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Abstract 

Chapter 1 is a general introduction with a description of conventional radical polymerization 

and reversible deactivation radical polymerizations for controlled/living techniques. In particular, 

the use of Reversible Addition Fragmentation Chain Transfer (RAFT) polymerization and 

benign supercritical carbon dioxide (scCO2) are included.  

Chapter 2 describes a new controlled/living heterogeneous polymerization in scCO2. Poly(2-

ethoxyethyl methacrylate) macroRAFT agent is insoluble in scCO2 and forms a whitish emulsion 

at the polymerization conditions of 65 ̄C and 30 MPa. The precipitated macroRAFT agent is 

used in controlled/living polymerizations with N,N-dimethylacrylamide and 4-

acryloylmorpholine (4AM) with induced precipitation polymerizations in scCO2 compared with 

solution polymerizations. The faster RAFT of 4AM was taken to ²70% conversion in scCO2 to 

give powders that were washed with scCO2 to remove traces of monomer, offering a green large 

scale route to the synthesis of poly(2-ethoxymethyl methacrylate)-b-(acrylamides) useful for 

potential biomedical applications. This work is published in J. Polym. Sci., Part A: Polym Chem. 

2015, 53, 2351-2356. 

Chapter 3 describes Polymerization Induced Self-Assembly (PISA) and examines the possibility 

of its use to form higher order objects in heterogeneous controlled/living radical polymerizations 

in scCO2. After reviewing literature PISA using emulsion/dispersion polymerizations in 

conventional solvents, an attempt at Atom Transfer Radical Polymerization (ATRP) of benzyl 

methacrylate (BzMA) using a dispersion polymerization from poly(dimethylsiloxane) bromide in 

scCO2 is described. Some non-spherical morphologies were apparent, but further work is 

required, including altering the size of the solvophobic poly(BzMA) block. 

Chapter 4 describes the first efficient synthesis of the N-[(cycloalkylamino)methyl]acrylamide 

monomer class. The monomer synthesis involves addition of acrylamide onto in situ generated 

methylene Schiff Base salts with monomer hydrochloride salt intermediates also isolated on 

multi-gram scale. The macroRAFT agent of the morpholine monomer was extended with tert-

butylacrylamide to give amphiphilic block copolymers that self-assembled into large rod-like 

vesicles. For the triblock of similar hydrophobic monomer content, but incorporating the 

piperidine monomer, a very different aggregation was observed with pH-expandable 

nanoparticle spheres observed. Part of this chapter is published in J. Polym. Sci., Part A: Polym 

Chem. 2017, 55, 2123-2128.  



 

viii 
 

Abbreviations 

 

AA                                                                                                                              acrylic acid 

4AM            4-acryoylmorpholine 

ACP                  allyl 2-chloropropionate 

AIBN              2,2ô-azobisisobutyronitrile 

Ŭ                 fractional monomer conversion 

ARGET            Activator Regenerated Electron Transfer 

ATRP         atom transfer radical polymerization 

b               block 

BIS                   N,Nô-methylenebisacrylamide 

b.p              boiling point 

bpy                    2ô2ô-bypyridine 

BMA                butyl methacrylate 

BzMA             benzyl methacrylate 

CLRP               controlled/living radical polymerization 

Conv.                 conversion 

DDMAT       2-(dodecylthiocarbonothioylthio)-2-methylpropionic acid 

DLS                  dynamic light scattering 

DMA                 N,N-dimethylacrylamide 

DMAEMA        2-(dimethylamino)ethyl methacrylate 

DMF                 N,N-dimethylformamide 

dNdpy             4,4ô-dinonyl-2,2ô-dipyridyl 

DP                degree of polymerization 

Et                ethyl 

f                initiator efficiency 

g               gram 

GMA             glycerol monomethacrylate 

GPC                gel permeation chromatography 

h                hour 

HEL         homogeneous expansion limit 



 

ix 
 

HEMA          2-hydroxyethyl methacrylate 

HMPA                    2-hydroxypropyl methacrylate 

HMTETA               1,1,4,7,10,10-hexamethyltriethylenetetramine 

HPLC             high performance liquid chromatography 

Hz               hertz 

[I]           initiator concentration 

Iǒ                   initiating radical 

ICAR                 initiator for continuous activator regeneration  

inistab                  macroinitiator and stabilizer combined 

ITP                   iodine transfer polymerization 

Jcrit        number average degree of polymerization at which precipitation occurs 

K             equilibrium constant 

kact          rate coefficient for activation 

kdeact                 rate coefficient for deactivation 

kp                  rate coefficient for propagation 

kt                  rate coefficient for termination 

L                 litre 

LCST            lower critical solution temperature 

[M]                   monomer concentration 

MAA                     methacrylic acid 

MADIX           Macromolecular design via the interchange of xanthates 

Me             methyl 

Me6CyClam             5,5,7,12,12,14-hexamethyl-1,4,8,11-tetraazacyclotetradecane 

mg                   milligram 

µm                micrometer 

MMA              methyl methacrylate 

mmol                   millimole 

Mn             number average molecular weight 

Mn(GPC)              number average molecular weight calculated by GPC 

Mn,th                 theoretical number average molecular weight 

mol                mole 



 

x 
 

MPa                megapascal 

MPC       2-(methacryloyloxy)ethyl phosphorylcholine 

M t
n                     transition metal 

MW                  molecular weight 

Mw              weight average molecular weight 

MWD         molecular weight distribution 

Mw/Mn            polydispersity 

nBA                    n-butyl acrylate  

NIPAM                   N-isopropylacrylamide 

nm                  nanometer 

NMP            nitroxide mediated polymerization 

NMR            nuclear magnetic resonance 

Pǒ                 propagating radical 

PDMS                   poly(dimethylsiloxane) 

PEG           poly(ethylene glycol) 

PEO            poly(ethylene oxide) 

PGMA              poly(glycerol monomethacrylate) 

Ph            phenyl 

PISA                  polymerization induced self assembly 

PLP            pulsed laser polymerization 

POEOMA              poly(oligo(ethylene oxide) methyl ether methacrylate 

ppm                   parts per million 

PS             poly(styrene) 

P-T                   polymeric alkoxyamine 

Rǒ             radical 

RAFT             reversible addition fragmentation chain transfer 

RDRP                reversible deactivation radical polymerization 

Rp          rate of polymerization 

rpm                    revolutions per minute 

Rpr                rate of radical production 

RTCP          reversible chain transfer catalyzed polymerization 



 

xi 
 

R-X                alkyl halide 

s            second 

scCO2            supercritical carbon dioxide 

SEM         scanning electron microscopy 

SG1            N-tert-butyl-N- [1-diethylphosphono-(2,2-dimethylpropyl)] nitroxide 

SNH                   saturated nitrogen heterocycle 

t                time 

Tǒ              nitroxide trap 

TBAM                     N-tert-butylacrylamide 

TEM              transmission electron microscopy 

TEMPO        2,2,6,6-tetramethylpiperidine-1-oxyl 

Tg            glass transition temperature 

THF                     tetrahydrofuran 

TIPNO          2,2,5-trimethyl-4-phenyl-3-azahexane-3-aminoxyl 

VA-044       2,2ǋ-azobis[2-(2-imidazolin-2-yl)propane]dihydrochloride 

4VP                      4-vinylpyridine 

wt%           weight percent 

w/w                 weight per weight 

 

 

 

 

 

 

 



 

xii 
 

 

Appendix of ATRP Ligands 

 

 
 

 

 
 

 

 
 

 
 

 

 



1 
 

 

CHAPTER 1 

GENERAL INTRODUCTION 
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1.1 Significance of Radical Polymerization 

Radical polymerization is the most widely used polymerization by academia and industry.1 It has 

fundamental advantages over ionic polymerizations, including being applicable to nearly all 

vinyl monomers, and requiring relatively undemanding conditions. In comparison, anionic 

polymerization requires scrupulous purification of reagents, inert atmospheres, low temperatures, 

and in the case of vinyl monomers the presence of electron-withdrawing substituents (e.g. as in 

vinylpyridine and alkyl methacrylates).2 In the 1950s, Szwarc carried out the first living (free of 

termination) polymerizations of styrene,3-4 but this anionic polymerization is now rarely used, 

and is superseded by the more robust and versatile radical polymerization alternatives. Cationic 

polymerization is applicable to only electron-rich monomers (e.g. isobutene, vinyl ether, N-

vinylcarbazole), however disadvantages include the need for rigorous purification of reagents 

and side reactions such as ɓ-proton elimination.5 Styrene is one of the few vinyl monomers that 

can be polymerized by all three addition polymerization techniques.6  

Radical polymerization can be carried out in a variety of reaction media, most importantly in 

water. As such, radical polymerizations can be performed in bulk, emulsion, solution, 

precipitation, dispersion, and suspension. Therefore it is not surprising that it accounts for the 

production of approximately 50% of all commercial polymers.7  

 

1.2 Conventional Radical Polymerization 

Conventional radical polymerization proceeds via a chain reaction mechanism whereby 

monomer sequentially adds onto a propagating radical chain to generate high molecular weight 

polymer. The conventional radical polymerization mechanism consists of initiation, propagation, 

chain transfer and termination steps (Scheme 1.1). Initiation is a two-step process in which the 

initiator first decomposes thermally to yield two initiating radicals (Iǒ) with the decomposition of 

the initiator having a rate constant kd. The rate of radical production Rpr is expressed by the 

equation 1.1, 

Ὑ ςὪὯ )          (1.1) 
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where [I] is the initiator concentration, the factor of 2 accounts for the decomposition of the 

initiator molecule into two initiating radicals, and f is the initiator efficiency which is less than 1 

due to side reactions of the initiator derived radicals.8  

The second step involves addition of these initiating radicals onto monomer, producing a 

propagating radical (Pǒ). Propagation involves the successive addition of monomer units onto the 

propagating radical species, producing growing radical chains. The rate of polymerization is 

given by equation 1.2, it varies from monomer to monomer depending on the relative stability of 

the adduct radical. Table 1.1 shows the propagation rate coefficients (kps) of various monomers. 

The size of kp is governed by the nature of the monomer and the reactivity of the propagating 

radical. Styrene has a relatively low kp (thus polymerizes relatively slowly) since the styryl 

radical is resonance stabilized by the phenyl group. 

Ὑ
Ä -

Äὸ
 Ὧ 0ǒ -                                                                                                      ρȢς 

where kp is the rate coefficient for propagation, [Pǒ] is the propagating radical concentration and 

[M] is the monomer concentration.      

Monomer kp (L mol-1 s-1) Temperature 

(°C) 

Styrene 341 9 60 

tert-Butyl acrylate 22300 10 40 

Methyl methacrylate 812 11 60 

N,N-dimethylacrylamide 29198 12 30 

Vinyl acetate 9500-19000 12 60 

 

Table 1.1: Propagation rate constants of selected monomers 

Pulsed laser polymerization (PLP) is used to measure kp in conjunction with GPC analysis.1It is 

the most accurate method used for determining kp independently of other kinetic coefficients, 

including those for termination. PLP determines the value for kp through initiation of 

polymerization from a photo-initiator illuminated by a pulsed laser. 
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Chain transfer involves the radical chain reacting with a non-radical species to produce a dead 

polymer chain and a new radical (Yǒ), which adds onto monomer to initiate a new propagating 

radical chain. Chain transfer to small species such as monomer13 and solvent14 can lead to low 

molecular weight tailing in GPC traces. Chain transfer to solvent is minimized by using solvents 

without hydrogen atoms that can be abstracted or by carrying out polymerizations at lower 

temperatures. 

Termination occurs when two propagating radical chains react to produce a dead polymer chain. 

It can either occur by combination in which two propagating radical chains combine to form a 

dead polymer chain, or by disproportionation, in which hydrogen is transferred from one radical 

chain to another, producing a saturated and unsaturated chain.  
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Scheme 1.1: Conventional radical polymerization of N,N-dimethylacrylamide (DMA)  
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1.3 Reversible Deactivation Radical Polymerization (RDRP) 

1.3.1 Introduction  

Nitroxide Mediated Polymerization (NMP) was the first established controlled/living radical 

polymerization technique with work by Solomon in 1985,15 and then Georges in 1993.16 In 1995 

Matyjaszewski and Sawamoto used CuCl/bpy and RuCl2(PPh3)3 complexes, respectively, to 

control polymerizations in the first uses of Atom Transfer Radical Polymerization (ATRP).17-18 

The CSIRO in 1998 introduced Reversible Addition-Fragmentation chain Transfer (RAFT) 

polymerization,19 with similar work being carried out independently by Zard on Macromolecular 

Design via Interchange of Xanthate (MADIX), which follows the same mechanism as RAFT.20  

The significance of reversible deactivation radical polymerization is that it allows for the 

creation of polymers with molecular weights which are a function of conversion, and narrow 

molecular weight distributions. Polymers retain end-group functionality allowing chain 

extension, so enabling block copolymer synthesis that is not possible with conventional radical 

polymerization. 

NMP and ATRP are based on reversible dissociation-combination, while RAFT (MADIX) is a 

type of degenerative chain transfer process. Degenerative chain transfer is defined as the 

generation of a new chain carrier and a new chain transfer agent with the same reactivity as the 

original chain carrier and chain transfer agent.21 For narrow polydispersities to be achieved the 

transfer of the end group (agent) has to be rapid (see section 1.3.4). 
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1.3.2 Nitroxide Mediated Polymerization (NMP) 

NMP involves the reversible trapping reaction between the propagating radical (Pǒ) and the 

mediating nitroxide radical (Tǒ) to extend the lifetime of the propagating species by minimizing 

the likelihood of two Pǒ reacting together (terminating). (Scheme 1.2) 

 

Scheme 1.2: Reversible activation/deactivation equilibrium reaction in NMP  

 

The nitroxide is a bench-stable free radical (Figure 1.1). At suitably high temperatures the P-T 

bond is dissociated back into a propagating radical Pn
ǒ and the stable nitroxide radical Tǒ with a 

rate coefficient for activation (kact).  

 

Figure 1.1: 2,2,6,6-Tetramethylpiperidine-1-oxyl (TEMPO), 2,2,5-trimethyl-4-phenyl-3-

azahexane-3-aminoxyl (TIPNO) and N-tert-butyl-N- [1-diethylphosphono-(2,2-dimethylpropyl)] 

nitroxide (SG1) 

 

In the active state the polymeric radical can propagate by addition of monomer until it is 

deactivated again by combining with the nitroxide radical with a rate coefficient for deactivation 

(kdeact). The equilibrium between active and dormant polymer chains favours the dormant state as 

the coefficient for deactivation kdeact is several orders greater than that of kact. The equilibrium 
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constant K defines the relationship between kact and kdeact (equation 1.3). A low population of 

active propagating chains is maintained throughout the polymerization. 

