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!ōǎǘǊŀŎǘ 
 

The main objective of this research project was synthesizing CO2-responsive latexes by 

nitroxide-mediated polymerization (NMP). Therefore, 2-(diethylamino)ethyl methacrylate 

(DEAEMA)  as a CO2-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 DEAEMA was performed in bulk with excellent control and livingness. The 

synthesized poly(DEAEMA) was then used in the protonated form as a macroalkoxyamine and 

stabilizer for the preparation of pH-responsive and CO2-switchable latexes with surfactant-free 

emulsion polymerization. The resultant latex particles were stable with small particle size and 

narrow size distribution. To simplify the process, PMMA latexes were prepared by one-pot two-

step nitroxide-mediated surfactant-free emulsion polymerization. First, DEAEMA was 

polymerized for the first time in water and then at high 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 

polymerization-induced self-assembly (PISA) mechanism. However, the synthesized 

nanoparticles with poly(DEAEMA) shell and PMMA core were not redispersible after 

coagulation. It was figured out that the main reason for the irreversible coagulation of latex 

particles was the low glass transition temperature (Tg) of poly(DEAEMA) which causes the 

diffusion of the particles shell into each other. Also, it was demonstrated that DEAEMA is 

hydrolyzed very fast in the basic conditions and high temperatures suitable for NMP.  

     To address these issues, dimethaminopropyl methacrylamide (DMAPMA) was used as 

another CO2-responsive monomer with higher Tg and also hydraulic stability in the synthesis of 

MMA and styrene latexes. In this case, the synthesized nanoparticles were redispersible by the 

stimulation of CO2.  
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Figure S3.   1H NMR of DEAEMA in D2hΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΦΦмст 
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AN Acrylonitrile 
ATRP Atom transfer radical polymerization 
BB   BlocBuilder 
CLRP Controlled/living radical polymerization 
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PRE Persistent radical effect 
RAFT Reversible Addition-Fragmentation chain-Transfer 
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ROP Ring-opening polymerization 
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SEM Scanning electron microscopy 
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SFEP Surfactant-free emulsion polymerization 
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TEM Transmission electron microscopy 
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Kp   Rate constant of propagation ώ[ϊƳƻƭ
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ϊs

-1
] 

 

Kact Rate constant for activation [s
-1
 or L.mol

-1
.s

-1
] 

Kdeact Rate constant for activation [L.mol
-
1.s

-1
] 

Kt Rate of termination [L.mol
-1
.s

-1
] 

K Equilibrium constant of kact/kdeact 
jcrit Critical chain length 
pKa Acid dissociation constant 
pKah pKa of the conjugated acid 
T10H 10 h half-life 
FMMA Weight fraction of MMA 
Tg Glass transition temperature 
fS0 Mole fraction of styrene in the monomer feed 
Mn Number-average molecular weight [g. mol

-1
] 

Mw Wight-average molecular weight [g. mol
-1
] 

Ð Dispersity 
M Molarity 
X Conversion 
Zave Z-diameter (nm) 
r Molar ratio of nitroxide to initiator 
 ɻ Chemical shift 

Np Number of particles 
Dz   Diameter of the particle [nm] (intensity value from DLS) 

 

Ԏ Particles size distribution (value from DLS) 
 y Zeta potential [mV] 
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Chapter 1 
 

Introduction 

Controlled/living radical polymerization (CLRP) is an effective and versatile method for 

producing polymers with target molecular weight, functionality, and relatively narrow 

dispersity. Nitroxide-mediate polymerization (NMP) is one of the main types of CLRP, which 

employs a nitroxide as a mediating species to establish a reversible deactivation between 

growing polymer chains. Conducting NMP in aqueous media, the relatively high temperatures 

required for the decomposition of the alkoxyamines, and difficulty in polymerizing methacrylate 

monomers are the main challenges of NMP. On the other hand simplicity of the reaction is the 

main advantage of this technique. Also, NMP does not have issues in terms of residual catalyst 

as in atom transfer radical polymerization (ATRP) or the smell and colour concerns with 

reversible addition-fragmentation chain-transfer (RAFT) polymerization. However, there are 

very few reports related to the NMP of tertiary amine methacrylate-based monomers. 

Specifically applying NMP for producing CO2-responsive 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 preferred solvent from an industrial point of view, and performing CLRP techniques in water is 
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very popular from a scientific point of view. Specifically in this work we focus on the synthesis 

of pH-responsive tertiary amine-based monomers such as 2-(diethylamino)ethyl methacrylate 

(DEAEMA) and also PEG-based monomers such as poly(ethylene glycol)methyl ether 

methacrylate (PEGMA) for producing macroinitiator by NMP that can be used as stabilizer for 

the preparation of latexes. To show the application of the synthesized macroinitiators, 

poly(DEAEMA) and poly(PEGMA), they are used as stabilizers in the synthesis of PMMA latexes 

and modification of chitosan (CTS), respectively.  Since DEAEMA is CO2-responsive, the use of 

this monomer in the production of CO2-responsive latexes is also investigated.  The main 

advantage of using CO2 as a trigger in the synthesis of CO2-responsive polymers is that CO2 has 

low toxicity, is biocompatible, abundant, inexpensive, and is non-accumulating in the system. 

We will also investigate the use of dimethylaminopropyl methacrylamide (DMAPMA) as an 

alternative for DEAEMA in the preparation of CO2-responsive latexes.  

     Chapter 2 of this thesis is a literature review on NMP and CO2-switchable materials. In 

chapter 3 bulk polymerization of DEAEMA for the synthesis of PDEAEMA is investigated and 

then the usage of the synthesized macroinitiator for the preparation of PMMA latexes is 

explained. Chapter 4 explains the synthesis of PDEAEMA in water and the effect of different 

parameters on the kinetics of the polymerization. Chapter 5 contains the description of the 

one-pot synthesis of PMMA latexes using PDEAEMA stabilizer. Chapter 6 is related to the NMP 

of PEGMA in water and use of the synthesized poly(PEGMA) for the modification of chitosan.  

Using DMAPMA for producing CO2-responsive latexes is demonstrated in chapter 7. Conclusions 

and recommendations for future work are presented in chapter 8.    
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1.2 Research objectives 

The primary objectives of my doctoral research are: 

¶ Study NMP of DEAEMA as a pH-responsive and CO2-switchable monomer in different 

polymerization systems. 

¶  Study NMP of PEGMA in aqueous solution. 

¶ Perform nitroxide-mediated surfactant-free emulsion polymerization of MMA using 

poly(DEAEMA) macroalkoxyamine. 

¶ Modify chitosan using poly(PEGMA) by grafting to and grafting from approaches. 

¶ Prepare CO2-responsive latexes under CO2 atmosphere using DMAPMA as a CO2-

switchable comonomer.   

1.3 Summary of original contributions 

¶ The first NMPs of DEAEMA and PEGMA were performed in water with a high degree of 

control and livingness. 

¶ The one-pot two-step production of PMMA latexes was conducted using NMP of 

DEAEMA followed by in-situ chain extension by MMA.  

¶ Modification of chitosan was carried out by grafting to and from approaches using 

poly(PEGMA) synthesized previously by NMP in water. 

¶ CO2-switchable PS and PMMA latexes were prepared using DMAPMA as a CO2-

switchable comonomer. 

 



4 

 

Chapter 2 

 

Literature review 

The main focus of my Ph.D. was the synthesis of different polymers and latexes using DEAEMA 

and DMAPMA as CO2-switchable comonomers. Therefore, the literature review has been 

divided in two main parts. The first part is related to NMP, while second part is related to CO2-

switchable materials, which in recent years has 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. Therefore, a living polymerization system is not 

achievable and block copolymers cannot be synthesized by FRP.1 Anionic polymerization, 

developed by Szwarc2, had a major impact on the development of living polymers. To keep 

polymer chains living in this system, chain transfer and termination reactions are eliminated. 

This is achievable by completely eliminating any moisture or oxygen, which requires applying 

high vacuum and very low temperatures (~ -80 Cꜛ).3 Furthermore, there is a limited range of 

monomers polymerizable by anionic polymerization. Reversible deactivation radical 

polymerization (the new terminology of άreversible deactivation radical polymerizationέ (RDRP) 

has been proposed by IUPAC for controlled/living radical polymerization4) can be used for 

polymerizing many different monomers at mild conditions with a high level of control over their 

structure. In CLRP, the initiation occurs very fast and all chains grow at the same time. Since 
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irreversible termination reactions occur at a relatively low level, the livingness of the most of 

the chains is preserved and the addition of a second block, in order to prepare diblock 

copolymers, is possible. The fraction of dead chains in CLRP is usually less than 10%.1 Atom 

transfer radical polymerization (ATRP), nitroxide-mediated polymerization (NMP), and 

reversible addition-fragmentation chain transfer polymerization (RAFT) are the main types of 

CLRP. The first two mechanisms are based on reversible termination and the third one is based 

on reversible chain transfer.5  CLRP has the advantages of both free radical polymerization and 

living polymerization6: (i) flexible polymerization conditions, and (ii) a broader range of 

polymerizable monomers by CLRP. 

