have been polymerized employing different CLRP techniques. Atom transfer radical
polymerizations (ATRP) of DMAEMA andditnethylamino)ethyl acrylate (DMAEA) were
reported, respectively, by Matyjaszewski and Zhu grét@an et al’® prepared weldefined
poly(DEAEMA) via ATRP and then used the synthesized poly(DEAEMA) as a macroinitiator for
producing poly(DEAEM#&tBMA). Reversible addition fragmentation chain transfer (RAFT)
radical polymerization has been applied sucédbs in the synthesis of different stimuli
responsive (co)polymers.w! C¢ 2F 5al! 9a! Ay 6 (S Nhzabis@ OF NNJ
cyanopentanoic acid) (V501) as a wasetuble initiator and <4yanopentanoic acid
dithiobenzoate (CPADB) as a chain transfgent’® D'Agosto et at® investigated the effect of

several parameters such as the ratio of RAFT agent to initiator, the concentration of the

monomer, and the ratio of monomer to RAFT agent on the RAFT polymerization of DMAEMA.
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lodine transfer polymeriation of DEAEMA has also been performed by Goto ¥timlbulk. In
this elegant study, the control of the polymerization could be achieved by employing
ammonium iodide to reversibly activate the chand.

In contrast, there are few reports of tHdMP of functional monomers with a tertiary amine
group. Lokaj et aF first reported the NMP of DMAEMA using polystyrene (PS) macroinitiator in
bulk. Bian and Cunninghafstudied the effects of temperature, solvent polarity, chain transfer
to polymer, and excess nitroxide on the NMP of DMAEA initiated by ant#sGdd alkoxyamine.
Maric and Zhan performed nitroxidemediated copolymerization of DMAEMA and styrene
usingn-hydroxysuccinimidyl BlocBuilder (N\B®cBuilder) in bulk at 8IC. The livingness of the
poly(DMAEMA) was tested by chain extension with a DMAEMA/styrene mixture.

DMAEMA and DEAEMA can be used in their protonated form to stabilize latex particles
during emulsion polymerization. When €® employed as a protonating agent, this allows the
development of easily coagulable/redispersable latexes. Zhao & stiowed that these
monomers and their derivetlJ2 f @ YSNE OlF'y 06S LINR (2 ybling SRin 6 G &4 8 A (
their water solution, thus becoming highly hydrophilic. Removing of f@n the solution,
simply by aikbubbling, then allows recovery of the neutral and more hydrophobic form of the
monomers or polymers. Taking advantage of the,-&@itchablity of these monomers,
Cunningham et al. found they could considerably increase the solids content of their surfactant
free emulsion polymerization of styrene from P%to 27%'° Copolymers of stearyl
methacrylate and DMAEMA, poly(SM&DMAEMA), were used as polymeric surfactants in the
miniemulsion polymerization of styrerf8.Diblock copolymers containing poly(INEMA) or

poly(DEAEMA) as a édnsitive block can be used as polymeric surfactants in emulsion
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polymerization. Zhang et &h?* synthesized Cgswitchable PMMA latexes using
poly(DMAEMAD-poly(MMA) as a polymeric surfactant in the emulsion polymerizatdn
MMA. poly(DEAEMAO-PEGMA) was used as a-pehsitive polymeric stabilizer in tetradecane
in-water emulsiong?

Compared to ATRP and RAFT, NMP has a fairly simple mechanism since it requires only the
use of an alkoxyamine, which acts as an itotieand controlling agent at the same tinfe.
Block copolymers comprised of hydrophilic and hydrophobic blocks are of high irftef&st.
Sequential addition of monomers (i.e. synthesis of the first block and then extension of the
second block) is thegeneral strategy for the preparation of diblock copolym&s. K | NI S dzE Q&
group developed the polymerizatienduced seHassembly (PISA) process which is based on
the in situ chain extension of a hydrophilic block (prepared by CLRP techniques) with a
hydrophobic block and then the subsequent saffsembly of the resultant diblock copolymer in
water.2° One of the main advantages of this process is the absence of surfactants that can alter
the properties of the final product especially in fimased applicatins. Interestingly, while
DMEAMA, DEAEMA, or their (co)polymers are of interest to reversibly stabilize latexes, to the
best of our knowledge they have never been employed for the synthesis of latexes by NMP
using the PISA technique.