   ὑ   
ǒ ǒ

           (1.3) 

TEMPO was the first nitroxide used to carry out NMP on styrene by Georges in 1993.16 High 

temperatures of up to 145 °C and long polymerization times of up to 72 h were needed to achieve 

a high conversion of over 85%. TEMPOôs ability to control polymerizations is limited to styrene 

and styrene derivatives.22 TEMPO is unable to control the polymerization of other vinyl 

monomers due to the relatively strong C-O bond in the alkoxyamine formed. 

Acyclic nitroxides such as TIPNO and SG1 (Figure 1.1) have been used to control the 

polymerization of a wide variety of monomers such as styrene23, acrylamides 14, 23-25, acrylates,23 

acrylic acid26 and acrylonitrile23. TIPNO and SG1 are more sterically hindered than TEMPO, 

which leads to a weaker C-O bond, resulting in a higher activation coefficient than TEMPO. 

Methacrylates are difficult to control with NMP because of disproportionation between the 

propagating radical and the nitroxide. McHale attempted the NMP of MMA by adding a large 

excess of SG1, however control was not improved due to the abstraction of the Ŭ-methyl 

hydrogen of the propagating PMMA radical by SG1 with increased SG1 concentration.27 MMA 

can be controlled in NMP by the addition of a co-monomer like styrene28 or acrylonitrile29. The 

co-monomer has a lower activation-deactivation equilibrium constant, K, which reduces the 

average K of the system, leading to a higher degree of living chains capped with nitroxide in the 

system. 

 

1.3.3 Atom Transfer Radical Polymerization (ATRP) 

ATRP is a transition metal-catalyzed polymerization. ATRP involves a reversible dissociation 

mechanism (Scheme 1.3), in which an alkyl halide is employed as an initiator with a transition 

metal complexed with a ligand as catalyst. The alkyl halide undergoes a reversible redox process 

catalyzed by the transition metal complex and facilitates abstraction of the halogen from the 

alkyl halide, which is reduced. One-electron reduction cleaves the R-X or P-X bond forming the 

carbon-centered radical Rǒ or Pǒ. The Rǒ reacts with monomer to form a propagating radical Pn
ǒ. 
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Pn
ǒ will propagate further until it is reversibly deactivated by the oxidized X-Mtn+1/L into Pn-X. 

Alternatively it can undergo a termination reaction with another Pn
ǒ.  

 

 

Scheme 1.3: ATRP general mechanism  

 

The theoretical molecular weight, Mn,th, is determined by the alkyl halide initiator concentration 

relative to the monomer as shown in equation 1.5, 

ὓ ȟ   

 
-7        (1.5) 

where Ŭ is the fractional monomer conversion, [M]0 is the initial monomer concentration, 

MWmon is the molecular weight of the monomer, [Alkyl halide]0 is the initial concentration of the 

alkyl halide initiator.  

Transition metals used in ATRP include Ti(III) , Mo(III)/(IV)/(V) , Re(V), Fe(II) , Ru(II) , 

Os(II )/(III) , Rh(I), Co(II) , Ni(I)/(II) , Pd(II ) and Cu(I)/(II) .7 Complexes of copper (such as 

CuCl/dNdpy) have been found to be the most efficient catalysts for a wide range of monomers. 

Monomers used with ATRP include styrenes, acrylates, methacrylates, acrylamides, 

methacrylamides, dienes, and acrylonitrile. Controlled/living polymerization of acrylic and 

methacrylic acids proved difficult  due to coordination of the carboxylate group with the metal 

and reaction with the basic ligand.30 Recently the ATRP of vinyl acetate has been performed by 
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Mazzotti and co-workers using CuCl, CuCl2 and the ligand Me6CyClam as catalytic system and 

allyl 2-chloropropionate (ACP) as initiator (Scheme 1.4).31 Control was achieved with Mn values 

being close to their theoretical values and polydispersities under 1.3 up to 90% conversion. 

PVAc was chain extended with butyl methacrylate (BMA), MMA and 2-hydroxyethyl 

methacrylate (HEMA) in order to confirm the living character of PVAc. Moderate to high 

conversions were achieved with polydispersities under 1.4 observed. Co-catalyst system with 

CuCl2 was used to deactivate growing chains faster and produce polymers with narrower 

polydispersities.  

 

Scheme 1.4: ATRP of vinyl acetate 

 

Radical initiators (e.g. AIBN) have also been used in ATRP alongside transition metal 

complexes in a high oxidation state in what has been termed reverse ATRP (Scheme 1.5).30 

 

Scheme 1.5: Initiation step for reverse ATRP with a radical initiator 
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1.3.4 Reversible Addition-Fragmentation Chain Transfer (RAFT) 

MADIX follows the same mechanism as RAFT with the only difference it uses xanthates as 

chain transfer agents (consequences described below). RAFT is one of the most versatile 

methods for controlling radical polymerization. Unlike NMP or ATRP, the RAFT process 

follows a degenerative transfer mechanism. Control is achieved through the addition of a suitable 

thiocarbonylthio compound to a conventional radical polymerization. Ideally, with the selection 

of a suitable chain transfer agent, the kinetics will be comparable to the equivalent conventional 

polymerization. Scheme 1.6 shows the mechanism for the RAFT polymerization. 

 

 

Scheme 1.6: RAFT using 2-(dodecylthiocarbonothioylthio)-2-methylpropionic acid (DDMAT)  

 

After conventional initiation the propagating radical Pm
ǒ reversibly adds onto the RAFT agent 

followed by fragmentation of the intermediate radical, forming a polymeric macroRAFT agent 

and a radical leaving group. For block copolymerizations, the order of polymerization is 

important. The monomer with the highest rate of transfer towards the RAFT agent must be 
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polymerized first to completion to enable fragmentation of the first block when chain extending 

with a monomer with a lower transfer rate e.g. when making a block copolymer of styrene and 

MMA, MMA must be polymerized first,32 and when polymerizing acrylonitrile with n-butyl 

acrylate, acrylonitrile is polymerized first.33 Re-initiation occurs when the radical leaving group 

adds onto monomer, initiating a new propagating radical chain (Pn
ǒ) which then adds onto the 

macroRAFT agent. Rapid equilibrium is achieved between the active propagating radicals and 

the macroRAFT agent through the RAFT intermediate radical ensuring that all the chains have 

an equal probability of growing. It is advantageous to use small amounts of initiator and short 

polymerization times, since bimolecular termination directly corresponds to the number of 

radicals generated from the decomposition of the initiator during the polymerization.34 

Termination leads to an unwanted broadening in MWDs, but does not lead to a loss of ñlivingò 

chains, since the number of living chains (substituted by the trithiocarbonate end group) remains 

constant throughout the polymerization. Ideally, superior controlling character and efficient 

block copolymer synthesis is achieved when the vast majority of chains originate from the RAFT 

agent rather than the initiator. 
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Table 1.2: RAFT agent compatibility table35  

Table 1.2 shows the compatibility between RAFT agents and various monomer classes. The Z 

and R groups are important in the compatibility of the RAFT agent with the monomer. The R 

group must make a better radical leaving group than the incoming propagating radical and 

initiate a new propagating radical chain as most chains should originate from the RAFT agent. 

The Z group activates or deactivates the thiocarbonyl double bond and affects the stability of the 

intermediate radical.36 The rate of addition of the propagating radical onto the RAFT agent is 

increased when Z = Ph or S(Rô) allowing stabilization of the adduct radical (Scheme 1.6). A 

more stable adduct radical makes the RAFT agent more suitable for monomers such as styrenes, 

acrylates, methacrylates, acrylamides and methacrylamides, which are more activated monomers 

(MAMs).  The rate of addition of the propagating radical onto the RAFT agent is decreased 

when Z = ORô, or NRô making the RAFT agent suitable for RAFT polymerizations of more 

reactive monomers such as vinyl esters and vinyl amides, which are less activated monomers 

(LAMs). Resonance structures of xanthates and dicarbamates explain the lowered activity of the 
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thiocarbonyl double bond through delocalization of the lone pairs on O and N (Scheme 1.7). This 

lowers the rate of addition onto the sulfur atom, which forms an unstabilized tertiary radical 

intermediate leading to rates of fragmentation, which compete with higher monomer kp. 

Xanthates have been used with vinyl acetate, achieving excellent control with low 

polydispersities and high conversions,37 as well as other monomers such as N-

vinylcaprolactam,38 N-vinyl pyrrolidone and N-vinyl carbazole.39 

 

 

Scheme 1.7: Resonance structures of xanthate and dicarbamate 

 

 

1.4 Supercritical Carbon Dioxide (scCO2) 

A supercritical fluid is defined as a substance at a temperature and pressure above its critical 

point where distinct liquid and gas phases do not exist. It has a gas-like diffusivity and liquid-like 

density and can dissolve materials like a liquid. Carbon dioxide has a critical point of 31.1 °C 

and 7.38 MPa (Figure 1.2),40 which is less extreme than other supercritical fluids such as water 

(374.2 °C and 22.05 MPa).41 Applications for scCO2 include the decaffeination of coffee and its 

use in the dry-cleaning industry. CO2 is an inert linear molecule with zero dipole-moment. Under 

supercritical conditions it becomes slightly non-linear with a weak dipole. This allows scCO2 to 

dissolve a large number of organic molecules. The density and dissolving power of scCO2 can be 

tuned by small changes in temperature and pressure.42 CO2 is an inert, non-toxic, non-flammable, 

inexpensive, commercially available and recyclable gas. It also cannot undergo chain transfer 

reactions and is inert to radical reactions, making it suitable for radical initiated polymerizations. 
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Figure 1.2: Phase diagram for carbon dioxide43  

 

Many types of heterogeneous polymerization can be carried out in scCO2 such as precipitation, 

solution, (mini)emulsion and suspension. The only solution (homogeneous) polymerizations 

possible are involve fluoropolymers and siloxanes, which are completely soluble in scCO2 

throughout the polymerization. DeSimone and co-workers carried out the first homogenous 

radical polymerizations in scCO2, with polytetrafluoroethylene (PTFE), also known as TeflonTM, 

being commercially produced in scCO2.
44-45 
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1.5 Overall Aims & Objectives  

Upon starting this PhD, the focus was controlled/living heterogeneous polymerizations in scCO2 

with NMP being the most commonly used.43 Aldabbagh et al. had reported NMP precipitation 

and dispersion polymerizations,42, 46-52 as well as controlled/living inverse suspension 

polymerization of N-isopropylacrylamide (NIPAM).53 Thus, the PhD set out to invent new 

controlled/living heterogeneous polymerizations in scCO2, which would be environmentally 

friendly and industrially applicable. This led to the discovery of new heterogeneous systems 

using RAFT with all previous work with this degenerative chain transfer process being 

precipitation/dispersion polymerizations.54-58 The work with scCO2 was extended to 

Polymerization Induced Self Assembly (PISA), which led to the preparation of high-order 

morphologies in scCO2 for the first time. 

The Aldabbagh group has had a long interest in stimuli-responsive polyacrylamides, in particular 

well-defined thermoresponsive poly(NIPAM)s.24, 52, 59 The aim of this work was to discover 

alternative stimuli-responsive polyacrylamides to allow the synthesis of new heterocycle-

containing monomers. These acrylamides were incorporated into pH-responsive amphiphilic 

block copolymers using RAFT polymerizations. 
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CHAPTER 2 
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2.1 Introduction  

 

Over the past decade, heterogeneous controlled/living radical polymerizations in benign 

supercritical carbon dioxide (scCO2) have become commonplace, and have been the subject of 

recent reviews.43, 60-61 Nitroxide-mediated polymerization (NMP),42-43, 52-53, 60, 62 atom transfer 

radical polymerization (ATRP), 43, 60, 63-64 reversible addition-fragmentation chain transfer 

(RAFT),43, 60, 65-67 and iodine transfer polymerization (ITP)68-69 have all been reported in scCO2. 

Most of these systems are classified as precipitation or dispersion polymerizations, where the 

monomer was initially soluble in the reaction medium, but the resultant polymer precipitates at a 

critical degree of polymerization (Jcrit).
42 The polymerization then proceeded to high conversion 

in a controlled/living manner in the particle phase. An exception is the NMP of N-

isopropylacrylamide (NIPAM), which proceeded in a controlled/living manner to high 

conversion as an inverse suspension polymerization.52-53 Howdle and co-workers have reported 

many different controlled/living dispersion RAFT polymerizations giving well-defined 

microparticles with high blocking efficiency achieved.43, 60, 65, 67 

 

In this chapter, a new controlled/living heterogeneous system based on induced precipitation of a 

macroRAFT agent occurring prior to polymerization on pressurization with CO2, to form seed 

particles that are swollen with monomer is described.70 The use of CO2 to induce particle 

formation in heterogeneous polymerization systems has previously been reported for 

conventional (non-living) radical polymerization under non-supercritical conditions. Zetterlund 

and co-workers have shown that polymer nanoparticles can be made by exploiting the anti-

solvent effect of gaseous CO2 to induce an emulsion in a polymer solution at a point known as 

the homogenous expansion limit (HEL).71A polymeric macroazoinitiator was dissolved in a 

solvent and monomer. CO2 was added to create a two-phase system with a dispersed phase with 

droplets containing polymer and monomer, and a CO2-rich continuous phase containing 

monomer and solvent. The droplets in the dispersed phase acted as mini-reactors for 

polymerization and the formation of nanoparticles that are generally better defined and smaller 

than the particles formed in the corresponding CO2-free dispersion polymerizations. As such the 

mechanism is similar to a miniemulsion polymerization.72 
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The present RAFT seeded precipitation polymerization in scCO2 used poly(2-ethoxyethyl 

methacrylate) as the macroRAFT agent, which is precipitated prior to polymerization with N,N-

dimethylacrylamide (DMA) and 4-acryloylmorpholine (4AM) to give block copolymers.  