     NMP was used in this research in order to synthesis homopolymers and diblock copolymers 

in bulk, solution, and emulsion.  In the 1980s, Solomon and coworkers7 at CSRIO 

(Commonwealth Scientific and Industrial Research Organization) discovered that carbon-

centered radicals in free radical polymerization can be trapped by nitroxides to produce 

controlled and living low molecular weight polymers. In 1993, Georges et al.8 used 2,2,6,6- 

tetramethylpiperidinyl-N-oxyl (TEMPO) as a nitroxide in the RDRP of styrene. This work later 

became the foundation of nitroxide-mediated polymerization.  

2.2.1   Kinetics of NMP 

 

In NMP, a thermally unstable alkoxyamine is decomposed homolytically and produces nitroxide 

and initiator radicals (Figure 2.1).9 NMP can be employed for the synthesis of polymers with 

relatively narrow molecular weight distributions and different polymeric structures can be 

made by this technique (Figure 2.2). 
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Figure 2.1   General scheme of NMP. 

 

     Nitroxides are stable radicals that usually do not self-terminate but are able to react with 

propagating radicals and deactivate them. Activation reaction occurs 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.3 Therefore, all the chains have an almost equal chance for growing, and finally a 

polymer with a narrow 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 not undergo mutual irreversible termination reactions, but propagating 

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 molecules deactivate the 

propagating radicals (deactivation) and convert them to a dormant state. After a while the 

dormant chains will be activated and continue growing (activation). Finally, a balance 

(equilibrium) of activation-deactivation is established. This phenomenon is called persistent 

radical effect (PRE), which was first explained by Fischer.10   
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Figure 2.2   (a) PDI in FRP (bold line) and NMP (thin line). (b) live polymer chain ends. (c) Examples of 
polymers afforded by NMP.9 

 

     There are two types of initiation systems: 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 

polymerization.6 An example of this system is VA-044 (initiator) and SG1 (nitroxide), which has 

been used in some of the experiments of this research for the preparation of CO2-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 BlocBuilder.11 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 polymerization. 

McHale et al.12 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 100 ꜛC are required because of the slow polymerization rate. TEMPO- 

mediated polymerization is performed at high temperatures (~ 120-135 ꜛ C) but in the case of 

SG1, polymerization can be carried out at much lower temperatures (~ 90-120 ꜛ C).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 (2,2-diphenyl-3-phenylimino-2,3-dihydroindol-1-yloxyl).13 

This nitroxide is not available commercially. NMP of MMA with BlocBuilderTM is possible with 

the addition of a small amount of styrene in the monomer mixture (<10 mol %) in order to 

suppress the fast rate of the polymerization reaction by decreasing the average activation-

deactivation equilibrium constant (K) and obtaining a controlled/living polymerization system.14  

     The common nitroxides for NMP are TEMPO (2,2,6,6-tetramethyl-piperidine-N-oxyl), TIPNO 

(2,2,5-trimethyl-4-phenyl-3-azahexane-3-nitroxide), and SG1(N-tert-butyl-N-(1-diethyl 

phosphono-2,2-dimethylpropyl) nitroxide). The most common alkoxyamine is BlocBuilderTM
 (N-

(2-methylpropyl)-N-(1-diethylphosphono-2,2-dimethylpropyl)-O-(2-carboxylprop-2-yl)hydroxyl- 

amine). Recently new alkoxyamines such as N-hydroxysuccinimidyl-BlocBuilderTM (NHS-

BlocBuilderTM)15 and 2Σн Σр-trimethyl-3-(1-phenylethoxy)-4-tert-butyl-3-azahexane, (styryl-

TITNO)16 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 paper ŦǊƻƳ /ƘŀǊƭŜǳȄΩǎ ƎǊƻǳǇ.6 

2.2.3   NMP in the dispersed media 

 

Transition of NMP from homogeneous systems to dispersed media is challenging due to 

partitioning effects, coagulation, exit of radicals from particles, and different loci of 

polymerization.3 As the main part of the propagation reactions happen in the monomer-
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swollen particles, solubility of the nitroxide in the monomer phase is crucial for having effective 

activation-deactivation cycles.6  

Emulsion 

 

In a typical emulsion polymerization system, the reaction medium is liquid (usually water). A 

hydrophobic or slightly water-soluble 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 particles).17 Another component in the emulsion 

polymerization is a water-soluble initiator which is decomposed thermally and produces the 

initiating radicals in water. These radicals attack a small fraction of the monomer dissolved in 

the aqueous phase and start the 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 (2-10 nm in size depending on the surfactant concentration) 

contains 50-150 surfactant molecules.17    

     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 hydrophobic enough 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.17 Micelles become polymer particles after entering radicals, and this 

process is called heterogeneous nucleation (micellar nucleation). If the oligoradicals grow more 

than the critical length (jcrit) before entering into the micelles, they precipitate in the water 

phase and are stabilized by the surfactant to form polymer particles (primary particles).1 This 
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process is called homogeneous nucleation. Primary radicals can coagulate and form aggregate 

particles, which are colloidally stable. These aggregates can grow by absorbing monomer and 

are converted to the latex particles. This process is called coagulative nucleation.18 

     The early attempts at performing TEMPO-mediated emulsion polymerization were not 

successful because of the latex instability as a result of droplet nucleation19,20 but some TEMPO 

derivatives such as amino-TEMPO and acetoxy-TEMPO resulted in satisfying results, which were 

attributed to the hydrophilic nature of those nitroxides.20 To suppress droplet nucleation, which 

was found to be the main reason of the coagulation in the TEMPO-emulsion polymerization, 

Cunningham and co-workers20 used a combination of 4-stearoyl-TEMPO as an inhibitor of the 

droplet nucleation and TEMPO as the mediating nitroxide in ab initio emulsion polymerization 

of styrene at 135 ꜛC with SDBS as surfactant. To eliminate the coagulation, the ratio of TEMPO 

to 4-stearoyl-TEMPO was adjusted to 1.33.  

     The invention of SG1 and BlocBuilderTM improved the situation to a large extent. 

BlocBuilderTM can thermally decompose to produce initiator and nitroxide (Figure 2.3). 

BlocBuilderTM is water soluble in its ionized form, which is a great advantage for emulsion 

polymerization.21 

 

Figure 2.3   Decomposition of BlocBuilder to initiator and nitroxide SG1. Reprinted from reference [21]. 
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     In order to eliminate droplet nucleation in the early stages of the polymerization, Charleux and 

co-workers22 used a two-step SG1-mediated emulsion polymerization of n-butyl acrylate and 

styrene (Figure 2.4). 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 the same group.22 In this process, monomer was added continuously 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 showed all characteristics of a controlled/living system (Figure 

2.5). 

  

 

Figure 2.4   Two-step emulsion polymerization process. Reprinted from reference [22]. 
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Figure 2.5   Semibatch SG1-mediated emulsion polymerization. Reprinted from reference [22]. 

 
     Cunningham et al.23 reported SG1-mediated surfactant-free emulsion polymerization of 

styrene. The stability of the latex was provided by the sulfate end group of potassium 

persulfate (KPS) which is a water-soluble initiator. One of the important parameters in the 

success of the polymerization was pH, which was adjusted by the amount of the K2CO3 added to 

the system. 

Miniemulsion 

 

The main difference between emulsion and miniemulsion is in the particle nucleation 

mechanism (Figure 2.6). In miniemulsion, a high shear device such as ultrasonicator is used to 

produce a dispersion of monomer droplets with submicronic size (50-1000 nm). A highly 

hydrophobic compound such as hexadecane or a high molar mass polymer is used as a 



13 

 

costabilizer to suppress Ostwald ripening.24 An alkoxyamine-terminated macroinitiator can be 

used as costabilizer as well.6 Contrary to emulsion polymerization, the concentration of 

surfactant in miniemulsion polymerization is kept below CMC to prevent micellar nucleation. 

The polymerization occurs in the droplets and the size of the droplets does not change during 

the reaction (final latex particles are a copy 1:1 of the starting droplets).25  

 

 

Figure 2.6   Initial state of polymerization in emulsion (a) and miniemulsion (b). Reprinted from 
reference [25]. 

 
     The first TEMPO-mediated living radical miniemulsion polymerization of styrene with 

benzoyl peroxide (BPO) as the initiator was reported by El-Aasser group.26 During the last 

decade many research studies have been conducted in the field of nitroxide-mediated 

miniemulsion polymerization with TEMPO and SG1. Cunningham3 reviewed NMP in 

miniemulsion based on the nitroxide type. Conversions are limited to 60-70% in most TEMPO-

mediated miniemulsion polymerization because of alkoxyamine disproportionation reactions. 