We have synthesedd DEAEMA and DMAEMAsed macroalkoxyamines via NMP and used
them as stimutresponsive stabilizers and initiators for the nitroxiceediated surfactanfree
emulsion copolymerization of methyl methacrylate and styrene, according to the PISA process.
In the first stage, poly(DEAEMA-S}SG1 or poly(DMAEM#o-SYSG1 macroinitiators were

synthesized via NMP using 2#Zobis[2(2-imidazolir2-yl)propane] (VA61) as initiator and
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SG1 as nitroxide at 10IC or usingn-hydroxysuccinimidyl BlocBuild¢NHSBlocBuilder) as
alkoxyamine at 86C. In the second stage the protonated macroinitiator is chain extended with
methyl methacrylate in a surfactaifitee emulsion polymerization (SFEP). The polymerization
kinetics, livingness of the polymer chains, tohover molecular weight and molecular weight
distribution, colloidal characteristics of the latex particles,-nelSponsiveness, and GO

switchability of the final latexes are described in detail.

3.2. Experimentakection

Materials. All chemicals,monomers, and inhibitor removal columns were purchased from
Aldrich unless otherwise stated.-(8iethylamino)ethyl methacrylate (DEAEMA, 99%) was
passed through a column of basic aluminum oxide (~150 mesh) prior to use. Styrene (S, >99%)
and methyl methagrlate (MMA, 99%) were purified by passing through columns packed with
inhibitor remover. The (tert-butyl-(1-(diethoxyphosphorytp,2-dimethylpropyl) amino) oxy)
2-methylpropanoic acid initiator (BlocBuilder) and tNeertbutyl-N-(1- diethylphosphone2,2-
dimethylpropyl) nitroxide (SG1, 85%) were supplied by Arkemaa2gbis[2(2-imidazolin2-
yl)propane] (VAO61) was purchased from Wako Pure Chemical Industries and used without
further purification. Sodium hydroxide (NaOH, >97%), tetrahydrofuran (¥8826), methanol
(>99.8%), hexane (>98.5%), hydrochloride acid (38 wt %), and carbon dioxigleP(&Qir,
medical grade) were used as received. All aqueous solutions were prepared with deionized
water (DIW). Nydroxysuccinimide BlocBuilder (NB®cBuiler) was synthesized according

to the reported procedure?
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SGmediated copolymerization of DEAEMA and styrene in bulk using06A as the initiator

and SG1 as the nitroxiddn a typical experiment, a mixture of DEAEMA (25.0 g, 0.135 mol), S
(1.56 g, 0.015 mol) (initial molar fraction of styrene in the monomer mixtigge:0.1), VAO61

(0.18 g, 0.72 mmol), and SG1 (0.31 g, 1.08 mmol) were introduced into a 50 mingciee
round-bottom flask immersed in an ie@ater bath and the mixture was deoxygenated with a
nitrogen stream for 20 min. The mixture was then introduced into a preheated oil bath at 100
'C and fitted with a reflux condenser, a nitrogen inlet and a thermometiene Tzero of the
polymerization was taken when the flask was immersed in the oil bath. The reaction mixture,
while remaining under i was stirred at a speed of 300 rpm and allowed to react for up to 2 h
with samples withdrawn periodically for kinetic stedi and raw polymer analysis. Samples
were quenched by immersion in an fe@ter bath and then dried under air flow for 24 h. At the
end of the reaction, the flask was cooled in an-ieater bath to stop the polymerization
reaction and then the polymer wagsurified by precipitation in 2@old volume of cold hexane
(after precipitation, the solution was kept in the freezer for 6 h and then it was decanted to

leave the precipitated polymer as a paste).

SGimediated copolymerization of DEAEMA and styrene inllbbwsing NHSlocBuilder. A
mixture of DEAEMA (20.0 g, 0.108 mol), S (1.12 g, 10.7 mmol) (initial molar fraction of styrene
in the monomer mixturefsp= 0.09), NHBlocBuilder (1.0 g, 2.1 mmol), and SG1 (62.0 mg, 0.21
mmol) were mixed in a 50 mL threeck roundbottom flask immersed in an ie®ater bath

and the mixture was deoxygenated with a nitrogen stream for 20 min. The mixture was then

introduced hto a preheated oil bath at 8C and fitted with a reflux condenser, a nitrogen inlet
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and a thermometer. Time zero of the polymerization was taken when the flask was immersed
in the oil bath. The reaction mixture, while remaining under Was stirred ata speed of 300

rpm and continued to react for up to 2 h with samples withdrawn periodically for kinetic studies
and raw polymer analysis. Samples were quenched by immersion in-araiee bath and then
dried under the flow of air for 24 h. At the end &iet reaction, the polymerization medium was
first cooled in an icevater bath to stop the polymerization and then, the polymer was purified
by precipitation in 2€fold volume of cold hexane (after precipitation the solution was kept in

the freezer for 6 h ad then it was decanted to leave the precipitated polymer as a paste).