 

Potential applications for these poly(2-ethoxyethyl methacrylate) containing block copolymers 

are numerous due to the presence of both ether and ester groups imparting flexibility and 

hydrogen bonding, while also offering the possibility for biomedical applications due to their 

thermoresponsiveness.73 Controlled/living character for the heterogeneous polymerizations in 

scCO2 is compared with the equivalent solution polymerizations in toluene. 
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2.2 Experimental  

2.2.1 Materials 

2-Ethoxyethyl methacrylate (>98%, TCI), N,N-dimethylacrylamide (DMA, >99%, TCI), and 4-

acryloylmorpholine (4AM, >98%, TCI) were distilled under reduced pressure before use. 2,2ô-

Azoisobutyronitrile (AIBN, DuPont Chemical Solution Enterprise) was recrystallized twice from 

methanol before use. 2-Cyano-2-propyl benzodithioate (>97%, Aldrich), petroleum ether 

(Aldrich), N,N-dimethylformamide (DMF, 99.9%, Aldrich), tetrahydrofuran (THF, 99.9%, 

Aldrich), diethyl ether (>98%, Aldrich), toluene (99%, Aldrich), CDCl3 (99.8 atom %, Aldrich) 

and LiBr (99%, Aldrich) were used as received. 

 

Scheme 2.1: Reagents used 

2.2.2 Preparation of macroRAFT agent 

Poly(2-ethoxyethyl methacrylate) (macroRAFT agent, Mn = 9000, Mw/Mn = 1.10) was prepared 

by bulk polymerization of 2-ethoxyethyl methacrylate (10.4 mL, 63.2 mmol) at 60 °C for 10 h 

using AIBN (41.5 mg, 0.253 mmol) and 2-cyano-2-propyl benzodithioate (0.28 g, 1.26 mmol) as 

initiator and RAFT agent respectively. The polymer was isolated by solubilizing the resultant 

mixture using a minimum of THF with precipitation into an excess of petroleum ether. The 

polymer was dried under vacuum to give the macroRAFT agent (8.98 g, 87%). 
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Scheme 2.2: Synthesis of the macroRAFT agent 

 

2.2.3 Measurements for polymerizations 

Mn and polydispersity (Mw/Mn) were measured using a gel permeation chromatography (GPC) 

system consisting of a Viscotek DM 400 data manager, a Viscotek VE 3580 refractive index 

detector, and two Viscotek Viscogel GMHHR-M columns. Measurements were carried out at 60 

°C at a flow rate of 1.0 mL min-1 using HPLC-grade DMF containing 0.01 M LiBr as the eluent. 

The columns were calibrated using twelve poly(styrene) standards (Mn = 580-6035000 g mol-1). 

Mn is given in g mol-1 throughout. All GPC measurements corresponds to polymer before 

purification, unless otherwise stated. The use of poly(styrene) standards inevitably leads to error, 

however control/living character can be assessed based on the shapes of molecular weight 

distributions (MWDs) and trends in Mn and Mw/Mn versus conversion.   

The GPC measures detector response (mV) versus elution time (min). The instrument converts 

using a calibration curve produced from a set of narrow MWD polymer standards (see above) of 

known molecular weight, allowing the molecular weight distribution to be plotted as a function 

of molar mass (dw/dlogM versus logM). The signal height from the GPC is manipulated using 

excel by normalizing to 1 in order to obtain w(log M) versus log M.  

1H NMR spectra were recorded using a Joel GXFT 400 MHz instrument equipped with a DEC 

AXP 300 computer workstation. 1H NMR spectra were obtained in CDCl3 and used for 

conversion measurements from polymerization mixtures prior to precipitation. Conversions for 
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the polymerizations of DMA were obtained by comparing the integrals of the copolymer peak at 

2.7-3.2 ppm (CH3, 6H) with the monomer vinyl peak at ~5.65 ppm with deduction of the 

monomer contribution from the copolymer peak. Conversions for the polymerizations of 4AM 

were obtained by comparing the integrals of the copolymer peak at 3.1-3.9 ppm (CH2, 8H) with 

the monomer vinyl peak at ~5.69 ppm with deduction of the monomer and macroRAFT 

contributions from the copolymer peak. For polymerization of 4AM to Ó70% conversion in 

scCO2, conversion was also measured by gravimetry with measurements found to be in close 

agreement (within 1%) to that obtained from 1H NMR. 

The theoretical number-average molecular weights (Mn,th) were calculated according to: 

ὓ ȟ   -7      (2.1) 

where Ŭ is the fractional monomer conversion, [M]0 is the initial monomer concentration, 

[macroRAFT]0 is the initial macroRAFT concentration, MWmon is the molecular weight of the 

monomer, and MWmacroRAFT is the molecular weight of the macroRAFT determined by GPC.  

SEM images were obtained using a FEI Phenom SEM with light optical magnification fixed at 

20 times, electron optical magnification 120-20,000 times, and digital zoom of 12 times. The 

sample was mounted on a stub and then coated in gold before being placed in the SEM. 

2.2.4 Equipment  

Polymerizations in scCO2 were conducted in a 25 mL stainless steel Parr reactor with maximum 

operating pressure and temperature of 40 MPa and 130 °C, respectively, or a 100 mL stainless 

steel Thar reactor (Fig. 2.1) with a maximum operating pressure and temperature of 41.4 MPa 

and 125 °C, respectively. The pressure was produced by a Thar P-50 series high pressure pump 

to within ±0.2 MPa and the temperature was monitored by a Thar CN6 controller to within ±0.1 

°C. The reactors are connected to a Thar automated back pressure regulator (ABPR, a computer-

controlled needle valve) for controlled venting. For the 25 mL reactor stirring was achieved 

using a magnetic stirring bar, the 100 mL reactor is equipped with a Magdrive which maintained 

stirring at ~1200 rpm and 180° sapphire viewing windows.  
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Figure 2.1: Images of (a) 100 mL and (b) 25 mL stainless steel scCO2 reactors 
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2.2.5 Polymerizations in scCO2 

The macroRAFT agent (5.67 g, 0.63 mmol) and AIBN (20.7 mg, 0.126 mmol) were dissolved in 

DMA (12.5 g, 0.126 mol) in the 25 mL stainless steel reactor. Alternatively, the above 

macroRAFT agent (4.70 g, 0.52 mmol) and AIBN (17.2 mg, 0.104 mmol) were dissolved in 

4AM (15.25 g, 0.108 mol) in the 25 mL stainless steel reactor. The reaction mixture was purged 

for 20 minutes by passing gaseous CO2 through the mixture to remove oxygen. Liquid CO2 (~5 

MPa) was added and the reactor immersed in an oil bath. The temperature was raised to the 

reaction temperature of 65 °C and then the pressure to 30 MPa by further addition of CO2. The 

reaction was quenched at various times by submersion of the reactor into an ice-water bath. 

When at approximately room temperature, the CO2 was vented slowly from the reactor into a 

conical flask to prevent loss of the polymer. The polymers were isolated by dissolving the 

reaction mixture in THF and precipitation by dropwise addition into cold petroleum ether 

(DMA) or diethyl ether (4AM). The polymerizations of 4AM taken to Ó70% conversion were 

purified using scCO2. The light pink powder obtained after venting of CO2 (was not precipitated 

using organic solvent), was purified by washing three times with scCO2 at 50 °C and 30 MPa. 

The polymer was filtered and dried under vacuum for 24 h at room temperature. 

 

Scheme 2.3: Preparation of block copolymer from 4AM 

 

Scheme 2.4: Preparation of block copolymer from DMA 
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2.2.6 Solution polymerizations  

The macroRAFT agent (0.450 g, 0.050 mmol) and AIBN (1.65 mg, 0.01 mmol) were dissolved 

in DMA (1.00 g, 10 mmol) and toluene (1 mL) was added. For 4AM, the macroRAFT agent 

(0.302 g, 0.0335 mmol) and AIBN (1.16 mg, 0.007 mmol) were dissolved in 4AM (1.00 g, 7.08 

mmol) and toluene (0.63 mL) was added. Polymerization reaction mixtures were added to Pyrex 

ampoules and subjected to several freeze-degas-thaw cycles to remove oxygen before sealing 

under vacuum. The ampoules were heated at 65 °C in an aluminum heating block for various 

times. Polymerizations were stopped by placing ampoules in an ice-water bath. 
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2.3 Results and Discussion 

2.3.1 Induced Precipitation polymerization in scCO2 

Polymerizations were conducted in a 100 mL stainless steel reactor equipped with two 180° 

sapphire windows,42 which allowed for the observation of the solubility of the poly(2-

ethoxyethyl methacrylate) macroRAFT agent in scCO2 at 65 °C and 30 MPa. Under these 

conditions, the macroRAFT agent (~19 g; Mn = 9000 g/mol, Mw/Mn = 1.10) was found to be 

insoluble in scCO2, forming a whitish emulsion. For polymerizations, a similar quantity of 

macroRAFT agent was first dissolved in the acrylamide monomer, which is miscible with 

scCO2.
52 Upon introduction of CO2 at 5 MPa and 24 ̄C, a phase separation was induced, which 

was observed as a whitish emulsion indicating the presence of particles (a dispersed phase) prior 

to polymerization. The dispersion persisted under scCO2 conditions (30 MPa/ 65 C̄) used for 

polymerization of the monomers DMA and 4AM with 2,2'-azoisobutyronitrile (AIBN) as 

initiator. 

 

2.3.2 RAFT polymerizations in scCO2 

Reasonably narrow MWDs (Mw/Mn < 1.38) shifting to higher MWs with conversion for the 

RAFT polymerizations of DMA (Fig. 2.2) and 4AM (Fig. 2.3) at [monomer]0/[macroRAFT]0 = 

200 and 400 are indicative of good controlled/living character. MWs increased approximately 

linearly with conversion and were mostly close to the theoretical number average molecular 

weight (Mn,th) lines, although some discrepancy is expected because the Mn values are based on 

polystyrene standards (Figs. 2.4 and 2.5). It is noted that for DMA, Mn values tended to deviate 

to lower Mn than Mn,th to a greater extent than for the RAFT of 4AM in scCO2 reflecting a greater 

loss in control in comparison to 4AM. Overall, the fact that reasonable controlled/living 

character was observed indicates minimal macroRAFT agent partitioning into the continuous 

phase. Generally, decreasing the [macroRAFT]0 concentration by a factor of two (from 

[monomer]0/[macroRAFT]0 = 200 to 400) resulted in almost doubling of Mn.  
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Figure 2.2 MWDs for polymerization mixtures of the RAFT of DMA at 65 °C using poly(2-

ethoxyethyl methacrylate) macroRAFT agent (continuous line), where [macroRAFT]0/[AIBN] 0 

= 5; (a) [DMA] 0/[macroRAFT]0 = 200 (i) in scCO2 at 8, 26 and 41% conversion and (ii)  in 

solution (toluene) at 15, 28, 34 and 47% conversion,  and (b) [DMA] 0/[macroRAFT]0 = 400 (i) 

in scCO2 at 14, 21, 41 and 54% conversion and (ii)  in solution (toluene) at 15, 26, 37 and 48% 

conversion 
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Figure 2.3 MWDs for polymerization mixtures of 4AM at 65 °C using poly(2-ethoxyethyl 

methacrylate) macroRAFT agent (continuous line), where [macroRAFT]0/[AIBN] 0 = 5; (a) 

[4AM] 0/[macroRAFT]0 = 200 (i) in scCO2 at 21, 45, 70 and 87% conversion and (ii)  in solution 

(toluene) at 11, 26, 31, 49 and 62% conversion, and (b) [4AM] 0/[macroRAFT]0 = 400 (i) in 

scCO2 at 27, 35 and 64% conversion and (ii)  in solution (toluene) at 10, 36 and 43% conversion
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Figure 2.4 (a) Mw/Mn and (b) Mn versus conversion for polymerizations of DMA at 65 °C using 

poly(2-ethoxyethyl methacrylate) macroRAFT agent, where [macroRAFT]0/[AIBN] 0 = 5. Closed 

symbols are in scCO2 and open symbols are in solution (toluene). Squares and triangles are 

[DMA] 0/[macroRAFT]0 = 200 and 400 with Mn,th line full and dashed respectively 
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Figure 2.5 (a) Mw/Mn and (b) Mn versus conversion for polymerizations of 4AM at 65 °C using 

poly(2-ethoxyethyl methacrylate) macroRAFT agent, where [macroRAFT]0/[AIBN] 0 = 5. Closed 

symbols are in scCO2 and open symbols are in solution (toluene). Squares and triangles are 

[4AM] 0/[macroRAFT]0 = 200 and 400 with Mn,th line full and dashed respectively 
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2.3.3 Comparisons with solution RAFT polymerizations  

The heterogeneous polymerizations described above were compared with homogeneous systems 

in toluene carried out at the same temperature, where the concentrations of AIBN, macroRAFT 

and monomer were the same as in the scCO2-reactor (based on the entire reactor volume) (Figs. 

2.4 and 2.5). Toluene was chosen as all the reaction constituents and products remained soluble 

to high conversion. The polymerizations were significantly faster in solution than in scCO2 (Fig. 