Cunningham and coworkers27 performed a semibatch addition of nitroxide-scavenging additives 

such as ascorbic acid in TEMPO mediated styrene miniemulsion. Conversions of more than 98% 



14 

 

were obtained in short times (~ 2-3 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 lower temperature and a wider range of monomers can be 

polymerized by SG1.25  

 
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 

block and the extension of the second block. This method is called the sequential addition of 

monomers.17 The first block can 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 (in situ). Difunctional alkoxyamines have been also employed for the 

synthesis of di- and triblock copolymers.6 SG1, TIPNO, and TEMPO have been used in designing 

many different block copolymers by NMP.6 Homopolymers, copolymers, diblock copolymers, 

graft copolymers, and cross-linked polymer particles have been prepared by NMP in emulsion.28 

2.2.5   Polymerization-induced self-assembly (PISA)  

If amphiphilic block copolymers are dissolved in a selective solvent (a good solvent for one 

block and a non-solvent for the other block), the copolymer chains associate reversibly to form 

micellar aggregates. Insoluble block forms the core while the soluble block forms the corona of 

the micelle.29 These block copolymer micelles have lower CMC compared to the low-MW 

surfactants which is a great advantage in many applications such as drug delivery.29  
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     Amphiphilic block copolymers can be synthesized by CLRP methods such as NMP. A 

relatively new method is based on the in situ chain extension of a hydrophilic block (prepared 

by CLRP in water) with a hydrophobic block and the self-assembly of the resultant diblock 

copolymer.30 In fact, the hydrophilic block plays the role of the initiator for the extension of the 

hydrophobic block (Figure 2.7). This process is called polymerization-induced self-assembly 

(PISA).30 Compared to anionic polymerization; 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 friendly. Amphiphilic block copolymers can be used as stabilizers (surfactants) 

in emulsion polymerization.30 Also, other unique properties of block copolymers are their 

ability to be used as the emulsifier for a system of two immiscible liquids.31 In such a condition, 

each of the liquids are non-solvents for one of the blocks of the block copolymer but a selective 

solvent for the second block. 

 

Figure 2.7   Polymerization-induced self-assembly (PISA). Reprinted from reference [30]. 
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2.3   Switchable materials 
 

Switchable materials are materials whose properties can change with the application of a 

trigger. There are many potential applications for these switchables in different processes in 

order to decrease waste, increase energy efficiency, reduce material consumption and as a 

result cost reduction, and finally to make processes greener. One important type of switchable 

materials is CO2-switchable materials. CO2 is an ideal trigger for switchable or stimuli-responsive 

materials because it is benign, inexpensive, green, abundant, and does not accumulate in the 

system. Many different CO2-responsive materials including polymers, latexes, solvents, solutes, 

gels, surfactants, and catalysts have been prepared so far. In my research, I have employed 

DEAEMA and DMAPMA as CO2-switchable comonomers and stabilizers, which acted like 

surfactants. I have also used VA-061 as a CO2-switchable initiator for producing CO2-switchable 

latexes. Therefore, in the following sections, CO2-switchable surfactants, CO2-switchable 

monomers, CO2-switchable initiators, and CO2-switchable latexes are discussed in more detail. 

2.3.1   CO2-switchable surfactants 
 
In many applications, materials such as polymer latexes are required to react to a specific 

stimulus or trigger such as CO2.
32 Stimuli-responsive materials exhibit reversible changes in their 

physical or chemical properties in response to external triggers such as temperature, pH, light, 

or voltage.33 However, there are major limitations in applying these triggers including 

economical and environmental costs and product contamination.33 Instead, CO2 as a benign, 

inexpensive, abundant, and non-toxic trigger for stimuli-responsive materials has received great 

attention during the last decade.34  
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     In 2006, CO2-switchable surfactants based on the long-chain alkylamidines were introduced, 

which could be easily switched on and off in aqueous media in the presence of CO2 (Figure 

2.8).35 In this case, bicarbonate salts rather than carbamate salts were formed upon CO2-

addition. Components 1a and 1b are protonated (switched on) by bubbling CO2 in their 

aqueous solutions and converted to components 2a and 2b. In the protonated form they can 

stabilize latex particles due to the existence of electrostatic repulsive forces. When they are 

deprotonated (switched off) by removal of CO2 from the system, the latex is destabilized and 

coagulated.  

 

Figure 2.8   CO2-switchability of amidine-based switchable surfactants. Reprinted from reference [35]. 

 

     There are a few reviews related to CO2-switchable materials including CO2-switchable 

solvents and surfactants,33 CO2-responsive polymers,34 and CO2-responsive block copolymers.36  

Surfactants are essential components of emulsion, miniemulsion, microemulsion, and 

suspension polymerization.37 The main role of surfactants in all these polymerization systems is 

stabilizing latex particles.17  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 system.38 Residual surfactants can alter the properties of the final product35; for 
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example, in film forming applications, migration of the residual surfactant has a negative effect 

on the properties of the final product.39,40,41 Latex destabilization (for obtaining latex powder) is 

conventionally performed by addition of acid, base, and salt depending on the type of 

surfactant employed in emulsion polymerization.32 Therefore, post-washing steps are required 

for removing these chemicals and a large volume of waste water is produced, which leads to 

the increase in the cost and environmental impact of the process.42  

     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 mass of the latex is water, moving 

latex from one location to another means paying extra money for the transportation of water.43 

Switchable surfactants can address all the above-mentioned concerns. These surfactants can be 

switched on (active state) or switched off (inactive state) as needed.33 This 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 and off process. Brown et al.44 have recently reviewed 

stimuli-responsive surfactants. In most cases addition of acid, base, oxidant, or reductant is 

required, which has environmental impact due to producing wastewater in the following 

washing steps. In the case of light sensitive surfactants, the reaction media should be 

transparent,38 which is unlikely in many polymers or latex suspensions. Also, switchable peptide 

surfactants (pepfactants), which are based on series of amino acids, are expensive.45,46      

     To overcome these problems, CO2-switchable surfactants, as a new class of stimuli-

responsive surfactants, were introduced.35 In aqueous media, pH can change by addition of 

CO2. The degree of change in pH depends on the concentration of dissolved CO2 in the 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 CO2 decreases, while as the pressure increases the 

solubility of CO2 increases.47  

     Long-chain alkyl amidines can be protonated by bubbling CO2 into their aqueous solution.35  

In this state, they can behave like surfactants because they have a charged hydrophilic head 

and a long hydrophobic tail. Therefore, they can be employed as stabilizers in emulsion 

polymerization.35 The removal of CO2 ǘƻ άǎǿƛǘŎƘ ƻŦŦέ ǘƘŜ ǎǳǊŦŀŎǘŀƴǘ Ŏŀƴ ōŜ ǎƛƳǇƭȅ ǇŜǊŦƻǊƳŜŘ ōȅ 

purging with a nonacidic gas such as nitrogen, argon, or air. Because deprotonation is an 

endothermic process, heat is generally required to facilitate the deprotonation reaction.  

   The performance of long-alkyl chain molecules as CO2-switchability surfactants depends 

largely on the nature of their head group. The structure of the head group can change 

solubility, basicity, heat of protonation, and CO2-switchability of the surfactant.48  

     CO2-switchable surfactants have been used in emulsion polymerization for the stabilization of 

the original emulsion and the product latex particles.35,38,49  However, in some cases, the 

surfactant is not available commercially and should be synthesized. For example, N,N-

didodecylacetamidinium bicarbonate, as a double-tailed cationic surfactant, was synthesized by 

the reaction of dimethylacetamide dimethylacetal and dodecylamine and then reacting with 

dry ice.50 (N-amidino)dodecyl acrylamide (DAm) was employed as a CO2-switchable surfactant 

for the preparation of coagulatable/redispersible polystyrene latexes.32 Redispersion of the 

latex was achieved by purging with CO2, while coagulation was performed by purging with N2 

and heating to remove CO2 and neutralize latex particles. However, it must be noted that the 

amidine group was partially hydrolyzed under basic conditions. 
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     Poly(DMAEMA-b-MMA), prepared via two-step solution RAFT polymerization, was used in 

the protonated form (initial protonation was performed by addition of HCl) as a CO2-switchable 

surfactant in emulsion polymerization of MMA.43,51 The latex stability depended on the diblock 

copolymer composition, and the latex particles size decreased with increasing weight fraction 

of MMA (FMMA). After neutralizing the latex with caustic soda, the coagulated latex was 

redispersible if FMMA<46%. CO2-switchable PS and PMMA latexes by using CO2-switchable 

surfactants have been prepared.52-54 Coagulation and redispersion of latex particles was 

achieved by removal and addition of CO2. It has been shown that when both initiator and 

surfactant are CO2-switchable, redispersion is most effective and almost full recovery of the 

zeta potential and size distribution of latex particles are obtained.52 Similarly, PMMA latexes 

were prepared using long chain alkyl amidine CO2-switchable surfactants, and the effects of 

several parameters including the type and amount of surfactant and initiator, and solid 

contents on the particle size and zeta potential were investigated.53 The resulting latex particles 

were 50 to 350 nm in size and could be easily filtered to obtain dry polymer powder.      

2.3.2   CO2-switchable monomers 

DEAEMA,36,42,55-68  DMAEMA,55,69-75 3-N',N'- dimethylaminopropyl acrylamide (DMAPA),76 N-(3-

Dimethylaminopropyl)methacrylamide (DMAPMA),77 and methacrylic acid (MA)72 have been 

used so far for the synthesis of CO2-responsive (co)polymers. DEAEMA and DMAEMA are the 

two most studied CO2-switchable monomers, and have been used extensively in the synthesis 

of pH-responsive polymers.78 DEAEMA is hydrophobic 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 CO2. The pKa of DEAEMA and the 

corresponding homopolymer is 8.8 and 7.5, respectively.79 DEAEMA is a CO2-switchable 

monomer and incorporating DEAEMA in the structure of (co)polymer can induce CO2-

switchability to the whole structure of the polymer.55 DMAEMA is another CO2-switchable 

monomer with the pKa of 8.3 and 7.4 for the monomer and polymer, respectively.79 While 

DEAEMA and PDEAEMA are hydrophobic, DMAEMA and PDMAEMA are hydrophilic. These two 

monomers are prone to hydrolysis,80 however, based on our observations, DEAEMA is more 

resistant to hydrolysis than DMAEMA. A good substitution for these monomers could be 

dimethylaminopropyl methacryalamide (DMAPMA), which is a hydrophilic, CO2-switchable, and 

hydrolytically stable monomer.  