Surfactantfree emulsion polymerization of MMAILn a typical experiment (experiment 1, Table
3.1), in a 50 mL threaeck roundbottom flask fitted with a reflux condenser, a nitrogeriet

and a thermometer, poly(DEAEMA-S}SG1 macroalkoxyamine (0.2 g, 0.034 mmol) was mixed
with deionized water (22 mL), and pH was adjusted to 6.0 by addition of HClI 1M. The solution
was deoxygenated by nitrogen bubbling for 20 min at room temperatti®lA (4.65 g, 0.045
moles) and S (0.53 g, 5.0 mmoles) were added to the flask amditbling continued for 10
minutes more. The flask was then immersed in a preheated oil bath &£ 9Time zero of the
polymerization was taken when the flask was immers#o the oil bath. The reaction mixture,
while remaining under N was stirred at a speed of 300 rpm and the polymerization was
allowed to proceed for 5 h. Samples were periodically withdrawn and quenched by immersion
in an icewater bath and the dried nder the flow of air for 24 h to follow monomer conversion

gravimetrically.
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Characterization. Monomer conversion was determined gravimetrically. To determine
conversion, 0.5 mL samples were removed from the reaction flask via syringe, quenched in an
ice-water bath to stop polymerization, and were allowed to dry under a flow of air for 24 h. Size
exclusion chromatography (SEC) was used to determine molecular weight and molar mass
dispersity ) of the polymer samples. The SEC was equipped with a Watefs s2@@ration
module containing three Styragel columns coupled with the separation limits between 400 and
1 x 16 g mol*. THF was used as the eluent with a flow rate of 0.3 mL'miA differential
refractive index detector (Waters 2960) was used andakerage molar massedf and M,,)

and molar mass dispersit{p( were derived from a calibration curve based on polystyrene (PS)
standards from Polymer Standard Service. For the reactions undeat@@sphere, samples

were dried under air at least for 24 o tmake sure that all the amine groups became
deprotonated and poly(DEAEM®-S) became soluble in THF. For the reactions performed in
the presence of HCI, at the end of the reaction all the amine groups were neutralized with base
(1M sodium hydroxide) befe running SEC. Particle size, size polydispersity (PDI), and zeta
potential were determined for the stable latexes using the Zetasizer Nano ZS. Before
measurements of the latex particle diameters, the latex samples were diluted in deionized
water. Measurenents were taken in a disposable capillary cuvette. Particle size and

polydispersity were taken from intensity average values.

3.3. Results and discussion

DEAEMA has a tertiary amine group that makes this monomer pH sensitive. This monomer is

water-soluble (hydrophilic) in its protonated form and essentially wateoluble (hydrophobic)
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in its neutral form. Before performing emulsion polymerizations with MJNhe kinetics of the
nitroxide-mediated aqueous solution polymerization of DEAEMA was studied in different
systems to compare the blocking efficiency of poly(DEAEMA) macroinitiators.

In all experiments A0 mol% styrene was used in the monomer mixtioereduce the
irreversible deactivation of propagating radicals and increase the livingness of the polymer
chains®® The most convenient approach to making the poly(DEAEMA) block would be to
polymerize DEAEMA in water. MMA could then be added to yieltegpot process. Therefore
in the first set of experiments we conducted polymerizations in water by protonating DEAEMA
with bubbling of C@into the water solution at atmospheric pressure. In most of these
experiments, the reaction was neither controlladr living. The main problem was the very low
solubility of C@in water at high temperatures, and as a result a biphasic system existed since
the monomer was not sufficiently protonated to make it water soluble. Lowering the
temperature to 60'C increasedhe CQ solubility but gave a very slow reaction with poor
control. Based on these observations, it was decided to prepare the poly(DEAEMA) based
macroinitiator in bulk under a nitrogen atmosphere thereby allowing the reaction to be

performed at higher tenperatures with the neutral form of DEAEMA.

3.3.1 Nitroxide-mediated copolymerization of DEAEMA and styrene in bulk.

Bicomponent systemVAOQ61 as initiator and SG1 as nitroxide. DEAEMA an@6l/Aare pH
responsive and G&witchable monomer anéhitiator, respectively’ Using VAO61 as initiator

in the NMP of DEAEMA causes both the head and the body of the polymer chains to become

pH-sensitive Figure 3.}
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Figure 3L A schematiecepresentation of the bulk copolymerization of DEAEMA and styrene initiated by
VA061 as initiator and SG1 as nitroxide.