2.6) - polymerizations were about 4.5 and 1.5-2 times faster in solution for DMA and 4AM, 

respectively. Work done by Suzuki and co-workers showed that the RAFT polymerization of 

hydrophobic monomers such as styrene in aqueous miniemulsions (i.e. another type of dispersed 

system) is typically markedly faster than the corresponding homogeneous system as a result of 

compartmentalization effects (segregation) on bimolecular termination.74 The rate retardation is 

caused by bimolecular termination between the intermediate and propagating radicals. This is 

suppressed in a miniemulsion polymerization by separating the radicals into different loci of 

polymerization.75 However in the present system, the particle size is significantly larger than in 

miniemulsions (~100 nm), and moreover, the monomer solubility in scCO2 is much higher than 

that of hydrophobic monomers in water. As a consequence of the latter, significant monomer 

partitioning to the continuous phase would occur in the scCO2 system, resulting in less monomer 

being available at the main locus of polymerization (the particles) and hence a reduction in 

polymerization rate. Overall, the influence of system heterogeneity on polymerization rate is 

complex, including also possible effects of initiator partitioning and the termination rate 

coefficient (kt) being different in the two systems. A decrease in polymerization rate at the onset 

of heterogeneity has previously been observed in RAFT dispersion polymerization in non-CO2 

systems (although the opposite may also occur depending on the particular system). Armes and 

co-workers found that for the block copolymerization of poly(glycerol monomethacrylate) 

(PGMA) with 2-hydroxypropyl methacrylate (HMPA) at 46% conversion micelles began to self-

assemble trapping monomer inside at high concentration, which led to a five-fold increase in the 

rate of polymerization.76 Pan and co-workers found that for the block copolymerization of 

poly(vinylpyridine) with divinylbenzene however, the polymerization rate slowed down after the 

formation of micelles, which is attributed to the restriction of diffusion and high concentration of 

RAFT end groups in the core of the micelles.77 



 

32 
 

The longer polymerization times in scCO2 led to higher dispersities in comparison to the solution 

polymerizations due to the cumulative number of radicals generated from AIBN decomposition 

increasing with time (assuming no other radical side reactions, the number of termination events 

corresponds to half the number of radicals generated by AIBN). This is manifested as an 

increasing low MW tail with conversion as well as prominent high MW shoulders at the highest 

conversions due to termination by coupling.78 In addition, it is possible that the heterogeneity of 

the system results in some broadening of the MWD due to different particles having different 

[monomer]/[macroRAFT] ratios. 
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Figure 2.6 First order plots for polymerizations at 65 °C using poly(2-ethoxyethyl methacrylate) 

macroRAFT agent, where [macroRAFT]0/[AIBN] 0 = 5 in scCO2 are closed symbols and in 

solution (toluene) are open symbols with squares and triangles are [monomer]0/[macroRAFT]0 = 

200 and 400, respectively; (a) DMA and (b) 4AM. Lines are of best fit.
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2.3.4 High conversion RAFT polymerizations in scCO2 

 

Given that polymerizations in scCO2 of 4AM were 4ï5 times faster than DMA, and that it took 

~24 h to reach intermediate conversions of around 47% with DMA, it was decided to only take 

polymerizations of 4AM to high conversion. The products of the RAFT polymerizations of 4AM 

taken to Ó70% conversion in scCO2 were isolated as powders upon venting of the CO2 (Fig. 2.7). 

The powders were repeatedly washed with scCO2 at 50 °C and 30 MPa in order to remove all 

traces of monomer (see Figs. 2.8 and 2.9 for NMR of purified polymers). Thus the technique was 

suitable for large-scale synthesis of block copolymers without the requirement for toxic and 

hazardous volatile organic solvents. The SEM image of a sample of the powder revealed the 

formation of large irregularly shaped particles, which were similar to those obtained from 

precipitation NMP of styrene,49 and inverse suspension polymerization NMP of N-

isopropylacrylamide in scCO2,
53 although there are less prominent cavities from the expulsion of 

CO2 present. 

 

The MWDs for the RAFT polymerization of 4AM in scCO2 at 70 and 87% conversions were 

reasonably narrow (Fig. 2.3; Mw/Mn ~ 1.35), and controlled/living character is evident and Mn 

remains close to theoretical values (Fig. 2.5). 
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(a) 
                                     

 

(b) 

 

Figure 2.7 (a) SEM image and (b) optical image of poly(2-ethoxyethyl methacrylate)-b-

poly(4AM) powder obtained at 70% conversion from the RAFT polymerization of 4AM in 

supercritical CO2 

20 µm 



 

36 
 

 

 

 

Figure 2.8: 1H NMR (in CDCl3) of monomer and purified polymers: (a) poly(2-ethoxyethyl 

methacrylate) (MacroRAFT) (b) 4-acryloylmorpholine (c)  poly(2-ethoxyethyl methacrylate)-b-

poly(4AM). There are several signals for methyl B due to tacticity effects. 
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Figure 2.9: 1H NMR (in CDCl3) of monomer and purified polymers: (a) poly(2-ethoxyethyl 

methacrylate) (MacroRAFT) (b) dimethylacrylamide (c)  poly(2-ethoxyethyl methacrylate)-b-

poly(DMA) 
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2.4 Conclusions 

Poly(2-ethoxyethyl methacrylate)-b-poly(acrylamide) polymers with important biotechnology 

applications were prepared using a new controlled/living heterogeneous polymerization 

technique in scCO2. Applications of poly(2-ethoxyethyl methacrylate) include the preparation of 

hydrogels in the production of lenses and as part of drug delivery systems.79-81 Poly(4-

acryloylmorpholine) and poly(dimethylacrylamide) have both been used in the production of 

hydrogels and used as part of drug delivery systems.82-84 The new heterogeneous polymerization 

technique involves the formation of seed particles swollen with monomer by precipitation of the 

macroRAFT agent by the introduction of CO2. Despite the precipitation of the macroRAFT agent 

prior to polymerization, controlled/living character comparable to the equivalent solution system 

was achieved. The block copolymers of 4AM were isolated as powders in multi-gram scale at 

high conversions without the requirement for volatile organic solvents providing future potential 

green chemistry and commercial advantages. 
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CHAPTER 3 

POLYMERIZATION INDUCED SELF 

ASSEMBLY (PISA) USING ATRP IN  

SUPERCRITICAL CARBON DIOXIDE 
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3.1 Introduction 

3.1.1 Background 

The self-assembly of amphiphilic block copolymers in selective solvents to produce aggregates 

of various morphologies has been extensively studied by various groups such as those of 

Eisenberg and Bates.85-86 The two-step process involves dissolving the block copolymer post-

polymerization in a common organic solvent and gradually replacing with the non-solvent water 

or others to induce self-assembly as the water content increases. However the block copolymer 

concentrations are low (<1.0% w/w) making it difficult to use on a large scale. 

Polymerization Induced Self-Assembly (PISA) or the in-situ synthesis of the amphiphilic block 

copolymer involves the solvophilic polymer being chain extended with a second soluble 

monomer in a suitable solvent that polymerizes into a solvophobic block that becomes 

increasingly insoluble in the solvent. As the solvophobic block grows, the diblock will reach a 

certain length in which self-assembly occurs (Scheme 3.1). The solvophilic block is pre-prepared 

in a solution polymerization, and acts as a steric stabilizer for the solvophobic block formed in a 

dispersion or aqueous emulsion polymerization.87-88 When in the solvent, the solvophobic blocks 

will move to the interior of the micelle to avoid contact with the solvent while the solvophilic 

blocks will stay on the outside to maximize contact with the solvent to self-assemble into a 

variety of structures. The shape of the nano-object created is dependent on the size of the 

solvophobic block relative to the solvophilic block. By adjusting the ratio of solvophobic block 

size to the solvophilic block size different structures or nano-objects can be obtained. This 

method has the advantage of allowing nano-objects of various morphologies to be prepared at 

relatively high concentrations of up to 50% w/w in comparison to the two-step post-

polymerization process. The advent of more efficient Reversible Deactivation Radical 

Polymerizations (RDRP) techniques21 has been crucial to the discovery of PISA, since block 

copolymer formation is not possible using conventional radical polymerization and other living 

addition polymerizations (such as anionic or cationic), which are monomer restrictive, and not 

compatible with aqueous/alcoholic heterogeneous polymerization techniques.  
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Scheme 3.1: Synthesis of nano-objects via Polymerization Induced Self-Assembly (PISA) 

 

Charleux and co-workers have carried out PISA by using emulsion polymerizations with NMP 

and RAFT.89-90 The water soluble first block is an alkoxyamine macroinitiator, or a macroRAFT 

agent that is chain extended with a water immiscible monomer. The emulsion polymerization 

proceeds within the monomer swollen micelles formed and dispersed throughout the aqueous 

medium. The NMP was performed using poly(sodium acrylate)-SG1 as the alkoxyamine 

macroinitiator and was chain extended with n-butyl acrylate and styrene in water.89 In both cases 

the hydrophobic block is much longer than the hydrophilic one with PNaA21-PS920 and PNaA21-

PBA400 synthesized. Control was lost at higher conversions for both polymers. Dynamic light 

scattering (DLS) was used to obtain measurements for the particles, including the number 

average diameter which for the PS particles was 65 nm and for PBA was 90 nm in an aqueous 

solution of pH = 7. In an aqueous acidic solution of pH = 4 average diameters decreased to 55 

nm for PS and 76 nm for PBA, as the PNaA chains are converted to poly(acrylic acid) chains and 

contract into a compact conformation from a solvated coil conformation.91 The RAFT 

polymerization used a macroRAFT agent made with water-soluble poly(ethylene oxide) (PEO) 

(Scheme 3.2) extended with nBA or nBA and MMA, and the polymerizations proceeded to high 

conversions with good control.90 As the size of the PEO block increased, the size of the particles 
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decreased, from PEO = 1000 g mol-1 with a particle size of 340 nm to PEO = 2000 g mol-1 with 

184 nm, and PEO = 5000 g mol-1 with 71 nm. Cryo-TEMs, where the samples are studied at 

cryogenic temperatures of polymers chain extended from the macroRAFT agent made with PEO 

= 2000 g mol-1 showed hollow spherical particles of uniform size of around 200 nm for the 

homopolymerization and less spherical hollow raspberry like particles around 150 nm in size for 

the copolymerization, which may be the result of the aggregation of smaller individual particles 

during the polymerization.  

 

 

Scheme 3.2: Copolymerization of nBA and MMA in RAFT aqueous emulsion90 

 

PISA has been performed using aqueous dispersion polymerization, in which a water-soluble 

polymer is chain extended with a water miscible monomer with the resultant block copolymer 

becoming increasingly insoluble upon polymerization. Hawker and co-workers were one of the 

first groups to use microwave assisted RAFT aqueous dispersion polymerizations using 

macroRAFT agents to synthesize thermoresponsive nanoparticles (Scheme 3.3).92 The 

microwave irradiation allowed for efficient polymerization with 90-100% monomer conversion 

being obtained within 5 minutes. A macroRAFT agent made with N,N-dimethylacrylamide 

(DMA), was chain-extended with N-isopropylacrylamide (NIPAM) in water to produce spherical 

particles. In the absence of the crosslinker N,Nô-methylenebisacrylamide (BIS), the nanoparticles 

dissociated into double-hydrophilic block copolymers after cooling to room temperature due to 

the transition of the PNIPAM block to being soluble below its lower critical solution temperature 

(LCST) of 32 °C. The use of a crosslinker resulted in fully hydrophilic nanoparticles at room 

temperature.  
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Scheme 3.3: RAFT polymerization of NIPAM with and without crosslinker BIS92 

 

Armes and co-workers carried out RAFT dispersion polymerizations of benzyl methacrylate 

(BzMA) using four different macroRAFT agents synthesized from glycerol monomethacrylate 

(GMA), 2-(methacryloyloxy)ethyl phosphorylcholine (MPC), 2-(dimethylamino)ethyl 

methacrylate (DMAEMA) or methacrylic acid (MAA) (Scheme 3.4).93 These macroRAFT 

agents were chain extended with benzyl methacrylate (BzMA) in alcohols at 60-70 C̄, where 

self-assembly is not compromised by lateral electrostatic repulsion between highly charged 

chains as observed in the work of Charleux.94 Alcohols were preferred over water because their 

lower surface tension can aid particle deposition into planar substrates. High conversions were 

achieved with good control with Mw/Mn values of under 1.3 observed. Nano-objects of various 

morphologies were observed depending on the steric stabilizer chains employed as macroRAFT. 

With the degree of polymerization of BzMA relative to the macroRAFTs dictating the formation 

of nano-objects with spheres being observed first, then worms, then vesicles as the BzMA block 

increased in size. Since the hydrophilic steric stabilizer chains were soluble in water, as well as 
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alcohols, these nano-objects could be transferred by dialysis without any loss in colloidal 

stability, which allowed their characterization by electrophoresis. 

 

Scheme 3.4: RAFT dispersion polymerization of BzMA in alcohols93 

 

Later Armes and co-workers carried out RAFT dispersion polymerizations of BzMA using a 

mixture of two macroRAFT agents made with different size blocks of PMAA in ethanol.95 The 

polymerization of BzMA with the binary mixture of macroRAFT agents led to the formation of 

vesicles of relatively narrow size distribution with the PMAA block with shorter chains forming 

the inner layer. The PMAA-PBzMA diblock was then further extended with 2,2,2-trifluoroethyl 

methacrylate.96 High conversions with good control and Mw/Mns of under 1.45 were achieved for 

the ABC copolymer formation via dispersion polymerization in alcohols. The addition of the 

semi-fluorinated block produced a range of complex triblock copolymer morphologies.  

Pan and co-workers synthesized spherical micelles from a macroinitiator via a dispersion atom 

transfer radical polymerization (ATRP) in 1:1 mixture of water: ethanol (Scheme 3.5).97
 A 

macroinitiator made from poly(ethylene oxide) (PEO) was chain extended with 4-vinylpyridine 

(4VP) in the presence of the crosslinker BIS to form PEO-b-(4VP-co-BIS). Polymerization 

proceeded with good control with Mw/Mn of under 1.1 observed. Spherical particles with a 

P(4VP- co-BIS) core and PEO corona were observed by TEM with an average size of 30 nm.  
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Scheme 3.5: ATRP dispersion polymerization with crosslinker BIS97 

 

Matyjaszewski and co-workers performed PISA using initiator for continuous activator 

regeneration (ICAR) ATRP, which allowed a diminished copper catalyst concentration to be 

used compared to regular ATRP (Scheme 3.6).98 The macroinitiator poly(oligo(ethylene oxide) 

methyl ether methacrylate) (POEOMA) block was made in an aqueous solution polymerization 

using ICAR using the water-soluble initiator VA-044. 

 

 

Scheme 3.6: Synthesis of POEOMA macroinitiator and ICAR dispersion ATRP of BzMA98  
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The use of ICAR overcomes problems of polymer radical termination, which exists with ATRP 

in water due to high ATRP equilibrium constant (ka / kd, Scheme 3.7), partial halide hydrolysis, 

and Cu(I) ligand dissociation. The initiator overcomes the requirement for high Cu loadings by 

continuously generating low concentrations of Cu(I) with NaCl added in order to suppress loss of 

deactivator by dissociation of Br-Cu(II). Other modifications that reduce catalyst loadings 

include regenerating the Cu(I) activator by electron transfer (Activator Regenerated Electron 

Transfer: ARGET) ATRP, which uses a reducing agent or an electrical current (eATRP).99-101 

AIBN was used to polymerize BzMA at 65 ̄ C and V-70 at room temperature via an ICAR 

ATRP dispersion polymerization in ethanol.98 The morphology of the nano-objects formed was 

dependent on temperature and composition of the reaction system. At room temperature, 

spherical or rod-like particles were observed depending on the solid content and degree of 

polymerization (DP). At 65 °C spheres or worm-like particles were observed depending solely 

on the DP of poly-BzMA. Furthermore, nano-objects formed at room temperature changed 

morphology when heated to 65 °C, with spheres changing into worms and short worms changing 

into vesicles. The difference in morphology between room temperature and 65 °C was believed 

to be caused by the temperature-dependent plasticization of the core-forming BzMA block below 

and above its glass transition temperature (Tg) of 54 °C.  