2.3.3   CO2-switchable initiators 

 

2,2'-Azobis[2-(2-imidazolin-2-yl)propane]dihydrochloride (VA-044)38,52-54 and 2,2'-azobis[2-(2-

imidazolin-2-yl)propane] (VA-061)32,38,42,52-54,81-83 are two important CO2-switchable initiators. 

To be more precise, VA-044 is CO2-switchable only after neutralization with a base to remove 

the chloride counter ion. The 10 h half-life decomposition temperature of VA-061 is 61 ꜛC and 

decreases when protonated (~ 45 ꜛC) which makes it suitable for initiating polymerizations 

under a CO2 atmosphere.81 The positively charged imidazole groups resulting from 

decomposition of VA-044 or protonated VA-061 are very effective in stabilizing latex particles. 

The CunninghamΩǎ group performed surfactant-free emulsion polymerizations of styrene using 

VA-061 initiator under a CO2 atmosphere,81 finding that the obtained latex particles could be 

coagulated by CO2 removal and redispersed upon the introduction of CO2 (Figure 2.9). The solid 
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content was relatively low (~ 7%), but could be increased if a small amount of DEAEMA as a 

CO2-switchable comonomer is included.42  

 

Figure 2.9   Preparation of switchable polystyrene latex using VA-061 initiator. Reprinted from reference 
[81.] 

 

2.3.4 CO2-switchable latexes 

 

Conventional methods for breaking suspensions include the addition of a salt, an acid for a latex 

stabilized by anionic surfactants, or a base for a latex stabilized by cationic surfactants.84,85 

Addition of chemicals such as acids or bases causes salt accumulation in the system. To address 

this problem, a CO2-switchable latex was reported.35 Long-chain alkyl amidine compounds were 

used as CO2-switchable surfactants in the emulsion polymerization of styrene. After the 

polymerization, removal of CO2 by bubbling of Ar at 65 ꜛC, triggered the coagulation of the PS 

latex. Also, CO2-switchable PS and PMMA latexes employing amidine-based switchable 

surfactants have been prepared.81 In each case the latexes could be coagulated by removal of 

the CO2. It was found that initiator and surfactant selection is crucial in preparing CO2-

switchable latexes. For example, VA-044 causes the permanent stability of latexes even in the 
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absence of CO2.
81 Shortly after, the first time coagulatable and redispersible CO2-switchable PS 

latexes was reported.52 When both initiator and surfactant are CO2-switchable, redispersion of 

latexes can be performed more effective. The aggregation and redispersion of latexes were 

possible for several cycles without accumulation of any background salt.52 Aryl amidines and 

tertiary amines are less basic than alkyl amidines; as a result they are switched off much more 

rapidly.38 Long chain tertiary amine switchable surfactants are commercially available and have 

lower cost compared 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 CO2 and had lower zeta potentials than those prepared with alkyl amine based 

surfactants.38  CO2-switchable PS latexes were made under CO2 atmosphere in surfactant-free 

emulsion polymerization using VA-061 as both initiator and stabilizer.81 According to the 

calculations of the decomposition rate parameters, the 10 h half-life (T10h half-life) of VA-061 

under a CO2 atmosphere was estimated to be similar to the 10 h half-life of VA-044 under an Ar 

atmosphere.81
 Because imidazole groups created from the decomposition of VA-061 are 

bonded covalently to the surface of the latex particles, unlike switchable surfactant, they 

cannot be detached from latex particles during destabilization. Thus, upon bubbling CO2 they 

can be protonated again and stabilize latex particles. To increase solid content, polymerization 

was repeated at 65 ꜛC and 0.54 mol% DEAEMA was used as a CO2-switchable comonomer to 

prepare a CO2-switchable PS latex.42 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 aqueous phase. After destabilization and drying, 

the latex could be re-dispersed by CO2 bubbling and sonication (Figure 2.10).   
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Figure 2.10   TEM and SEM of the original latex (left), after destabilization in the presence of 
poly(DEAEMA) (middle) and redispersed after 10 min of sonication under CO2 atmosphere (right). 
Reprinted from reference [42]. 

 
     An amidine-containing styrene derivative was synthesized and then employed as a CO2-

switchable  comonomer in the surfactant-free emulsion polymerization of styrene.86 Since 2,2'-

azobis(2-methylpropionamidine)dihydrochloride (V-50) 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 after CO2 bubbling 

followed by sonication.86 The coagulated, filtered and dried latex powder was also redispersible 

using CO2 and ultrasound. In another study, CO2-switchable PS latexes were prepared by using 

VA-061 as a CO2-switchable initiator.32 In this process, (N-amidino)dodecyl acrylamide was 

synthesized as a CO2-switchable surfactant and then employed in the emulsion polymerization 

of styrene. However about 20% hydrolysis of amidine was observed in the surfactant during the 

http://pubs.acs.org/action/showImage?doi=10.1021/mz3003215&iName=master.img-003.jpg&type=master
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reaction.32 The PS latexes were stable against electrolytes and could be coagulated and 

redispersed several times. To overcome the hydrolysis problem and simplify the synthesis 

steps, DMAEMA as a commercially available CO2-switchable monomer was employed in the 

preparation of PDMAEMA-b-PMMA via RAFT polymerization.51 This diblock copolymer was used 

as a polymeric surfactant in the emulsion polymerization of MMA. To keep surfactant 

protonated during the reaction, protonation was done by HCl. The resultant latex could be 

coagulated by addition of a small amount of base. After washing with DI water, the latex could 

be redispersed and coagulated many times by addition and removal of CO2. It was found that 

the latex would be stable if the weight fraction of MMA (FMMA) in the surfactant was lower than 

58.5%.51 Particle size decreases when FMMA increases.    

     An advantage of using polymeric surfactants is the prevention of surfactant migration in film-

forming applications. When latexes are employed as film-forming polymers, physically 

adsorbed surfactants on the surface of the particles migrate toward the interfaces and lead to 

phase separation that reduces gloss and adhesion.41 Also, they can be entrapped in pockets and 

increase percolation by water or water sensitivity. These are major drawbacks for paint and 

coating applications.40,41 Surfactants that are covalently linked to the particles cannot desorb 

and migrate during film formation.  

     CO2-switchable PMMA and PS latexes were prepared using commercially available N, N-

dimethyldodecylamine (DDA), a CO2-switchable surfactant, via miniemulsion polymerization.87 

The PMMA latexes could be aggregated by bubbling argon (Ar) at 60 Cꜛ and redispersed by 

bubbling CO2 at room temperature. DDA is protonated by bubbling CO2 in the solution and 

converted to DDAH+HCO3
- but some deprotonation occurs after sonication or during the 
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reaction at elevated temperatures.87 At 80 ꜛ C, 40 % of DDAH+HCO3
- 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 cm-3) compared to PM latex (1.18 g cm-3).87 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 nanoparticles contained some hexadecane 

with a density of 0.77 g cm-3, the final density of the PS latex was lower than 1 and it collected 

on the surface of the water.87 In dispersion of nanoparticles composed of a DDA hydrophobic 

core and polyvinylformal (PVF) shell, bubbling CO2 converted the core from hydrophobic to 

hydrophilic, which was the first report of preparing water-core polymer capsules from O/W 

emulsions (Figure 2.11).  

 

Figure 2.11   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 by using PVF and DDA (4:1 by weight). Reprinted from reference [87]. 

 

     N-Methacryloyl-11-aminoundecanoic acid was employed as a CO2-switchable comonomer 

and stabilizer in the preparation of PS latexes via surfactant-free miniemulsion 
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polymerization.88 Latex particles were coagulated by bubbling CO2 due to protonation of 

carboxyl groups and redispersed by ultrasonication due to removal of CO2 form the solution. 

According to DLS and zeta potential measurements, redispersion and coagulation processes 

were repeatable. Surfactant-free miniemulsion polymerization has also been used for the 

preparation of CO2-switchable PDMAEMA-b-PS nanoparticles.73 The resultant particles had a 

core-shell structure with 120 nm diameter.   