VAQ061 is not soluble in DEAEMA at room temperature, but at elevated temperatures it
becomes soluble after decomposition and #&oth to DEAEMA. For the NMP of DEAEMA using
VA061 as the initiator and SG1 as the nitroxide, three different temperatures were
investigated: 90, 100, and 11C. While at 90C complete solubilisation of V@1 in DEAEMA
took about one hour, at 110C ittook less than 10 minutes. However the polymerization rate
was very fast with poor control and high molar mass dispersity. At'CQ@he initiator was
dissolved in the monomer phase in about 20 minutes and better control was obtained. Thus,
the temperatre was set to 100'C for the rest of the experiments. According to our
observations, at [SG@]VA-061}, ratios higher than ~1.2, control of the reaction was improved.
Also, the polymerization should not be continued beyond approximately 35% convensten s
viscosity increases and irreversible termination reactions begin to noticeably affect the
dispersity and chain livingness. Reactions exhibited all the features etavetblled and living
polymerizations (Figure3.2 and 3.3): a linear increase d#l,, with monomer conversion; linear
increase of In[1/(1x)] versus time; relatively narrow molecular weight distribution; and

complete shifts in the molecular weight distributions (MWD) to higher molar masses (Number
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average molecular weight$/g) were calclated based on polystyrene standards). An induction
period is observed in Figu®2a, showing the time required for the reaction to consume free
excess SG1 present at the start of the reaction. The intercept oMhegersus conversion is
higher than zergrobably because of the time required for the establishment of the activation
deactivation cycles of the alkoxyamine. Some experiments were also performed using
DMAEMA as the plensitive monomer and the results showed similar behaviour in terms of

control and livingness of the reactions.
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Figure 2 Bulk copolymerization of DEAEMA and S (initial molar fraction of stjggrte1) at 100C in
the presence of VA61 and SG1 ([SGAIVA-061}=1.5). (a) In[1/(2X)] vs time plot (X=conversion) (b)
numberaverage molar mas$/,,, and polydispersity inde®,/M,, vs conversion.
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To test the C@switchability of the final polymer, after precipitating the polymer in cold

hexane, it wadissolved in a small amount of methanol and then water was added to the
solution. The poly(DEAEM®-S) precipitated in water but after G@ubbling through the

solution for a few minutes, the polymer completely dissolved in water and the solution became

transparent (Figure .3).
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Figure 33 Size exclusion chromatograms at various monomer conversions for the copolymer of
the DEAEMA and S in bulk at P@withfs;=0.1 and [SG[VA-061)=1.5.

Figure 34 CQ-switchability test of the poly(DEAEMA-S): (a) in methanol (b) after adding water (c)
after bubbling C&for 10 minutes at room temperature.

Monocomponent system: NH®BlocBuilder
One of the disadvantages of bicomponent initiating systems (nitroxide and initiator) is difficulty
in controlling and predicting initiator efficiency. Alkoxyamines are monocomponent initiating

systems which produce initiator and nitroxide in an equimolatior after decomposition at
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elevated temperatures. To compare the differences between these systems, two different
alkoxyamines, BlocBuilder amehydroxysuccinimidyl BlocBuilder (NB®cBuilder), were used

in the NMP of DEAEMA. BlocBuilder was usededitst choice of alkoxyamine because it is
available commercially. Most of the reactions using BlocBuilder resulted in high polydispersity
and poor livingness of the synthesized poly(DEAEBIB) macroinitiator. BlocBuilder was not
completely soluble inthe monomer phase. Changing the ratio of SG1 to BlocBuilder and
temperature did not improve the situation. The reason for the poor performance may be the
presence of the carboxylic group on the BlocBuilder. It has been reported thaBMEBuilder

is ableto polymerize DMAEMA (a similar monomer to DEAEMA with more hydrophilicity) with
the small amount of styrene in the monomer feed without the need to add any free'SG1.
Therefore; we employed this alkoxyamine instead of BlocBuilder for the NMP of DEAEMA

(Figure 3.5.

N

DEAEMA S NHS-BlocBuilder poly(DEAEMA-co-S) macroinitiator

Figure 3 A schematic representation of the Bulk copolymerization of DEAEMA and S initiated-by NHS
BlocBuilder

The NHSBlocBuilder is more soluble in DEAEMA at room temperature than BlocBuilder. In

most experiments, reactions showed all the features of a controlled and living polymerization
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up to 50% conversion (Figur@6) as indicated by the low polydispersity index at these
conversions. No trace of residual macroinitiator is observed on the SEC chromatograms (Figure
3.7), indicating a very high initiation efficiency. The clean shift of the SEC chromatograms with
conversim shows the simultaneous growth of all polymer chains and indicates a good control

and livingness of the polymerization.
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Figure 36 Kinetic plots of the bulk copolymerization of DEAEMA and S (initial molar fraction of styrene:
f;=0.1) at 80'C in the presence of NHEBocBuilder and SG1 ([S@IHSBlocBuilder=0.1). (a)
numberaverage molar mas$/,, and polydispersity index, PD§ conversion. (b) In[1/¢X)] vs time K=
conversion).

The initiator efficiency appeared to be very high since there is no remaining peak in the low
molecular weight parts of the SEC chromatograms. The final polydispersity was less than 1.4 for
a meacroinitiator with M, 23000 g/mol and 53 % conversion in bulk. Finally, to ensure most of

the poly(DEAEMA&O-S}SG1 chains were capped with an SG1 moiety, chain extension tests
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