 

 

Scheme 3.7: Activator Regeneration ATRP mechanism99  
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3.1.2 Polymerization Induced Self Assembly in supercritical carbon dioxide 

In 2009 Aldabbagh, Zetterlund and Okubo reviewed heterogeneous controlled/living radical 

polymerizations in supercritical CO2 (scCO2).
43 At the time of the review most examples of 

heterogeneous polymerizations in scCO2 were precipitation and dispersion polymerizations. In 

scCO2 the initiator, control agent(s) and monomer are typically soluble at the start, and the 

polymer becomes increasingly CO2-phobic as it slowly grows precipitating at its critical degree 

of polymerization (Jcrit).
42 There are two possibilities for preventing coagulation at Jcrit and thus 

achieving a dispersion polymerization: (i) the non-initiating stabilizer approach or (ii) initiating 

stabilizer (initiation and stabilization ñinistabò or stabilizing macroRAFT agent) approach. The 

second approach (ii) can now be termed PISA. 

The work by Okubo and co-workers using a dispersion ATRP with MMA by chain extending a 

bromine-terminated poly(dimethylsiloxane) (PDMS) óinistabô (initiator + stabilizer) 

macroinitiator can now be considered pioneering as far as the concept of PISA in scCO2 

(Scheme 3.8).102 

 

 

Scheme 3.8: ATRP of MMA in scCO2 with a bromine terminated inistab102 

 

The óinistabô is the solvophilic block, which sterically stabilizes the growing MMA block in a 

dispersion ATRP. High conversion (91%) was achieved and the copolymer was obtained as a 

free-flowing powder. Mn of 55600 g mol-1 was obtained with a low Mw/Mn of 1.24 from a 

PDMS-Br initiator with an Mn of 6200 g mol-1 and Mw/Mn of 1.06. The particles were measured 

to be ~300 nm however were not spherical in shape indicating imperfect stabilization. TEM 
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showed that PDMS domains form inside the particles due to coagulation of the PDMS blocks at 

an early stage in the dispersion ATRP.  

Aldabbagh and Okubo performed the first dispersion NMP by generating the inistab in situ by 

heating the poly(dimethylsiloxane) (PDMS)-based azo-initiator (VPS-0501) with SG1 (Scheme 

3.9).46 Control for the styrene polymerizations was limited due to the bifunctional nature of the 

initiator and the very large equilibrium constant for the reversible cleavage of the alkoxyamine 

between the initiating radicals and SG1.27 SEM of the PS powder generated showed that 

stabilization was imperfect with significant coagulation presumably due to chains growing from 

both ends, so that the middle part extends into the scCO2 medium reducing the colloidal 

protective layer. 

   

 
Scheme 3.9: VPS-0501  

 

A more efficient SG1-inistab was subsequently prepared from PDMS-Br and extended with 

styrene using ATRP with SG1 exchange of the bromine ɤ-end group (Scheme 3.10).47 A more 

efficient dispersion NMP of styrene was achieved in terms of control/livingness, and giving 

uniform spherical PS particles. This inistab had anchor solubility balance of 4500/6500 g mol-1 

(PS:PDMS), which is within the range of 1/3 to 3/1 reported to be suitable for colloidal 

stabilization.103 
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Scheme 3.10: Synthesis of PDMS-b-PS-SG1 (n å 49, m å 41)47 

 

Okubo with Fukuda used VPS-0501 to perform dispersion polymerizations in scCO2 of styrene 

using iodine transfer dispersion polymerization (dispersion ITP) with CHI3 and reversible chain 

transfer catalyzed with GeI4 (RTCP) (Scheme 3.11).68 

 

Scheme 3.11: ITP/RTCP polymerization of styrene in scCO2
68 

 

ITP is based on a degenerative chain transfer (DT) process in which iodide compounds such as 

CHI3 are used as transfer agents. ITP is limited by the difficulty in getting narrow 

polydispersities due to the low exchange frequencies of the iodide compounds. RTCP is a 
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reversible chain transfer (RT) process that uses a catalytic amount of GeI4 to increase the 

exchange frequency and achieve narrow polydispersities (Scheme 3.12). GeI4 acts as a 

deactivator and produces ǒGeI3 and P-I in situ. ǒGeI3 acts as an activator producing Pǒ and GeI4 

and the activation and deactivation allows for better control. High conversion (80%) was reached 

for both systems after 21 h with RTCP achieving better control than ITP with Mw/Mns between 

1.3-1.5 for RTCP and 1.5-1.7 for ITP. Spherical particles of ~670 nm were observed for both 

dispersions.  

 

 

Scheme 3.12: ITP/RTCP mechanism68 

 

Howdle and co-workers performed a dispersion RAFT polymerization with MMA by using the 

CO2-philic macroRAFT agent made from the fluorinated monomer 1H,1H,2H,2H-perfluorooctyl 

methacrylate (Mn = 15000 g mol-1) (Scheme 3.13). High conversion (99%) was achieved after 20 

h with the Mn of 76000 g mol-1 in close agreement of the theoretical value of  74970 g mol-1, 

with an 80:20 ratio of CO2-phobic to CO2-philic chains of the block copolymer, and a narrow 

polydispersity (Mw/Mn of 1.22), and well-defined spherical particles of a broad size distribution 

observed.57   
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Scheme 3.13: RAFT polymerization of MMA with CO2-philic macroRAFT agent57 

 

Later Howdle used  methacrylate terminated PDMS (PDMS-MA) macromonomer as stabilizer 

for dispersion RAFT of MMA in scCO2 (Scheme 3.14). 104  

 

 
Scheme 3.14: Structure of PDMS-MA  
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3.2 Aims and Objectives 

The aim of this chapter was to perform pioneering work on creating non-spherical nanoparticle 

objects via polymerization induced self-assembly (PISA) in scCO2. ATRP has been chosen as 

the controlled/living technique and benzyl methacrylate as the dispersion polymerization in 

supercritical CO2 using bromine terminated poly(dimethylsiloxane) as an óinistabô 

macroinitiator.  

 

For the morphology to change from spheres to rods/vesicles, the generated CO2-phobic block 

needs to be sufficiently long relative to the first CO2-philic (PDMS) block.  A criterion which 

seems to have already been satisfied in many other inistab and macroRAFT dispersion 

polymerizations in scCO2 (see section 3.1.2 above). However there needs to be sufficient 

mobility in the core, i.e. the effective Tg needs to be low enough. In most of the dispersion 

polymerizations in section 3.1.2, the second block created in situ was polystyrene or PMMA. 

Even though the temperature has been high (above 100 C̄) in the NMP of styrene work in 

scCO2, it might it be that the Tg in the core has still been too high, despite some presumably 

swelling with monomer and CO2, thus giving spheres not high order nano-objects.46, 27, 47  

 

In the case of PISA dispersion polymerizations in alcohols/water, it is well-known that benzyl 

methacrylate (BzMA) can more readily give rods/vesicles than when styrene is used as the 

second solvophobic block.93, 95-96, 98 This is mainly due to the Tg of poly(BzMA) being only 54 

C̄, i.e. well below that of poly(styrene) and poly(MMA), 100 ̄ C and 105 ̄C, respectively.105 To 

get rods/vesicles with styrene, typically a vast excess of styrene is used to swell the core and 

increase mobility.106-109 Thus this chapter attempted PISA polymerization in scCO2 where the 

second block has a markedly low Tg to form poly(BzMA) in an in situ controlled/living 

dispersion polymerization with the aim to get higher order morphologies. 
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3.3 Experimental 

3.3.1 Materials 

BzMA (Sigma-Aldrich, 96%) was distilled in vacuo to remove radical inhibitor. Anisole 

(Honeywell, 99%), THF (Sigma-Aldrich, Ó99%) and diethyl ether (Sigma-Aldrich) were 

distilled over Na wire and benzophenone (Sigma-Aldrich, 95%). CH2Cl2 (Sigma-Aldrich, 

Ó99%), CDCl3 (Sigma-Aldrich, 99.8 atom%), hydroxyl terminated poly(dimethylsiloxane) 

(Sigma-Aldrich, av. Mn ~4670 g mol-1), 1,1,4,7,10,10-hexamethyltriethylenetetramine 

(HMTETA, Sigma-Aldrich, 97%), triethylamine (Sigma-Aldrich, Ó99%), 2-bromoisobutyl 

bromide (Sigma-Aldrich, 98%), glacial acetic acid (Sigma-Aldrich, Ó99.5%), absolute ethanol 

(Sigma-Aldrich, Ó99.5%) were used as received.  

 

CuBr (Acros Organics, 98%) was purified according to the method by Keller and Wycoff:110 

CuBr was washed slowly with glacial acetic acid (4 x 25 mL) followed by absolute ethanol ( 3 x 

30 mL) and anhydrous diethyl ether ( 6 x 15 mL). CuBr was placed in a vacuum oven at ~75 °C 

for 25 mins and stored in an airtight container. 

 

3.3.2 Measurements for polymerizations 

Gel Permeation Chromatography (GPC). Mn and polydispersity (Mw/Mn) were measured using a 

gel permeation chromatography (GPC) system consisting of a Viscotek DM 400 data manager, a 

Viscotek VE 3580 refractive index detector, a Polar Gel-M guard column (50 × 7.5 mm) and two 

Mixed -C columns (300 × 7.5 mm). Measurements were carried out at 50 °C at a flow rate of 1.0 

mL min-1 using THF as the eluent. The columns were calibrated using twelve PS standards 

(EasiVial PS-H 2 mL, Agilent) (Mn = 580-6035000 g mol-1). Mn is given in g mol-1 throughout. 

All GPC corresponds to polymer before purification, unless otherwise stated. The use of PS 

standards inevitably leads to error, however control/living character was assessed based on the 

shapes of molecular weight distributions (MWDs) and trends in Mn and Mw/Mn versus 

conversion.   
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Nuclear Magnetic Resonance (NMR) Spectroscopy & Polymer Conversion Measurements. 1H 

NMR spectra were recorded using a Joel GXFT 400 MHz instrument equipped with a DEC AXP 

300 computer workstation. Conversion for solution polymerizations was estimated from 1H 

NMR spectra obtained in CDCl3. Conversions for the polymerizations of BzMA in anisole were 

obtained by comparing the integrals of the copolymer peak at 4.79-5.10 ppm (CH2, 2H) relative 

to the monomer peak at 5.22 ppm (CH2, 2H). See Figure 3.1 for monomer and purified polymer 

spectra. 

Conversions for dispersion polymerizations in scCO2 were measured by gravimetry. 

The theoretical number-average molecular weights (Mn,th) were calculated according to: 

ὓ ȟ     -7      (3.1) 

where Ŭ is the fractional monomer conversion, [BzMA]0 is the initial BzMA monomer 

concentration, [PDMS-Br]0 is the initial PDMS-Br concentration, MWBzMA is the molecular 

weight of the monomer, and MWPDMS-Br is the molecular weight of the initiator (PDMS-Br) 

determined by GPC.  

Scanning Electron Microscopy (SEM). SEM images were obtained using a FEI Phenom SEM 

with light optical magnification fixed at 20 times, electron optical magnification 120-20,000 

times, and digital zoom of 12 times. 

 

Transmission Electron Microscopy (TEM). TEM images were obtained using a Hitachi H7000 

using formvar/carbon 200 mesh Cu grids. A small amount of sample (~5 mg/mL) was suspended 

in pentane and sonicated for 10 min. One drop (~ 0.1 ml) of the colloidal solution was placed on 

the copper grid and allowed to settle. After 2 min excess solution was carefully removed with 

filter paper and allowed to dry prior to TEM analysis. 

 

 

 

 



 

55 
 

 

 

(a) 

 
(b) 

 
Figure 3.1: 1H NMR spectra (CDCl3) of (a) BzMA monomer and (b) purified PDMS-b-BzMA  

 

TMS 
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3.3.3 Equipment  

Polymerizations in scCO2 were conducted in a 25 mL stainless steel Parr reactor with maximum 

operating pressure and temperature of 40 MPa and 130 °C, respectively. The pressure was 

produced by a Thar P-50 series high pressure pump to within ±0.2 MPa and the temperature was 

monitored by a Thar CN6 controller to within ±0.1 °C. Heating was achieved with an oil bath 

and stirring was achieved using a magnetic stirring bar.  

 

3.3.4 Preparation of bromo-terminated PDMS macroinitiator 

PDMS-Br was synthesized according to the procedure by Haddleton and co-workers (Scheme 

3.15).111 PDMS-OH (10.00 g, 2.20 mmol) and triethylamine (1.54 mL, 11.10 mmol) were 

dissolved in anhydrous THF (300 mL). 2-Bromoisobutyl bromide (0.69 mL, 5.55 mmol) was 

added dropwise to the mixture whilst stirring. The solution was left overnight to stir at ambient 

temperature. The solution was filtered and evaporated to dryness. CH2Cl2 (300 mL) was added to 

the yellow residue and washed with saturated NaHCO3 solution (3 x 200 mL). The organic layer 

was separated, dried with MgSO4, filtered and solvent evaporated to give the product as yellow 

oil (9.08 g, 88% yield). 

 

Scheme 3.15: Synthesis of PDMS-Br  

 

3.3.5 Polymerizations of BzMA in anisole 

CuBr (5.26 mg, 0.037 mmol), BzMA (0.73 g, 4.13 mmol), PDMS-Br (0.192 g, 0.042 mmol) and 

anisole (1.00 mL) were added to a test tube containing a stirrer. The tube was sealed with a 

septum and flushed with N2 for 30 min. The mixture was heated to 80 °C for 10 min before the 

addition of HMTETA (8.40 mg, 0.037 mmol) dissolved in anisole (0.30 mL).111 Polymerizations 
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were stopped by placing test tubes in an ice-water bath. Conversion (1H NMR), Mn, and Mw/Mn 

were measured as described above.  