     Using a different method, a CO2-switchable latex can be produced by using non-switchable 

components including initiator, monomer, and surfactant.89 In this method, the stability of the 

ƭŀǘŜȄ ƛǎ ŎƻƴǘǊƻƭƭŜŘ ōȅ ŀŘŘƛƴƎ ŀ ǎǿƛǘŎƘŀōƭŜ ǿŀǘŜǊ  ƛƻƴƻƎŜƴ ǘƻ ǘƘŜ ŀǉǳŜƻǳǎ ǇƘŀǎŜΦ Lƴ ǎǿƛǘŎƘŀōƭŜ 

water, the ionic strength of the aqueous solution can be switched between low and high values 

by addition and removal of CO2.
89 This change occurs because an amine or polyamine called an 

ionogen is reversibly converted from a neutral to a bicarbonate salt by the action of CO2. For 

example, sodium dodecylsulfate (SDS), in the absence of an ionogen, is not CO2-switchable but 

the aqueous solution of SDS and N,N-dimethylethanolamine (DMEA, an ionogen) has CO2-

switchable air/water surface tension (Figure 2.12). Jessop and coworkers showed that a PS latex 

stabilized by SDS can be aggregated by bubbling CO2 and redispersed by bubbling Ar (to remove 

CO2).
89 Since the latex was prepared with potassium persulfate (KPS) initiator, the aqueous 

solution was acidic. Therefore, the initial pH was lower than the pKa of carbonic acid and 

prevented neutralization of the amine group by removal of CO2. Figure 2.13 shows the results 

as the latex was neutralized by NaOH and then treated with DMEA ionogen, after which the 

latex was CO2-responsive.  
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Figure 2.12   Air/water surface tension as a function of the concentration of aqueous solutions of SDS 
under air or CO2 in the presence of DMEA (33 % v/v) under air or CO2 at 25 ꜛ C. Reprinted from reference 
[89].    

 

Figure 2.13   Reversible aggregation/redispersion of a PS latex prepared by using styrene (15 mL), SDS 
(0.5 g), KPS (0.1 g) and water (50 mL). Reprinted from reference [89]. 
 

     CO2 has also been used for tuning microemulsion aggregations.90,91 Reactive ionic liquids 

were employed in the preparation of a CO2-switchable microemulsion.91 In a microemulsion 

system containing cyclohexane, surfactant (1-hexadecyl-3-methylimidazolium chloride 

(C16mimCl) and decanol, with mole ratio of 1:2), and ionic liquid (1-butyl-3-methylimidazolium 

triazolide ([bmim][tria123])), the nanodomains can be reversibly tuned by addition and removal 

of CO2.
91 Silica particles prepared in surfactant-free emulsions using only CO2-switchable 
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chemical functional groups can stabilize oil-in-water emulsions, while particles containing both 

CO2-switchable and hydrophobic functional groups on their surface are able to stabilize water-

in oil emulsions.92 Emulsions are broken when CO2 is introduced due to the alteration of the 

wettability of the stabilizing particles which leads to phase separation of emulsions. The 

stability is re-established by bubbling air and CO2 removal. CO2 creates a positive charge on the 

surface of the responsive particles, increasing hydrophilicity and as a result the particles 

destabilize the emulsion.92 Acrylic latexes with low Tg were prepared in surfactant-free 

emulsion polymerization (SFEP) of MMA and BA with a small amount of DEAEMA as a CO2-

switchable comonomer.93 The Tg of the copolymer was adjusted by the combination of MMA 

and BA. If the Tg is higher than room temperature, the latex is CO2-redispersible while if the Tg is 

lower than ambient temperature, after coagulation, latex particles are diffused to each other 

and they are not CO2-redispersible.  

   As DEAEMA is one of the most investigated monomers in CO2-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 NMP of DEAEMA in water and then based on the 

information obtained in this chapter, the one-pot synthesis of PMMA latexes using PDEAEMA 

macroinitiator will be explained in chapter 5. In the second half of the thesis NMP of PEGMA 

(chapter 6) and PEGylation of chitosan (chapter 7) are explained. Also, to address the issues 

(low Tg and hydrolysis) related to the usage of DEAEMA for the synthesis of CO2-switchable 

latexes, chapter 8 explains employing DMAPMA as a CO2-switchable comonomer for the 

preparation of CO2-switchable latexes. Finally, chapter 9 includes conclusion and future works.  



30 

 

References 

(1)   Qiu, J.; Charleux, B.; Matyjaszewski, K. Prog. Polym. Sci. 2001, 26, 2083ς2134. 

(2)   Szwarc, M. Nature 1956, 178, 1168ς1169. 

(3)   Cunningham, M. F. Prog. Polym. Sci. 2008, 33, 365ς398. 

(4)   Jenkins, A. D.; Jones, R. G.; Moad, G. Pure Appl. Chem. 2009, 82, 483ς491. 

(5)   Asua, J. M. Polymer Reaction Engineering; Blachwell Publishing Ltd, 2007. 

(6)   Nicolas, J.; Guillaneuf, Y.; Lefay, C.; Bertin, D.; Gigmes, D.; Charleux, B. Prog. Polym. Sci. 
2013, 38, 63ς235. 

(7)   Solomon, D. H. J. Polym. Sci., Part A: Polym. Chem. 2005, 43, 5748ς5764. 

(8)   Georges, M.; Veregin, R. P. N.; Kazmaier, P. M.; Gordon, K. H. Macromolecules 1993, 26, 
2987ς2988. 

(9)   Bertin, D.; Gigmes, D.; Marque, S. R. A; Tordo, P. Chem. Soc. Rev. 2011, 40, 2189ς2198. 

(10)   Fischer, H. Chem. Rev. 2001, 101, 3581ς3610. 

(11)   Vinas, J.; Chagneux, N.; Gigmes, D.; Trimaille, T.; Favier, A.; Bertin, D. Polymer 2008, 49, 
3639ς3647. 

(12)   McHale, R.; Aldabbagh, F.; Zetterlund P, B. J. Polym. Sci., Part A: Polym. Chem. 2007, 45, 
2194ς203 

(13)   Guillaneuf, Y.; Gigmes, D.; Marque, S. R. A; Astolfi, P.; Greci, L.; Tordo, P.; Bertin, D. 
Macromolecules 2007, 40, 3108ς3114. 

(14)   Nicolas, J.; Mueller, L.; Dire, C.; Matyjaszewski, K.; Charleux, B. Macromolecules 2009, 42, 
4470ς4478. 

(15)   Vinas, J.; Chagneus, N.; Gigmes, D.; Trimaille, T.; Favier, A.; Bertin, D. Polymer 2008, 49, 
3639-3647. 

(16)   Cameron, N. R.; Lagrille, O.; Lovell, P. A.; Thongnuanchan, B. Polymer 2014, 55, 772-781. 



31 

 

(17)   Odian, G. Principles of Polymerization; Fourth Edi.; John Wiley & Sons: Hoboken, New 
Jersey, 2004. 

(18)   Young, R. J.; Lovell, P. A. Introduction to polymers, Third Edi.; CRC Press, Taylor & Francis 
Group, 2011. 

(19)   Marestin, C.; Noel, C.; Guyot, A.; Claverie, J. Macromolecules 1998, 31, 4041-4044. 

(20)   Maehata, H.; Liu, X.; Cunningham, M.; Koeshkerian, B. Macromol. Rapid. Commun. 2008, 
29, 479-484. 

(21)   BlocBuilderTM data sheet from Arkema Group. 

(22)   Charleux, B.; Nicolas, J. Polymer 2007; 48, 5813ς5833.  
 

(23)   Simms,  R. W.; Hoidas, M. D.; Cunningham, M. F. Macromolecules 2008, 41, 1076ς1079. 
 

(24)   Asua, J. M. Prog. Polym. Sci.  2002, 27, 1283ς346.  

(25)   Charleux, B.; Nicolas, J. Polymer, 2007, 48, 5813-5833. 

(26)   Prodpran, T.; Dimonie, V. L.; Sudol, E. D.; El-Aasser, M. S. Macromol. Symp. 2000, 155, 1ς14.  

(27)   Lin, M.; Cunningham, M. F.; Keoshkerian, B. Macromol. Symp. 2004, 206, 263ς274. 

(28)   Grubbs, R. B. Polymer Reviews, 2011, 51, 104ς137. 

(29)   Gohy, J. F. Adv. Polym. Sci., 2005, 190, 65ς136. 

όолύ   /ƘŀǊƭŜǳȄΣ .ΦΤ 5ŜƭŀƛǘǘǊŜΣ DΦΤ wƛŜƎŜǊΣ WΦΤ 5Ω!ƎƻǎǘƻΣ CΦ Macromolecules, 2012, 45, строҍстсрΦ 

(31)   Riess, G.; Labbe, C. Macromol. Rapid. Commun. 2004, 25, 401-435. 

(32)   Zhang, Q.; Yu, G.; Wang, W.; Yuan, H.; Li, B.; Zhu, S. Langmuir 2012, 28, 5940-5946. 

(33)   Jessop, P. G.; Mercer, S. M.; Heldebrant, D. J. J. Energy Environ. Sci. 2012, 5, 7240-7253. 

(34)   Lin, S.; Theato, P. Macromol. Rapid Commun. 2013, 34, 1118ς1133. 

(35)   Liu, Y.; Jessop, P. G.; Cunningham, M.; Eckert, C. A; Liotta, C. L. Science 2006, 313, 958ς960. 

(36)   Yan, Q.; Zhao, Y. Chem. Commun. 2014, 50, 11631ς11641. 

(37)   Wang, Q.; Fu, S.;  Yu, T. Prog. Polym. Sci. 1994, 19, 703ς753. 



32 

 

(38)   Fowler, C. I.; Jessop, P. G.; Cunningham, M. F. Macromolecules 2012, 45, 2955ς2962. 