3.3.6 Dispersion ATRP of BzMA in scCO2 

ATRP of BzMA in scCO2 was conducted in a 25 mL stainless steel reactor. BzMA (9.10 g, 

0.052 mol), PDMS-Br (2.40 g, 0.53 mmol), CuBr (66.4 mg, 0.46 mmol) and HMTETA (106.7 

mg, 0.46 mmol) were added to the reactor. The reaction mixture was purged for 20 min by 

passing gaseous CO2 through the mixture to remove oxygen. Liquid CO2 (~5 MPa) was added 

and the reactor immersed in an oil bath. The temperature was raised to the reaction temperature 

of 80 °C followed by the pressure to the reaction pressure of 30 MPa by addition of CO2. The 

reaction was quenched by submersion of the reactor into an ice-water bath. When at 

approximately room temperature, the CO2 was vented slowly from the reactor into a conical 

flask to prevent loss of the polymer.  The light blue crystalline solid (9.09 g), was obtained after 

venting of CO2, and conversion was measured by gravimetry taking into account remaining 

monomer using 1H NMR: (79% conversion). 

 

 

3.3.7 Purification using scCO2 

The polymer contained unreacted monomer soluble in scCO2. The polymer was not precipitated 

using organic solvent, but purified by washing three times using scCO2 at 50 °C and 30 MPa to 

remove unreacted monomer.53, 70 1H NMR was used to confirm that the blue polymer powder 

was free of BzMA monomer. 
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3.4 Results and Discussion 

3.4.1 Preparation of PDMS-Br 

The condensation of PDMS-OH with 2-bromoisobutyryl bromide gave PDMS-Br macroinitiator 

in high yield of 88%. PDMS-OH was completely converted to PDMS-Br as indicated by the 1H 

NMR spectrum in Figure 3.2 with the less than quantitative yield presumably due to losses upon 

extraction. NMR assignments were in agreement with Okubo et al, and Haddleton et al.102, 111 

PDMS-Br 1H NMR d: 4.31 (t, J = 4.9 Hz, 2H, CH2OCO), 3.66 (t, J = 4.9 Hz, 2H), 3.44 (t, J = 

7.0 Hz, 2H), 1.96 (s, 6H) with the remaining spectrum presumably the PDMS block by 

comparison to the 1H NMR spectrum of PDMS-OH. 

 

3.4.2 Polymerizations of BzMA in anisole 

These were carried out in order to help optimize ATRP of BzMA in scCO2. The solution 

polymerizations were based on the method of Matyjaszewski and co-workers, in which BzMA 

underwent ATRP in anisole at 90 °C with a ratio of BzMA / EBriB / CuBr / HMTETA = 113 / 1 

/ 0.5 / 0.5 (Scheme 3.16).112  

 

Scheme 3.16: ATRP of BzMA in anisole 

After 86 min, 80% conversion was achieved with Mn = 18230 g mol-1 and Mw/Mn of 1.26, which 

was close to the Mn,th = 15980 g mol-1. On using these reaction conditions, BzMA/PDMS-

Br/CuBr/HMTETA = 113/1/0.5/0.5, after 90 min, 89% conversion was achieved with Mn = 

14450 g mol-1 and Mw/Mn = 1.20 compared to the Mn,th = 22980 g mol-1 (Figure 3.3). The 
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disparity between the experimental and theoretical Mn may be attributed to heterogeneity since 

the PDMS polymerization solution appeared cloudy. 

 (a) 

 
(b) 

 
 

Figure 3.2: 1H NMR spectra (CDCl3, 400 MHz) of (a) PDMS-OH (bottom) and (b) PDMS-Br  
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Figure 3.3 MWDs of ATRP polymerization of BzMA in anisole from PDMS-Br (blue solid line) 

at 89% after 90 min (red dashed line) using the same conditions as Matyjaszewski and co-

workers 

 

In order to slow down the polymerization and improve control, the temperature was lowered 

from 90 to 80 °C with BzMA / PDMS-Br / CuBr / HMTETA = 98 / 1 / 0.88 / 0.88 in anisole 

used. Figure 3.4 shows that controlled/living character was achieved after 5 and 18 h with 

narrow MWDs with Mn = 6700 g mol-1 and Mw/Mn = 1.19, compared to the Mn,th = 11550 at 41% 

conversion and Mn = 9000 g mol-1 and Mw/Mn = 1.32, compared to the Mn,th = 18400 at 81% 

conversion. For polymerizations in anisole, it seems that heterogeneity may have led to MWs 

about half those expected based upon conversion.  
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Figure 3.4: MWDs of ATRP polymerizations of BzMA at 80 °C in anisole from PDMS-Br (blue 

solid line) after 5 h (red dashed line, 41%) and (green dotted, 81% conversion) 
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3.4.3 Dispersion ATRP of BzMA in scCO2 

The dispersion ATRP was performed at 80 °C with BzMA / PDMS-Br / CuBr / HMTETA = 98 / 

1 / 0.88 / 0.88. Polymerization using the PDMS-Br macroinitiator (Mn = 4500 g mol-1, Mw/Mn = 

1.14) with BzMA yielded a diblock copolymer at 79% conversion with Mn = 14300 g mol-1 (Mn,th 

= 18000 g mol-1) and Mw/Mn = 1.27 after 18 h at 80 °C in scCO2 (Figure 3.5).  Polymerizations 

in anisole and scCO2 were similar in rate however monomer concentration was greater in anisole. 

Narrower MWD was obtained compared to the equivalent polymerization in anisole, although 

Mn was less than theoretically expected, Mn was however closer to the Mn,th than that of the 

ATRP of BzMA in anisole. The GPC trace shows a low molecular weight tail, possibly due to 

the generation of short chains by thermal means given the long polymerization time of 18 h. 

 

A light blue powder was obtained which contained up to 10% unreacted monomer, which was 

separated from the polymer by washing several times with scCO2. 
1H NMR spectroscopy 

showed the polymer powder to be free of monomer (Figure 3.1b). SEM of the polymer powder 

showed cavities attributed to the venting process (Figure 3.6a). TEM analysis was carried out by 

suspending the PDMS-b-BzMA sample in pentane followed by sonication. The sample was re-

dispersed in pentane to remove any residual stabilizer without affecting the polymer 

morphologies.48 A mixture of morphologies was apparent with spherical micelles, as well as 

higher order objects such as vesicles and rods of a large size range from about 100 nm to 4.5 µm 

(Figure 3.7).  
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Figure 3.5 MWDs of ATRP dispersion polymerization of PDMS-Br (blue solid line) with 

BzMA at 79% conversion after 18 h (red dashed line) at 80 °C in scCO2. 

 

(a)                                                        (b) 

        
 

Figure 3.6 (a) SEM and (b) optical image of the dry PDMS-b-BzMA powder after purification 

using scCO2  
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Figure 3.7 TEMs of PDMS-b-BzMA after purification using scCO2 and re-dispersed in pentane. 
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3.5 Conclusions 

This chapter has shown that the dispersion polymerization of BzMA in scCO2 using PDMS-Br as 

a CO2-philic macroinitiator, where BzMA forms a solvophobic block, can result in PISA leading 

to non-spherical higher order morphologies than previously observed by using a monomer with a 

lower Tg than styrene. Reasonable control/living character for the dispersion ATRP in scCO2 of 

BzMA was achieved up to ~80% conversion with Mn = 14300 g mol-1 (Mn,th = 18000 g mol-1) 

and Mw/Mn = 1.27. The polymer was obtained as a free-flowing powder, without the requirement 

of volatile organic solvents. TEM was carried out by re-dispersing the polymer powder in 

pentane in order to observe vesicular structures. 

Future ATRP will involve adjustments to the size of the solvophobic BzMA block relative to the 

solvophilic PDMS block in order to improve steric stabilization and self-assembly. Abdullah 

Alzahrani is the PhD student continuing this work. 
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Chapter 4 

FACILE SYNTHESIS OF THE N-

[(CYCLOALKYLAMINO) METHYL] 

ACRYLAMIDE  MONOMER CLASS AND 

RAFT POLYMERIZATIONS GIVING pH-

RESPONSIVE POLYACRYLAMIDE 

BLOCK COPOLYMER VESICLES 
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4.1 Introduction 

Amphiphilic block copolymers containing saturated nitrogen heterocycles (SNH) have recently 

been used as the tertiary amino groups can be ionized allowing rapid and reversible changes 

between a hydrophobic and hydrophilic state. Gao and co-workers  have synthesized block 

copolymers  containing PEO and monomers containing SNH substituents, which self-assembled 

into pH responsive micelles.113 The pH insensitive dye tetramethyl rhodamine (TMR) was added 

to the blocks containing the SNH substituents in order to investigate the pH responsive properties 

of the polymer (Scheme 4.1). At higher pH values the SNH blocks would self-assemble into the 

hydrophobic cores of the micelles and quench the fluorescence of the TMR moieties. At lower 

pH values, the SNH blocks became protonated and the micelles disassembled causing an 

increase of fluorescence from the TMR moieties. 

 

Scheme 4.1: Structures of the PEO-b-SNH copolymers 

 

Li and co-workers reported the synthesis of pH-responsive nanoparticles made from platinum 

prodrug incorporated dendrimers containing pH-sensitive azepane substituents enabling  

nanoparticle collapse in the acidic environments of tumour cells.114 The polymerizations of 2-

(cycloalkylamino)ethyl (meth)acrylates or 2-(cycloalkylamino)ethyl (meth)acrylamides using 
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RDRP21 with NMP,14 ATRP,113, 115 and RAFT114, 116-118 (Scheme 4.2a) containing pH-responsive 

SNHs have been reported. However, there are few reports of polymerizations of N-

[(cycloalkylamino)methyl] (meth)acrylamides containing a methylene amine rather than an ethyl 

amine pendent probably due to difficulties in the synthesis of these monomers (Figure 4.2b).119-

122  

 

Scheme 4.2: Saturated nitrogen heterocycle (SNH) containing monomers 

 

The NMR data for N-[(morpholino-4-yl)methyl]prop-2-enamide 1a (Scheme 4.3) that was 

published in literature was inaccurate.121 Monomer preparations have been reported by Müller 

and co-workers based on a one-pot Mannich reaction approach using formaldehyde and 

acrylamide to give N-(hydroxymethyl)acrylamide followed by addition of the secondary amine 

to yield the monomer.119-120 Repeating the procedure resulted in low yields due to inadvertent 

thermal polymerization or degradation of the monomer or intermediates at the elevated reaction 

temperatures (~80 ̄ C) with monomer isolation requiring difficult distillations from the aqueous 

reaction mix.  
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Scheme 4.3: Synthesis of monomer by the one-pot Mannich reaction approach 

A new method for the synthesis of N-[(cycloalkylamino)methyl] acrylamides was invented 

(Scheme 4.4), involving the quaternization of an aminal to generate a methylene Schiff base salt, 

123-124 followed by the nucleophilic addition of acrylamide onto the Schiff base salt to give the 

monomer as a hydrochloride salt. The new method has allowed the efficient preparation of 

acrylamide monomer 1a-1c on a multi-gram scale via basification of the respective 

hydrochloride salts 1a.HCl-1c.HCl. The new method allowed for the first controlled/living 

polymerizations of these  monomers,125 as well as their respective hydrochloride salts, with 

amphiphilic polyacrylamide block copolymers shown to form vesicles, and pH-responsive 

nanoparticles. 

 

Scheme 4.4: New approach to synthesis of N-[(cycloalkylamino)methyl] acrylamides 
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4.2 Experimental  

4.2.1 Materials  

Aminal 4,4῁-methylenebis(morpholine) bp 66-67 ÁC (0.25 mmHg), 1,1῁-methylene dipiperidine 

bp 62-64 ÁC (0.25 mmHg) and 1,1῁-methylene dipyrrolidine bp 50-52 °C (0.25 mmHg)] were 

readily prepared in high yields (78-98%) from formalin (Sigma-Aldrich, 37%) and cycloamine 

[morpholine (Sigma-Aldrich, Ó99%), piperidine (Sigma-Aldrich, Ó99%), and pyrrolidine (Across 

Organics, 99%) respectively] using a literature procedure (Scheme 4.5).126-127  

 

 

Scheme 4.5: Synthesis of Aminals  

 

Distilled aminals were stored under vacuum in dry desiccators at room temperature. Acetyl 

chloride (AcCl, Sigma-Aldrich,  98%) and acrylamide (Aldrich, 97%) were used as received. 

2,2ǋ-Azobisisobutyronitrile (AIBN, DuPont Chemical Solution Enterprise) was recrystallized 

twice from MeOH before use. 2,2ǋ-Azobis[2-(2-imidazolin-2-yl)propane]dihydrochloride (VA-

044, Wako) and 2-(dodecylthiocarbonothioylthio)-2-methylpropionic acid (DDMAT, Sigma-

Aldrich, 98%) were used as received. 1,4-Dioxane (Sigma-Aldrich, Ó99.0%) and Milli-Q water 

were used directly as solvents for polymerization. N-tert-Butylacrylamide (TBAM, TCI 

Chemicals) was recrystallized from hexanes and N,N-dimethylacrylamide (DMA, TCI, 98%) 

was distilled in vacuo to remove radical inhibitor. Acetonitrile (MeCN, Sigma-Aldrich, Ó99.9%), 

CH2Cl2 (Sigma-Aldrich, Ó99%), N,N-dimethylformamide (DMF, Sigma-Aldrich, HPLC-grade, 
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Ó99.9%), diethyl ether (Et2O, Sigma-Aldrich, Ó99.5%) hydrochloric acid (Sigma-Aldrich, 36.5-

38%), CDCl3 (Sigma-Aldrich, 99.8 atom%), D2O (99.9 atom%, Sigma-Aldrich), and LiBr 

(Sigma-Aldrich, 99%) were used as received. For monomer synthesis MeCN was distilled over 3 

Å molecular sieves then CaH2 (Sigma-Aldrich, 95%), and Et2O was distilled over Na wire and 

benzophenone (Sigma-Aldrich, 95%).  

 

4.2.2 Equipment and measurements  

Polymerizations. All were carried out in borosilicate glass tubes sealed with septa and flushed 

with N2 for 30 min.  

Nuclear Magnetic Resonance (NMR) Spectroscopy. 1H NMR spectra were recorded using a Joel 

GXFT 400 MHz instrument equipped with a DEC AXP 300 computer workstation. For water 

soluble polymers D2O was used as the NMR solvent, and for amphiphilic polymers CDCl3 was 

used as the NMR solvent, and conversion was estimated by sampling directly from the reaction 

(without purification). Conversions were estimated using the integral for a polymer peak (where 

appropriate deducting the monomeric contribution of peaks containing both polymer and 

monomer contributions) relative to a monomer vinyl peak.  

Theoretical number average molecular weight (Mn,th) was calculated according to equation 4.1:  

 

ὓ ȟ   ὓὡ ὅέὲὺὩὶίὭέὲὓὡ   (4.1) 

 

RAFT represents DDMAT or polymeric macroRAFT agent. MWmonomer and MWRAFT are the 

molecular weights of the monomer and (macro)RAFT agent respectively. Conversion was 

measured by 1H NMR (as above). 

Gel Permeation Chromatography (GPC). Molar mass distributions were measured using Agilent 

Technologies 1260 Infinity liquid chromatography system using a Polar Gel-M guard column 

(50 × 7.5 mm) and two Polar Gel-M columns (300 × 7.5 mm). DMF containing LiBr (0.01 M) 

was used as eluent at 1.0 mL·minī1 at 60 °C. Twelve narrow polydispersity poly(methyl 

methacrylate, MMA) standards (EasiVial PM 2 mL, Agilent) were used to calibrate the GPC 

system. Samples were dissolved in the eluent and filtered through a PTFE membrane with 0.2 

ɛm pore size before injection (100 ɛL). Experimental molar mass (Mn) and polydispersity 
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(Mw/Mn) values were determined by conventional calibration using Agilent GPC/SEC Software 

for Windows (version 1.2; Build 3182.29519). (Mn = 550 ï 2,136,000 g.mol-1). Number average 

molecular weight (Mn) values are not absolute, but relative to linear poly(MMA) standards (as 

above). 

 

Transmission Electron Microscopy (TEM). TEM images were obtained using a Hitachi H7000 

using formvar/carbon 200 mesh Cu grids. One drop (~ 0.1 ml) of the colloidal solution was 

placed on the copper grid and allowed to settle. After 10 min excess solution was carefully 

removed with filter paper and allowed to dry for a further 5 min prior to TEM analysis. 

 

4.2.3 Monomer synthesis: N-[(cycloamino)methyl]acrylamides (N-

[(cycloalkylamino)methylene]prop-2-enamides) (1a-1c) 

AcCl (14.3 mL, 0.2 mol) was added over 30 min to the aminal (0.2 mol) in MeCN (40 mL) at 0 

°C. Acrylamide (14.2 g, 0.2 mol) in MeCN (40 mL) was added, and stirred at room temperature 

for 2 h. Et2O (50 mL) was added and the hydrochloride salt of the monomer precipitated, 

filtered, and dried under vacuum. The hydrochloride salt was recrystallized, dried, and 

characterized. 

Saturated Na2CO3 solution (50 mL) was added to the hydrochloride salt suspended in CH2Cl2 (50 

mL) and the solution stirred for 20 min. The organic layer was separated and the aqueous layer 

was washed with CH2Cl2 (4 x 30 mL). The combined organic extracts were dried (MgSO4), 

filtered, and evaporated to dryness to give the monomer, which was recrystallized. 

 

 

 N-[(morpholin -4-yl)methyl]prop -2-enamide hydrochloride (1a.HCl): white solid; mp 146-

148 °C (recryst. from MeCN); ŭH (400 MHz, (CD3)2SO) 2.84-3.36 (m, 4H), 3.66-4.05 (m, 4H), 

4.54 (d, J 6.8 Hz, 2H, 1-CH2), 5.79 (dd, J 10.2, 1.9 Hz, 1H, cis-H), 6.26 (dd, J 17.2, 1.9 Hz, 1H, 

trans-H), 6.43 (dd, J  17.2, 10.2 Hz, 1H), 9.60 (t, J 6.8 Hz, 1H, NH), 11.22-11.42 (brs, 1H, NH); 

ŭC (100 MHz, (CD3)2SO) 48.6 (CH2), 58.6 (1-CH2), 63.0, 128.3 (both CH2), 130.3 (CH), 166.2 

(C=O). 
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N-[(morpholin -4-yl)methyl]prop -2-enamide (1a): 25.5 g, 75%, white solid; mp 93-95 °C 

(recryst. from MeCN); ɜmax (neat, cm-1) 3254, 2860, 2825, 1669, 1648 (C=O), 1608, 1535, 1228, 

1155, 1109; ŭH (400 MHz, CDCl3) 2.57 (t, J 4.7 Hz, 4H), 3.69 (t, J 4.7 Hz, 4H), 4.17 (d, J 6.5 

Hz, 2H, 1-CH2), 5.70 (dd, J 10.3, 1.4 Hz, 1H, cis-H), 5.91-6.05 (brs, 1H, NH), 6.10 (dd, J 17.0, 

10.3 Hz, 1H), 6.32 (dd, J 17.0, 1.4 Hz, 1H, trans-H); ŭC (100 MHz, CDCl3), 50.5 (CH2), 61.6 (1-

CH2), 66.4, 127.5 (both CH2), 130.6 (CH), 166.2 (C=O); HRMS (ESI) m/z (M+H)+, C8H15N2O2, 

calcd. 171.1134, observed 171.1136. 

 

N-[(piperidin -1-yl)methyl]prop -2-enamide hydrochloride (1b.HCl): white solid, mp 143-145 

°C (recryst. from MeCN); ŭH (400 MHz, (CD3)2SO) 1.27-1.42 (m, 1H), 1.60-1.84 (m, 5H), 2.82 

(d, J 11.2 Hz, 2H), 3.30 (d, J 11.2 Hz, 2H), 4.47 (d, J 6.5 Hz, 2H, 1-CH2), 5.81 (dd , J 10.0, 1.9 

Hz, cis-H), 6.27 (dd J 17.1, 1.9 Hz, 1H, trans-H), 6.38 (dd, J  17.1, 10.0 Hz, 1H), 9.32-9.43 (brs, 

1H, NH), 9.91-10.12 (brs, 1H, NH); ŭC (100MHz, (CD3)2SO) 21.4, 22.3, 49.8 (all CH2), 58.7 (1-

CH2), 128.3 (CH2), 130.6 (CH), 166.4 (C=O). 

 

N-[(piperidin -1-yl)methyl]prop -2-enamide (1b): 24.9 g, 74%, white solid, mp 55-57 °C 

(recryst. from Et2O); ɜmax (neat, cm-1) 3276, 2936, 2807, 1669, 1650 (C=O), 1611, 1528, 1372, 

1227, 1216, 1175, 1027; ŭH (400 MHz, CDCl3) 1.35-1.44 (m, 2H), 1.55 (p, J 5.5 Hz, 4H), 2.49 (t, 

J 5.5 Hz, 4H), 4.13 (d, J 6.4 Hz, 2H, 1-CH2), 5.65 (dd, J 10.2, 1.4 Hz, 1H, cis-H), 6.10 (dd, J 

17.0, 10.2 Hz, 2H, CH, NH), 6.29 (dd, J 17.0, 1.4 Hz, 1H, trans-H); ŭC (100 MHz, CDCl3) 24.2, 
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26.0, 51.5 (all CH2), 62.2 (1-CH2) 126.8 (CH2), 131.2 (CH), 166.6 (C=O); HRMS (ESI) m/z 

(M+H)+, C9H17N2O, calcd. 169.1341, observed 169.1335. 

 

N-[(pyrrolidin -1-yl)methyl]prop -2-enamide hydrochloride (1c.HCl): white solid, mp 64-66 

°C, (recryst. from EtOAc);  ŭH (400 MHz, (CD3)2SO) 1.78-1.97 (m, 4H), 2.91-3.54 (m, 4H), 4.53 

(d, J 6.8 Hz, 2H, 1-CH2), 5.78 (dd, J 10.2, 1.9 Hz, 1H, cis-H), 6.24 (dd, J 17.2, 1.9 Hz, 1H, 

trans-H), 6.41 (dd, J 17.2, 10.2 Hz, 1H), 9.72 (t, J 6.8 Hz, 1H, NH), 10.96-11.10 (brs, 1H, NH); 

ŭC (100 MHz, (CD3)2SO) 23.1, 50.6 (both CH2), 56.0 (1-CH2), 128.3 (CH2), 130.6 (CH), 166.4 

(C=O). 1c.HCl should be stored under vacuum in a desiccator at room temperature.  

 

N-[(pyrrolidin -1-yl)methyl]prop -2-enamide (1c): 20.3 g, 66%, white solid, mp 29-30 °C, 

(recryst. from EtOAc), ɜmax (neat, cm-1) 3268, 2964, 1656 (C=O), 1627, 1537, 1232, 1135, 1031; 

ŭH (400 MHz, CDCl3) 1.69-1.81 (m, 4H), 2.57-2.65 (m, 4H), 4.25 (d, J 6.3 Hz, 1H, 2H, 1-CH2), 

5.65 (dd, J 10.2, 1.4 Hz, 1H, cis-H), 6.10 (dd,  J 17.0, 10.2 Hz, 1H), 6.28 (dd, J 17.0, 1.4 Hz, 1H, 

trans-H), 6.31-6.37 (brs, 1H, NH); ŭC (100 MHz, CDCl3), 23.7, 50.9 (both CH2), 58.3 (1-CH2), 

127.0 (CH2), 130.9 (CH), 165.9 (C=O); HRMS (ESI) m/z (M+H)+, C8H15N2O, calcd 155.1184, 

observed 155.1176. Monomer 1c should be stored under vacuum in a desiccator at room 

temperature.  
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4.2.4 General polymerization procedure to give amphiphilic copolymers 

Solutions were heated in an aluminum heating block for the specified times. Polymerizations 

were stopped by placing test tubes in an ice-water bath. Conversion, Mn, and Mw/Mn were 

measured as described above. Polymers were isolated by dissolving the polymerization mixture 

in a minimum amount of DMF and precipitating using an excess of Et2O, except for TBAM 

containing amphiphilic block copolymers, which were precipitated using excess Et2O/petroleum 

ether (1/1). The polymer was filtered and dried at room temperature under vacuum for 24 h. 

 

 

4.2.4.1 Preparation of poly(1a)60 

Monomer 1a (0.425 g, 2.50 mmol) was added to 1 mL solution of dioxane/water (80/20) 

containing DDMAT (0.03 mmol) and AIBN (0.3 x 10-4 mmol) from a stock solution, and heated 

at 65 °C for 4.5 h to give poly(1a) macroRAFT, Mn = 10550 g.mol-1, Mw/Mn = 1.21, 76% conv., 

isolated = 0.29 g. 

 

4.2.4.2 Preparation of poly(1a)60-b-poly(1a)70 

Poly(1a)60 macroRAFT (0.03 mmol) and 1a (0.425 g, 2.50 mmol) were added to a 1 mL solution 

of dioxane/water (80/20) containing AIBN (7.5 x 10-5 mmol from a stock solution), and heated at 

70 °C for 15 h. The polymer was isolated as described above.  

 

4.2.4.3 Preparation of poly(1a)60-b-poly(1b)20 

Poly(1a)60 macroRAFT (0.06 mmol) and monomer 1b (0.504 g, 3.00 mmol) were added to a 1 

mL solution of dioxane/water (80/20) containing VA-044 (0.97 mg, 3.00 x 10-3 mmol) and 

heated at 70 °C for 2 h. The polymer was isolated as described above. 

  

4.2.4.4 Representative preparation of amphiphilic block copolymers using TBAM 

TBAM (0.127 g, 1.00 mmol) was added to a 1 mL solution of dioxane/water (85/15) containing 

poly(1a) macroRAFT agent (Mn = 22950, Mw/Mn = 1.36; 94 mg, 4.1 x 10-3 mmol) and VA-044 
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(0.1 x 10-3 mmol from a stock solution) and heated at 70 °C for 2 h.  Poly(1a)130-b-(TBAM)171 

was isolated as described above. 

 

4.2.4.5 Self-assembly and TEM analysis 

Self-assembly of polymer samples were carried out using the method of Zhang and Eisenberg.85 

For example, precipitated poly(1a)60-b-(1b)20-b-(TBAM)47 (41.3 mg, 0.0024 mmol) was 

dissolved in DMF (4 mL), and distilled water (1 mL) added slowly with vigorous stirring at a 

rate of ~1 drop every 10 s. The resulting solution was placed in a dialysis bag (molecular weight 

cut-off, MWCO = 3500) and exchanged with water (500 ml) for 12 h to exclude the organic 

solvent. The distilled water was replaced twice and dialyzed for a further 6 h each time. A direct 

sample and a sample which was treated with concentrated hydrochloric acid until it had a pH of 

~2 were analyzed via TEM (see above).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

77 
 

4.3 Results and Discussion 

4.3.1 Monomer synthesis 

As opposed to the condensation of formaldehyde with acrylamide as prescribed in the Mannich 

approach (Scheme 4.3),119-122 the first step involved the preparation of  aminals by the 

condensation of formaldehyde (37% formalin) with a secondary cyclic amine in high yields (80-

99%) according to literature procedures (Scheme 4.5).126-127 Acetyl chloride was used to 

quarternize the aminals (4,4῁-methylenebis(morpholine), 1,1῁-methylene dipiperidine and 1,1῁-

methylene dipyrrolidine) in dry acetonitrile, which formed the methylene Schiff base salts in 

situ, along with the N-acetyl cycloamine as a side-product. Acrylamide was added to the 

methylene Schiff Base salt, and the hydrochloride monomer salts (1a.HCl, 1b.HCl, 1c.HCl) 

were isolated after precipitation from diethyl ether, which separated the N-acetyl cycloamine 

since the latter remained in solution. The HCl salts were suspended in CH2Cl2 and basified to 

give monomers 1a-1c. The synthesis was performed at 0 ̄ C to room temperature in order to 

prevent any potential thermal side-reactions giving 20-25 g of the three monomers 1a-1c. 

Monomer yields for 1a and 1b were ~75% while 1c had a lower yield of 66% due to its inherent 

hygroscopic nature and low melting point.  