(39)   Shirakbari, N.; Ebrahimi, M.; Salehi-Mobarakeh, H.; Khorasani, M. J. Macromolecular 
Science, Part B 2014, 53, 1286ς1292. 

(40)   Monteiro, M. J.; Sjoberg, M.; Van der Vlist, J.; Gottgens, C. M. J. Polym. Sci., Part A: Polym. 
Chem. 2000, 23, 4206ς4217. 

(41)   Aramendia, E.; Barandiaran, J.; Grade, J.; Blease, T.; Asua, M. Langmuir 2005, 21, 1428ς
1435. 

(42)   Pinaud, J.; Kowal, E.; Cunningham, M.; Jessop, P. ACS Macro Lett. 2012, 1, 1103ς1107. 

(43)   Zhang, Q.; Yu, G.; Wang, W.; Yuan, H.; Li, B.; Zhu, S. Macromolecules 2013, 46, 1261ς1267.  

 (44)   Brown, P.; Butts, C. P.; Eastoe, J. Soft Matter 2013, 9, 2365-2374. 

(45)   Malcolm, A. S.; Dexter, A. F.; Middelberg, P. J. Asia-Pac. J. Chem. Eng. 2007, 2, 362ς367. 

(46)   Dexter, A. F.; Middelberg, P. J. J. Phys. Chem. C 2007, 111, 10484ς10492. 

(47)   Haynes, W. M. Handbook of Chemistry and Physics; 96th Edi.; CRC Press, 2015. 

(48)   Scott, L. M.; Robert, T.; Harjani, J. R.; Jessop, P. G. RSC Adv. 2012, 2, 4925-4931. 

(49)   {ǳΣ ·ΦΤ CƻǿƭŜǊΣ /ΦΤ hΩbŜƛƭƭΣ /ΦΤ tƛƴŀǳŘΣ WΦΤ YƻǿŀƭΣ 9ΦΤ WŜǎǎƻǇΣ tΦΤ /ǳƴƴƛƴƎƘŀƳΣ aΦ Macromol. 
Symp. 2013, 333, 93ς101. 

(50)   Wang, L.; Qiao, W.; Cao, C.; Li, Z. Colloids and Surfaces A: Physicochemical Eng. Aspects 
2008, 320, 271ς274. 

(51)   Zhang, Q.; Yu, G.; Wang, W. J.; Li, B. G.; Zhu, S. Macromol. Rapid. Commun. 2012, 33, 916ς
921. 

(52)   Mihara, M.; Jessop, P.; Cunningham, M. Macromolecules 2011, 44, 3688ς3693. 

(53)   CƻǿƭŜǊΣ /Φ LΦΤ aǳŎƘŜƳǳΣ /Φ aΦΤ aƛƭƭŜǊΣ wΦ 9ΦΤ tƘŀƴΣ [ΦΤ hΩbŜƛƭƭΣ /ΦΤ WŜǎǎƻǇΣ tΦ DΦΤ /ǳƴƴƛƴƎƘŀƳΣ 
M. F. Macromolecules 2011, 44, 2501ς2509. 

(54)   O'Neill, C.; Fowler, C.; Jessop, P. G.; Cunningham, M. F. Green Materials 2012, 1, 27ς35. 

(55)   Han, D.; Tong, X.; Zhao, Y. ACS Macro Lett. 2012, 1, 57ς61. 

(56)   Qian, Y.; Zhang, Q.; Qiu, X.; Zhu, S. Green Chem. 2014, 16, 4963ς4968. 



33 

 

(57)   Morse, A. J.; Armes, S. P.; Thompson, K. L.; Dupin, D.; Fielding, L. A.; Mills, P.; Swart, R. 
Langmuir 2013, 29, 5446ς5475. 

(58)   Yan, B.; Han, D.; Boissière, O.; Ayotte, P.; Zhao, Y. Soft Matter 2013, 9, 2011ς2016. 

(59)   Feng, A.; Zhan, C.; Yan, Q.; Liu, B.; Yuan, J. Chem. Commun. 2014, 50, 8958ς8961. 

(60)   Yan, Q.; Zhao, Y. J. Am. Chem. Soci. 2013, 135, 16300ς16303. 

(61)   Liu, H.; Guo, Z.; He, S.; Yin, H.; Fei, C.; Feng, Y. Polym. Chem. 2014, 5, 4756ς4763. 

(62)   Guo, J.; Wang, N.; Wu, J.; Ye, Q.; Zhang, C.; Xing, X. H.; Yuan, J. J. Mater. Chem. B 2014, 2, 
437-442. 

(63)   Kumar, S.; Tong, X.; Dory, Y. L.; Lepage, M.; Zhao, Y. Chem. Commun. 2013, 49, 90ς92. 

(64)   Liu, H.; Zhao, Y.; Dreiss, C. A.; Feng, Y. Soft matter 2014, 10, 6387ς6391. 

(65)   Zhang, J.; Han, D.; Zhang, H.; Chaker, M.; Zhao, Y.; Ma, D. Chem. Commun. 2012, 48, 11510ς
11512. 

(66)   Zhang, Q.; Zhu, S. ACS Macro Lett. 2014, 3, 743ς746. 

(67)   Su, X.; Cunningham, M. F.; Jessop, P. G. Polym. Chem. 2014, 5, 940-944. 

(68)   Lu, H.; Zhou, Z.; Jiang, J.; Huang, Z. J. Appl. Polym. Sci. 2015, 132, 41307-41314. 

(69)   Cai, Y.; Shen, W.; Wang, R.; Krantz, W. B.; Fane, A. G.; Hu, X. Chem. Commun. 2013, 49, 
8377ς8379. 

(70)   Lu, H.; Jiang, J.; Huang, Z.; Dai, S. J. Appl. Polym. Sci. 2014, 131, 40872-40878. 

(71)   Liu, B.; Zhou, H.; Zhou, S.; Zhang, H.; Feng, A.; Jian, C.; Hu, J.; Gao, W.; Yuan, J. 
Macromolecules 2014, 47, 2938ς2946. 

(72)   Han, D.; Boissiere, O.; Kumar, S.; Tong, X.; Tremblay, L.; Zhao, Y. Macromolecules 2012, 45, 
7440ς7445. 

(73)   Wang, X.; Jiang, G.; Wei, Z.; Li, X.; Tang, B. European Polymer Journal 2013, 49, 3165ς3170. 

(74)   Xu, L. Q.; Zhang, B.; Sun, M.; Hong, L.; Neoh, K. G.; Kang, E. T.; Fu, G. D. J. Mater. Chem. A 
2013, 1, 1207ς1212. 

(75)   Liu, P.; Zhang, Y.; Wang, W. J.; Li, B. G.; Zhu, S. Green Materials 2014, 2, 82-94. 



34 

 

(76)   Schattling, P.; Pollmann, I.; Theato, P. Reactive and Functional Polymers 2014, 75, 16ς21. 

(77)   Boniface, K.; Wang, H.; Dykeman, R.; Cormier, A.;  Mercer, S. M.; Liu, G.; Cunningham, M. F.; 
Jessop, P. G. Green Chem. 2015, DOI: 10.1039/C5GC01201E. 

(78)   Dai, S.; Ravi, P.; Tam, K. C. Soft Matter 2008, 4, 435-449. 

(79)   Van de Wetering, P.; Moret, E. E.; Schuurmans-Nieuwenbroek, N. M.; van Steenbergen, M. 
J.; Hennink, W. E. Bioconjugate Chem. 1999, 10, 589ς597. 

(80)   Darabi, A.; Shirin-Abadi, A. R.; Jessop, P. G.; Cunningham, M. F. Macromolecules 2015, 48, 
72ς80. 

(81)   Su, X.; Jessop, P. G.; Cunningham, M. F. Macromolecules 2012, 45, 666ς670. 

(82)   Darabi, A.; Shirin-Abadi, A. R.; Pinaud, J.; Jessop, P. G.; Cunningham, M. F. Polym. Chem. 
2014, 5, 6163ς6170. 

(83)   Su, X.; Jessop, P. G.; Cunningham, M. F. Green Materials 2014, 2, 69ς81. 

(84)   Gilbert, R. G. 9Ƴǳƭǎƛƻƴ ǇƻƭȅƳŜǊƛȊŀǘƛƻƴ Υ A Mechanistic ApproachΤ !ŎŀŘŜƳƛŎ tǊŜǎǎΥ [ƻƴŘƻƴ Τ 
San Diego, 1995. 

(85)   Lovell, P. A; El-Aasser, M. S. Emulsion Polymerization and Emulsion Polymers; J.Wiley: New 
York, 1997. 

(86)   Zhang, Q.; Wang, W. J.; Lu, Y.; Li, B. G.; Zhu, S. Macromolecules 2011, 44, 6539ς6545. 

(87)   Zhao, Y.; Landfester, K.; Crespy, D. Soft Matter 2012, 8, 11687-11696. 

(88)   Fischer, V.; Landfester, K.;  Munoz-Espi, R. ACS Mac. Lett. 2012, 1, 1371ς1374. 

(89)   Su, X.; Robert, T.; Mercer, S. M.; Humphries, C.; Cunningham, M. F.; Jessop, P. G. Chemistry 
2013, 19, 5595ς5601. 