 

4.3.2 Preparation of amphiphilic block copolymers 

Narrow MWD (Mw/Mn = 1.21) poly(1a)60 with Mn close to Mn,th was prepared in 80/20 

dioxane/water at 76% conversion over 4.5 h at 65 C̄ using [DDMAT]/[AIBN] = 100 (Scheme 

4.6 & Table 4.1), which was used as the macroRAFT agent in amphiphilic block copolymer 

synthesis. Given that it was difficult to obtain full conversion with simultaneous good 

control/living character for this first block, it was decided to stop polymerizations and isolate 

intermediate hydrophilic blocks prior to chain extensions with the hydrophobic monomer, 

TBAM. The low concentrations of initiator used throughout theoretically led to very low 

fractions of initiator-derived dead chains (according to eq. 4.2).78, 128-129 
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ς

 
(4.2) 

 

Eq. 4.2 estimates the theoretical fraction of living chains (L). The factor ñ2ò accounts for one 

molecule of azo-initiator yielding two primary radicals with the efficiency f (assumed to be equal 

to 0.5). The decomposition rate constant is kd is taken as 4.30 x 10-4 s-1 for VA-044 at 70 ̄C in 

water/dioxane (80:20).128 The quantity ρ  represents the number of chains produced in a 

radicalīradical termination event with the coupling factor fc assumed to be zero. The chain 

extension of poly(1a)60 with morpholine 1a used ~0.2% AIBN relative to macroRAFT agent at 

70 C̄ giving a more well-defined large hydrophilic first block of poly(1a)130 (Figure 4.1a(i)) 

than from attempts to make a similar sized block directly from DDMAT, as is expected since for 

all reversible deactivation radical polymerizations livingness decreases as targeted Mn,th 

increases. The large resultant poly(1a)130 made in 15 h had a narrow MWD of Mn º 23000 

(MW/Mn = 1.36) at 84% conversion with Mn remarkably close to Mn,th despite the inherent error 

due to GPC calibration. When extending with the hydrophobic monomer it was important to 

consider the influence of the RAFT agent a- and w-end groups on self-assembly behavior, in 

particular the large dodecyl group of the trithiocarbonate (derived from DDMAT).130-131 VA-044 

was used as the initiator for the 2 h poly(1a)60 and poly(1a)130 chain extensions with TBAM at 

70 C̄ to respectively give narrow MWD amphiphilic diblock copolymers (Mw/Mn = 1.19 and 

1.27) poly(1a)60-b-(TBAM)38, and poly(1a)130-b-(TBAM)171 in 80% and 70% conversion 

(Figures 4.1a(i) & 4.1b(ii)). The well-defined triblock [poly(1a)60-b-(1b)20-b-(TBAM)47] 

incorporating morpholine and piperidine SNH units were prepared over 2 h by sequential chain 

extensions of poly(1a)60 with 1b in 85/15 dioxane/water and TBAM in 90/10 DMF/water using 

VA-044 at 70 ̄C (Scheme 4.6).  Polymerizations were taken to low conversions in order to 

maximize control/living character (Figure 4.2 & Table 4.1), since difficulties existed with the 

polymerization of 1b due to aminolysis of the RAFT end-group under non-acidic conditions. 

Figure 4.3 shows the 1H NMR spectra of the purified polymers after each stage of the 

polymerization. 
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Scheme 4.6: RAFT to give Amphiphilic Diblock Polyacrylamide Copolymers 
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Figure 4.1: Diblock copolymers (dotted red lines) prepared starting from poly(1a)60 macroRAFT 

(solid lines). (a) Poly(1a)60-b-(1a)70-b-(TBAM)171, and (b) poly(1a)60-b-(TBAM)38 with                      

(i) MWDs of polymer prior to precipitation and (ii)  TEM of corresponding precipitated and 

dialysed block copolymer. 
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Table 4.1.  Characterization of Amphiphilic Polyacrylamides 

 

aThe degree of polymerization for poly(1a)60 is calculated using Mn from GPC (deducting the 

MW of the RAFT end groups), and for all other polymers degree of polymerization is calculated 

from conversion by 1H NMR (deducting the Mn(GPC) of the extended macroRAFT).bMn,th is 

calculated according to equation 1. cConversion calculated by 1H NMR.dDetermined by GPC/RI 

in DMF (0.01 M LiBr) using commercial linear poly(MMA) as molecular weight standards.  

 

Scheme 4.7: RAFT to give Amphiphilic Triblock Polyacrylamide Copolymers  

 Polymer a Mn,th
b % Conv.c Mn

d Mw/Mn
d 

 Poly(1a)60 11150 76 10550 1.21 

 Poly(1a)60-b-(1a)70 22450 84 22950 1.36 

 Poly(1a)130-b-(TBAM)171 44700 70 49600 1.27 

 Poly(1a)60-b-(TBAM)38 15400 80 18250 1.19 

 Poly(1a)60-b-(1b)20 13900 39 13300 1.24 

 Poly(1a)60-b-(1b)20-b-(TBAM)47 19300 20 17200 1.37 
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Figure 4.2: Triblock copolymer prepared starting from poly(1a)60 macroRAFT (solid line) to 

give poly(1a)60-b-(1b)20-b-(TBAM)47 (red dashed line), (b) TEM of corresponding precipitated 

and dialysed block copolymer and (c) following acidification with HCl solution.  
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Figure 4.3:1H NMR spectra (CDCl3, 400 MHz) of purified monomers and polymers: N-

[(morpholino-4-yl)methyl]prop-2-enamide (1a), poly(1a)60(purple), N-[(piperidin-1-

yl)methyl]prop-2-enamide (1b, blue), poly(1a)60-b-(1b)20 (green), tert-butyl acrylamide (TBAM) 

(orange) and poly(1a)60-b-(1b)20-b-(TBAM)47 (red).   
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4.3.3 Optimizing the efficiency of polyacrylamide block copolymer synthesis 

For the preparation of the amphiphilic triblock copolymers, there were difficulties in getting 

controlled/living character at high conversion for the chain extensions with monomers 1a and 1b. 

The polymerization of the piperidine acrylamide was stopped at 39% conversion since at higher 

conversions there was loss of control/living character. This was due to suspected aminolysis 

side-reaction that cleave the trithiocarbonate end-group, preventing efficient chain extension at 

high conversion (Scheme 4.8). Recent work by Abel and McCormick on the RAFT 

polymerization of methacrylamides has shown that the aminolysis can happen as a 5-membered 

ring cyclization of the trithiocarbonate end-group with the elimination of the alkylthiol group. 

However, in the case of the piperidine 1b it may happen as a 7-membered ring cyclization onto 

the trithiocarbonate end-group with elimination of the thiolate group due to the piperidine ring 

being more nucleophilic than the amide. Abel and McCormick also showed that trithiocarbonate 

end-group can be preserved by performing the polymerizations under acidic solutions, which 

protonate nucleophilic sites (including the N atom of the amide).132-133 In our recent publication, 

the chain extension of poly(DMA) with acrylamide 1b under acidic conditions was utilized. This 

led to the addition of 1.15 equivalents of HCl to the chain extension of poly(DMA)41, which gave 

poly(DMA)41-b-(1b)97 in 97% conversion with excellent control/living character as demonstrated 

by narrow MWD (Mw/Mn = 1.22) with Mn (of 20800) close to Mn,th (of 20750). The protonation 

of the piperidine ring of poly(1b) block prevented aminolysis side-reactions that degrade the 

living end-group, and this phenomenon is decreased or is absent for morpholine 1a due to the 

electronegative oxygen atom of the heterocycle.125 
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Scheme 4.8: Suspected aminolysis of the RAFT end-group 

Using the knowledge acquired from the synthesis of water soluble heterocycle containing 

polymers,125 it should be possible to now make amphiphilic polyacrylamide triblocks without 

isolation of intermediate blocks by taking each monomer preparation to high conversion using 

acidic conditions. This will be the subject of future work by fellow group member, Abdullah 

Alzahrani. 

 

4.3.4 Self-assembly and pH-response 

The traditional block copolymer self-assembly procedure of Zhang and Eisenberg was 

employed,85 where the polymer is dissolved in DMF with water dialysis reducing the solvency of 

the hydrophobic block to give a translucent colloidal suspension at low polymer concentrations 

(~1 wt%). The block copolymers consisted of poly(styrene)-b-poly(acrylic acid) with the size of 

the poly(acrylic acid) (PAA) block varied to give particles with polystyrene (PS) cores and PAA 

coronas. Decreasing the size of the hydrophilic PAA block would change the morphology from 

spherical micelles of narrow size range, to rod-like, to vesicular, to spherical micelles of a much 

wider size range. An examination of the one of the more widely sized micelles revealed it to be a 

micelle filled with reverse micelles with PAA cores and PS chains (Figure 4.4).  
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Figure 4.4: Structure of the large micelle filled with reverse micelles85 

 

The shape of the nanoparticle is due to how amphiphilic block copolymers undergo self-

assembly to minimize interactions between the hydrophobic block and water. The preferred 

shape of the nanoparticle is determined by the spontaneous curvature or packing parameter of the 

amphiphilic molecules. The packing of the copolymer chains affect the molecular curvature of 

the nanoparticle and can be predicted with the following equation (4.3), 

ὴ  
ὺ

ὥὰ
 (4.3) 

 

where p is the packing parameter, v is the volume of the hydrophobic chains, ao is the optimal 

area of the head group and lc is the length of the hydrophobic tail. In general spherical particles 

are favoured when p Ò 1/3, cylindrical particles when 1/3 Ò p Ò 1/2, and enclosed membrane 

structures when 1/2 Ò p Ò 1.134   

 

The polymer aggregates were observable by TEM with their sizes directly measurable from the 

micrographs (Figures 4.1a(ii), 4.1b(ii) & 4.2(b)(c)). The vesicular nature is evidenced from a 

higher transmission through the aggregates than around the periphery.  Self-assembly gave large 

rod-like vesicles for the AB diblock copolymers consisting of poly(1a) and poly(TBAM) blocks 

(which also contain a contribution from the hydrophobic RAFT end-group). Differences in 

morphology are primarily dictated by the relative volume fractions of the two blocks.134-135 

Poly(1a)130-b-(TBAM)171 consisted of more than double the hydrophilic block, but a greater 
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fraction hydrophobic block than poly(1a)60-b-poly(TBAM)38 (56% as opposed to 38% TBAM 

fraction). Poly(1a)130-b-(TBAM)171 gave rod-like vesicles with Figure 4.1a(ii) showing one of 

the large rods of ~13 mm in length with a diameter of ~0.7 mm. Less stable aggregates were 

observed for poly(1a)60-b-poly(TBAM)38 with smaller rod-like vesicles with Figure 4.1b(ii) 

showing a representative example ~2.5 mm in length, and a diameter of ~130 nm. The formation 

of large rod-like vesicles was determined by the spontaneous curvature, or packing parameter of 

the amphiphilic copolymer. A high curvature indicated a high level of asymmetry between the 

hydrophobic and hydrophilic blocks, and a preference towards high-curvature structures such as 

spherical micelles. Relatively symmetrical copolymers have a low spontaneous curvature and 

will form flat structures such as bilayers. Rod-like structures were formed by amphiphilic 

copolymers with a moderate spontaneous curvature, caused by a moderate level of  asymmetry 

between the hydrophilic poly(1a) block and the hydrophobic poly(TBAM) block.136 

  

In contrast to diblock copolymers, the TEM micrograph of the morpholine and piperidine 

containing triblock showed spherical aggregates of narrow size distribution of average diameter 

~33 nm (Figure 4.2b). Upon acidification with hydrochloric acid to pH 2 (Figure 4.2c), less 

aggregation was observed as vesicles expanded upon ionization of the SNHs leading to an 

increase in size of spheres to 100-120 nm in diameter. The ionization of the SNHs in the corona 

of the spheres leads to an increase in electrostatic repulsion between the hydrophilic chains, 

causing the spheres to expand (Scheme 4.9). 
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Scheme 4.9: pH-response of triblock copolymer 
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4.4 Conclusions 

The nucleophilic addition of acrylamide onto in situ generated methylene Schiff base salts has 

allowed the multi-gram preparation of previously elusive, N-

[(cycloalkylamino)methyl]acrylamides.125 This new synthetic method opens the way to the facile 

preparation of a plethora of related methylene amine substituted acrylamide and methacrylamide 

monomers. A key advantage of the monomer preparation is the easy isolation of the intermediate 

HCl salt. RAFT has allowed the efficient preparation of the first well-defined block copolymers 

of this monomer class, although the close proximity of the trithiocarbonate end-group to the 

tertiary amino substituent made control/living character for the piperidine monomer difficult 

unless the heterocyclic pendant was ionized. In contrast the morpholine-containing monomer did 

not require acidic conditions in order to achieve control/living character with high conversion 

obtained, as shown with the poly(1a)-b-(TBAM) in comparison with poly(1a)-b-(1b)-b-

(TBAM). Self-assembly gave large rod-like vesicles for amphiphilic morpholine-containing 

diblock copolymers. For the triblock of similar hydrophobic monomer content, but incorporating 

the piperidine monomer very different aggregation was observed with pH-expandable 

nanoparticle spheres observed. These new monomers undoubtedly have further synthetic 

potential and applications, including for the preparation of pH-responsive smart polymersomes 

for targeted delivery of therapeutics.  
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1H NMR (400 MHz) of N-[(morpholin -4-yl)methyl]prop -2-enamide hydrochloride in 

(CD3)2SO 

             

 

 

(CH3)2SO: 2.50 ppm 
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13C NMR (100 MHz) of N-[(morpholin -4-yl)methyl]prop -2-enamide hydrochloride in 

(CD3)2SO 
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1H NMR (400 MHz) of N-[(morpholin -4-yl)methyl]prop -2-enamide in CDCl3 
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13C NMR (100 MHz) of N-[(morpholin -4-yl)methyl]prop -2-enamide in CDCl3 
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1H NMR (400 MHz) of N-[(piperidin -1-yl)methyl]prop -2-enamide hydrochloride in 

(CD3)2SO 

 

         

 

 

(CH3)2SO: 2.50 ppm 

H2O in (CD3)2SO: 3.35-3.39 ppm 
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13C NMR (100 MHz) of N-[(piperidin -1-yl)methyl]prop -2-enamide hydrochloride in 

(CD3)2SO 
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1H NMR (400 MHz) of N-[(piperidin -1-yl)methyl]prop -2-enamide in CDCl3 
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13C NMR (100 MHz) of N-[(piperidin -1-yl)methyl]prop -2-enamide in CDCl3 
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1H NMR (400 MHz) of N-[(pyrrolidin -1-yl)methyl]prop-2-enamide hydrochloride in 

(CD3)2SO 

 

       

 

    

(CH3)2SO: 2.50 ppm 

H2O in (CD3)2SO: 3.33-3.45 ppm 
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13C NMR (100 MHz) of N-[(pyrrolidin -1-yl)methyl]prop -2-enamide hydrochloride in 

(CD3)2SO 
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1H NMR (400 MHz) of N-[(pyrrolidin -1-yl)methyl]prop -2-enamide in CDCl3 
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13C NMR (100 MHz) of N-[(pyrrolidin -1-yl)methyl]prop -2-enamide in CDCl3 
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