(90)   Zhang, J.; Han, B. Accounts of Chemical Research 2013, 46, 425ς433. 

(91)   Brown, P.; Wasbrough, M. J.; Gurkan, B. E.; Hatton, T. A. Langmuir 2014, 30, 4267ς4272. 

(92)   Liang, C.; Liu, Q.; Xu, Z. ACS Appl. Mater. Interfaces 2014, 6, 6898ς6904. 

(93)   Gariepy, D.; Zhang, Q.; Zhu, S. Macromolecular Chemistry and Physics, 2015, 5, 561ς568. 

 



35 

 

Chapter 3   

 

bƛǘǊƻȄƛŘŜ-ƳŜŘƛŀǘŜŘ ǎǳǊŦŀŎǘŀƴǘ-ŦǊŜŜ ŜƳǳƭǎƛƻƴ 
ŎƻǇƻƭȅƳŜǊƛȊŀǘƛƻƴ ƻŦ ƳŜǘƘȅƭ ƳŜǘƘŀŎǊȅƭŀǘŜ ŀƴŘ 
ǎǘȅǊŜƴŜ ǳǎƛƴƎ Ǉƻƭȅ όн-όŘƛŜǘƘȅƭύ ŀƳƛƴƻŜǘƘȅƭ 
ƳŜǘƘŀŎǊȅƭŀǘŜ-Ŏƻ-ǎǘȅǊŜƴŜύ ŀǎ ŀ ǎǘƛƳǳƭƛ-ǊŜǎǇƻƴǎƛǾŜ 
ƳŀŎǊƻŀƭƪƻȄȅŀƳƛƴŜ 
 

Abstract 
 

The SG1-mediated copolymerization of 2-(diethyl)aminoethyl methacrylate (DEAEMA) and a 

small percentage of styrene (S) was performed with different initiating systems including a 

monocomponent initiating system using an alkoxyamine of  n-hydroxysuccinimidyl BlocBuilder 

(NHS-BlocBuilder) at 80 ꜛC and a bicomponent initiating system using 2,2'-azobis[2-(2-

imidazolin-2-yl)propane] (VA-061) as the initiator and N-tertbutyl-N-(1- diethylphosphono-2,2-

dimethylpropyl) nitroxide (SG1) as the nitroxide at 100 Cꜛ. The resultant macroalkoxyamines, 

poly(DEAEMA-co-S)-SG1, were used as pH-sensitive macroinitiators in the nitroxide-mediated 

surfactant-free emulsion copolymerization of methyl methacrylate (MMA) and styrene at 90 Cꜛ, 

which proceeded via a polymerization-induced self-assembly (PISA) process, leading to the in-

situ formation of pH-responsive amphiphilic block copolymers. The reaction was well-controlled 

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

stability and monomodal size distribution. 

3.1. Introduction 
 

Preparation of stimuli-responsive 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 decade.1,2 Tertiary amine-based polymers, 

an important category of stimuli-responsive polymers which are pH and/or temperature-

responsive, have potential applications in emulsion polymerization,3 block copolymers 

synthesis,4 and the biomedical field5 (gene or drug delivery).6,7 In particular, the monomers 2-

(diethylamino) ethyl methacrylate (DEAEMA) and 2-(dimethylamino)ethyl methacrylate 

(DMAEMA) have been polymerized employing different CLRP techniques. Atom  transfer radical 

polymerizations (ATRP) of DMAEMA and 2-(dimethylamino)ethyl acrylate (DMAEA) were 

reported, respectively,  by Matyjaszewski and Zhu groups.8,9 Gan et al.10 prepared well-defined 

poly(DEAEMA) via ATRP and then used the synthesized poly(DEAEMA) as a macroinitiator for 

producing poly(DEAEMA-b-tBMA). Reversible addition fragmentation chain transfer (RAFT) 

radical polymerization has been applied successfully in the synthesis of  different stimuli-

responsive (co)polymers.11 w!C¢ ƻŦ 5a!9a! ƛƴ ǿŀǘŜǊ ǿŀǎ ŎŀǊǊƛŜŘ ƻǳǘ ǳǎƛƴƎ пΣпΩ-azobis(4-

cyanopentanoic acid) (V501) as a water-soluble initiator and 4-cyanopentanoic acid 

dithiobenzoate (CPADB) as a chain transfer agent.12 D'Agosto et al.13 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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Iodine transfer polymerization of DEAEMA has also been performed by Goto et al.14 in bulk. In 

this elegant study, the control of the polymerization could be achieved by employing 

ammonium iodide to reversibly activate the chain-end.  

     In contrast, there are few reports of the NMP of functional monomers with a tertiary amine 

group. Lokaj et al.15 first reported the NMP of DMAEMA using polystyrene (PS) macroinitiator in 

bulk. Bian and Cunningham16 studied the effects of temperature, solvent polarity, chain transfer 

to polymer, and excess nitroxide on the NMP of DMAEA initiated by an SG1-based alkoxyamine. 

Maric and Zhang17 performed nitroxide-mediated copolymerization of DMAEMA and styrene 

using n-hydroxysuccinimidyl BlocBuilder (NHS-BlocBuilder) in bulk at 80 ꜛC. 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 CO2 is employed as a protonating agent, this allows the 

development of easily coagulable/redispersable latexes. Zhao et al.18 showed that these 

monomers and their derived-ǇƻƭȅƳŜǊǎ Ŏŀƴ ōŜ ǇǊƻǘƻƴŀǘŜŘ όάǎǿƛǘŎƘŜŘ ƻƴέύ ōȅ ōǳōbling CO2 in 

their water solution, thus becoming highly hydrophilic. Removing of CO2 from the solution, 

simply by air-bubbling, then allows recovery of the neutral and more hydrophobic form of the 

monomers or polymers. Taking advantage of the CO2-switchability of these monomers, 

Cunningham et al. found they could considerably increase the solids content of their surfactant-

free emulsion polymerization of styrene from 7%30 to 27%.19 Copolymers of stearyl 

methacrylate and DMAEMA, poly(SMA-co-DMAEMA), were used as polymeric surfactants in the 

miniemulsion polymerization of styrene.20 Diblock copolymers containing poly(DMAEMA) or 

poly(DEAEMA) as a pH-sensitive block can be used as polymeric surfactants in emulsion 
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polymerization. Zhang et al.21,22 synthesized CO2-switchable PMMA latexes using 

poly(DMAEMA)-b-poly(MMA) as a polymeric surfactant in the emulsion polymerization of 

MMA. poly(DEAEMA-co-PEGMA) was used as a pH-sensitive polymeric stabilizer in tetradecane-

in-water emulsions.23  

     Compared to ATRP and RAFT, NMP has a fairly simple mechanism since it requires only the 

use of an alkoxyamine, which acts as an initiator and controlling agent at the same time.24  

Block copolymers comprised of hydrophilic and hydrophobic blocks are of high interest.25,26,27 

Sequential addition of monomers (i.e. synthesis of the first block and then extension of the 

second block) is the general strategy for the preparation of diblock copolymers.28 /ƘŀǊƭŜǳȄΩǎ 

group developed the polymerization-induced self-assembly (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 self-assembly of the resultant diblock copolymer in 

water.29 One of the main advantages of this process is the absence of surfactants that can alter 

the properties of the final product especially in film-based applications. 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 synthesized DEAEMA and DMAEMA-based macroalkoxyamines via NMP and used 

them as stimuli-responsive stabilizers and initiators for the nitroxide-mediated surfactant-free 

emulsion copolymerization of methyl methacrylate and styrene, according to the PISA process. 

In the first stage, poly(DEAEMA-co-S)-SG1 or poly(DMAEMA-co-S)-SG1 macroinitiators were 

synthesized via NMP using 2,2'-azobis[2-(2-imidazolin-2-yl)propane] (VA-061) as initiator and 
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SG1 as nitroxide at 100 ꜛC or using n-hydroxysuccinimidyl BlocBuilder (NHS-BlocBuilder) as 

alkoxyamine at 80 ꜛC.  In the second stage the protonated macroinitiator is chain extended with 

methyl methacrylate in a surfactant-free emulsion polymerization (SFEP). The polymerization 

kinetics, livingness of the polymer chains, control over molecular weight and molecular weight 

distribution, colloidal characteristics of the latex particles, pH-responsiveness, and CO2-

switchability of the final latexes are described in detail.  

3.2. Experimental section 

    
Materials. All chemicals, monomers, and inhibitor removal columns were purchased from 

Aldrich unless otherwise stated. 2-(diethylamino)ethyl methacrylate (DEAEMA, 99%) was 

passed through a column of basic aluminum oxide (~150 mesh) prior to use. Styrene (S, >99%) 

and methyl methacrylate (MMA, 99%) were purified by passing through columns packed with 

inhibitor remover. The 2-((tert-butyl-(1-(diethoxyphosphoryl)-2,2-dimethylpropyl) amino) oxy)-

2-methylpropanoic acid initiator (BlocBuilder) and the N-tertbutyl-N-(1- diethylphosphono-2,2-

dimethylpropyl) nitroxide (SG1, 85%) were supplied by Arkema. 2,2'-azobis[2-(2-imidazolin-2-

yl)propane] (VA-061) was purchased from Wako Pure Chemical Industries and used without 

further purification. Sodium hydroxide (NaOH, >97%), tetrahydrofuran (THF, >99%), methanol 

(>99.8%), hexane (>98.5%), hydrochloride acid (38 wt %), and carbon dioxide (CO2, Praxair, 

medical grade) were used as received. All aqueous solutions were prepared with deionized 

water (DIW).  N-hydroxysuccinimide BlocBuilder (NHS-BlocBuilder) was synthesized according 

to the reported procedure.30  
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SG1-mediated copolymerization of DEAEMA and styrene in bulk using VA-061 as the initiator 

and SG1 as the nitroxide. In 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 mixture: fs0= 0.1), VA-061 

(0.18 g, 0.72 mmol), and SG1 (0.31 g, 1.08 mmol) were introduced into a 50 mL three-neck 

round-bottom flask immersed in an ice-water 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 

Cꜛ and fitted with a reflux condenser, a nitrogen inlet 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 N2, was stirred at a speed of 300 rpm and allowed to react for up to 2 h 

with samples withdrawn periodically for kinetic studies and raw polymer analysis. Samples 

were quenched by immersion in an ice-water bath and then dried under air flow for 24 h. At the 

end of the reaction, the flask was cooled in an ice-water bath to stop the polymerization 

reaction and then the polymer was purified by precipitation in 20-fold 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). 

 
SG1-mediated copolymerization of DEAEMA and styrene in bulk using NHS-BlocBuilder. 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 mixture: fs0= 0.09), NHS-BlocBuilder (1.0 g, 2.1 mmol), and SG1 (62.0 mg, 0.21 

mmol) were mixed in a 50 mL three-neck round-bottom flask immersed in an ice-water bath 

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

introduced into a preheated oil bath at 80 ꜛC 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 N2, was stirred at a 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 an ice-water bath and then 

dried under the flow of air for 24 h. At the end of the reaction, the polymerization medium was 

first cooled in an ice-water bath to stop the polymerization and then, the polymer was purified 

by precipitation in 20-fold 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). 

 
Surfactant-free emulsion polymerization of MMA. In a typical experiment (experiment 1, Table 

3.1), in a 50 mL three-neck round-bottom flask fitted with a reflux condenser, a nitrogen inlet 

and a thermometer, poly(DEAEMA-co-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 HCl 1M.  The solution 

was deoxygenated by nitrogen bubbling for 20 min at room temperature.  MMA (4.65 g, 0.045 

moles) and S (0.53 g, 5.0 mmoles) were added to the flask and N2 bubbling continued for 10 

minutes more. The flask was then immersed in a preheated oil bath at 90 Cꜛ. Time zero of the 

polymerization was taken when the flask was immersed into the oil bath. The reaction mixture, 

while remaining under N2, 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 ice-water bath and the dried under 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 (Ð) of the polymer samples. The SEC was equipped with a Waters 2960 separation 

module containing three Styragel columns coupled with the separation limits between 400 and 

1 × 106 g mol-1. THF was used as the eluent with a flow rate of 0.3 mL min-1.  A differential 

refractive index detector (Waters 2960) was used and the average molar masses (Mn and Mw) 

and molar mass dispersity (Ð) were derived from a calibration curve based on polystyrene (PS) 

standards from Polymer Standard Service. For the reactions under CO2 atmosphere, samples 

were dried under air at least for 24 h to make sure that all the amine groups became 

deprotonated and poly(DEAEMA-co-S) became soluble in THF. For the reactions performed in 

the presence of HCl, at the end of the reaction all the amine groups were neutralized with base 

(1M sodium hydroxide) before 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. Measurements 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 water-insoluble (hydrophobic) 
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in its neutral form. Before performing emulsion polymerizations with MMA, the 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 8-10 mol% styrene was used in the monomer mixture to reduce the 

irreversible deactivation of propagating radicals and increase the livingness of the polymer 

chains.31  The most convenient approach to making the poly(DEAEMA) block would be to 

polymerize DEAEMA in water. MMA could then be added to yield a one-pot process.  Therefore 

in the first set of experiments we conducted polymerizations in water by protonating DEAEMA 

with bubbling of CO2 into the water solution at atmospheric pressure. In most of these 

experiments, the reaction was neither controlled nor living. The main problem was the very low 

solubility of CO2 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 ꜛC increased the CO2 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 temperatures with the neutral form of DEAEMA. 

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

 

Bicomponent system: VA-061 as initiator and SG1 as nitroxide. DEAEMA and VA-061 are pH-

responsive and CO2-switchable monomer and initiator, respectively.3 Using VA-061 as initiator 

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

pH-sensitive (Figure 3.1).  
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Figure 3.1   A schematic representation of the bulk copolymerization of DEAEMA and styrene initiated by 
VA-061 as initiator and SG1 as nitroxide. 

 

 

     VA-061 is not soluble in DEAEMA at room temperature, but at elevated temperatures it 

becomes soluble after decomposition and addition to DEAEMA. For the NMP of DEAEMA using 

VA-061 as the initiator and SG1 as the nitroxide, three different temperatures were 

investigated: 90, 100, and 110 ꜛC. While at 90 ꜛC complete solubilisation of VA-061 in DEAEMA 

took about one hour, at 110 ꜛC it took less than 10 minutes. However the polymerization rate 

was very fast with poor control and high molar mass dispersity.  At 100 Cꜛ, the initiator was 

dissolved in the monomer phase in about 20 minutes and better control was obtained. Thus, 

the temperature was set to 100 ꜛC for the rest of the experiments. According to our 

observations, at [SG1]0/[VA-061]0 ratios higher than ~1.2, control of the reaction was improved.  

Also, the polymerization should not be continued beyond approximately 35% conversion since 

viscosity increases and irreversible termination reactions begin to noticeably affect the 

dispersity and chain livingness. Reactions exhibited all the features of well-controlled and living 

polymerizations (Figures 3.2 and 3.3): a linear increase of Mn with monomer conversion; linear 

increase of ln[1/(1-x)] 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 weights (Mn) were calculated based on polystyrene standards). An induction 

period is observed in Figure 3.2a, showing the time required for the reaction to consume free 

excess SG1 present at the start of the reaction. The intercept of the Mn versus conversion is 

higher than zero probably 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 pH-sensitive monomer and the results showed similar behaviour in terms of 

control and livingness of the reactions. 

 

 

 

Figure 3.2   Bulk copolymerization of DEAEMA and S (initial molar fraction of styrene:fS0=0.1) at 100 ꜛC in 
the presence of VA-061 and SG1 ([SG1]0/[VA-061]0=1.5). (a) ln[1/(1-X)] vs time plot (X=conversion) (b) 
number-average molar mass, Mn, and polydispersity index, Mw/Mn, vs conversion. 
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     To test the CO2-switchability of the final polymer, after precipitating the polymer in cold 

hexane, it was dissolved in a small amount of methanol and then water was added to the 

solution. The poly(DEAEMA-co-S) precipitated in water but after CO2 bubbling  through the 

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

transparent (Figure 3.4).  

    

Figure 3.3   Size exclusion chromatograms at various monomer conversions for the copolymer of 
the DEAEMA and S in bulk at 100 ºC with fs0=0.1 and [SG1]0/[VA-061]0=1.5. 

 

 
 

  
Figure 3.4   CO2-switchability test of the poly(DEAEMA-co-S): (a) in methanol (b) after adding water (c) 
after bubbling CO2 for 10 minutes at room temperature. 

 

Monocomponent system: NHS-BlocBuilder 
 

One of the disadvantages of bicomponent initiating systems (nitroxide and initiator) is difficulty 
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elevated temperatures.  To compare the differences between these systems, two different 

alkoxyamines, BlocBuilder and n-hydroxysuccinimidyl BlocBuilder (NHS-BlocBuilder), were used 

in the NMP of DEAEMA. BlocBuilder was used as the first 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(DEAEMA-co-S) macroinitiator. BlocBuilder was not 

completely soluble in the 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 that NHS-BlocBuilder 

is able to 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 SG1.17 

Therefore; we employed this alkoxyamine instead of BlocBuilder for the NMP of DEAEMA 

(Figure 3.5). 

 

 
Figure 3.5   A schematic representation of the Bulk copolymerization of DEAEMA and S initiated by NHS- 
BlocBuilder. 

 
 

     The NHS-BlocBuilder 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 (Figure 3.6) 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 

conversion shows the simultaneous growth of all polymer chains and indicates a good control 

and livingness of the polymerization. 

 

 

 

Figure 3.6   Kinetic plots of the bulk copolymerization of DEAEMA and S (initial molar fraction of styrene: 
fs0=0.1) at 80 ꜛC in the presence of NHS-BlocBuilder and SG1 ([SG1]0/[NHS-BlocBuilder]0=0.1). (a) 
number-average molar mass, Mn, and polydispersity index, PDI, vs conversion. (b) ln[1/(1-X)] vs time (X= 
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 macroinitiator with Mn ~ 23000 g/mol and 53 % conversion in bulk. Finally, to ensure most of 

the poly(DEAEMA-co-S)-SG1 chains were capped with an SG1 moiety, chain extension tests 
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