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ABSTRACT 
In this study, copolymer micelles were synthesised via free radical RAFT bulk polymerisation and 
RAFT dispersion polymerisation of methyl methacrylate. 4
RAFT agent, leading to the formation of the micellar nanostructures. C
from the bulk polymerisation were used as macro RAFT agents in the dispersion polymerisation of 
methyl methacrylate in hexane, at 70 
carried out using gel permeation chro
spectroscopy(NMR), fourier transform infrared spectroscopy (FTIR), thermogravimetric analysis 
(TGA), scanning electron microscopy (SEM) and dynamic light scattering (DLS) analyses. The 
results show that the molecular weights of the copolymers in the bulk are controlled. The block 
copolymers in the dispersion have broad polydispersity indices (PDI) and the kinetic study 
indicates a deviation from ‘pseudo first order’ kinetics at higher conversions.
Key words: RAF; polymerisation; methyl methacrylate; micelles

INTRODUCTION 
Reversible Addition Fragmentation chain

(RAFT) polymerisation with characteristics of living 
polymerisation wasdiscovered in 1998 by the 

Commonwealth Scientific and 
Organisation(Loweand Mccormick, 2007)

discovery, the RAFT technique has been used in the 
synthesis of a variety of polymeric materials
Sanchez et al., 2006). The RAFT approach allows for 

the control of polymer molecular weight distribution 
and end group attachments. The technique uses a 

chain transfer mechanism via a chain transfer agent 

Scheme1: Reaction mechanism involved in RAFT 
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ragmentation chainTransfer 

with characteristics of living 
wasdiscovered in 1998 by the 

Commonwealth Scientific and Research 
, 2007). Since its 

has been used in the 
synthesis of a variety of polymeric materials(Guerrero-

The RAFT approach allows for 

polymer molecular weight distribution 
and end group attachments. The technique uses a 

nism via a chain transfer agent 

which allows for macromolecular species to undergo 
copolymerisation and achieve high degrees of 

conversion.The reaction mechanism involved in RAFT 
polymerisation is shown in Scheme1(Graeme Moad & 

Thang, 2008). The polymerisation can be car
virtually in all kinds of reaction media, including

aqueous solutions(Cunningham, 2008; J
2005), alcoholic media(Lee, et.al., 2008)
solutions, e.g., scCO2 (Thang, 

Thurechtand Howdle, 2009) and other various 
media (Mertoglu, et.al., 2005). 

: Reaction mechanism involved in RAFT polymerisation 
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The RAFT approach,a great variety of monomers can 
be polymerised(Bussels, et.al., 2005; Shin, et.al., 
2009; Smith, et.al., 2010; Wager, et.al., 2004; Wang, 

et.al., 2006;  Zhou, et.al., 2007).Synthetic procedures 
require the use of appropriate choices and amounts of 

monomer(s), initiator, stabiliser, solvent, RAFT 
agent(s) and surfactants(Lee, et.al., 2006; Yangand 
Luob, 2006).Varying the substituent groups in 
monomeric or macromolecular speciesallows the 
opportunity to produce a vast number of interesting 

materials with desired end groups (Athfield, et.al., 
2006).Materials obtained from RAFT polymerisations 

are often known to possesses greatchemical and 
thermal stability (Lee, et.al., 2005; Wi, et.al., 2008), 

low surface energy, low refractive index (Xuand Liu, 
2008), high glass-transition temperature (Bar-nes et 
al., 2009) and controlled self-assembly (Ma, et al., 
2009; Suchao-in, et.al., 2009).Depending on the 
material architecture, materials can have water 
solubility (Mertoglu et al., 2005), conductivity (Shim, 
et.al., 2003), fluorescent emission (Jiang,et.al.,2009; 
Liu, et.al., 2010; Zhou, et.al., 2009), thermos 

responsiveness(Suchao-in et al., 2009), pH 
responsiveness (Zhouet al., 2009)and so on. 

The dispersion polymerisation approach using the 
RAFT technique, allows the production of materials 
with narrow polydispersity indices(PDI) (Gregory, et 
al., 2008). In many reports, RAFT synthetic 
techniques have successfully generated functionalised 

polymers with PDI values close to 1.02 (Barner, et al., 
2003; Hu, et al., 2004) and less than 1.20 (Gregoryet 
al., 2008; Liuet al., 2008). In addition, the RAFT 
technique allows for the creation of various polymer 

architectures.In 2005, Xin  and co-workers 
synthesised polymer micelles with controlled nano-

structures. These comprised of hydrophilic and 
hydrophobic end blocks. The researchers argued that 
the “net charge density” of the materials were 
responsible for their solution properties including self-
assembly (Xin, et al., 2005). Some triblock copolymers 
(Wageret al., 2004) and zwitter-ionic polymeric 
architectures have been reported via RAFT 

polymerisation (Pascualand Monteiro, 2009). RAFT 
approaches have also been reported, leading to the 
creation of polymeric beads and graft-type 
architectures (Zhouet al., 2009). 
RAFT polymerisation can be initiated using a range of 
initiation approaches. The use of redox-initiators(Sun, 
et al., 2010), photo-initiators and thermal-
initiators;which are commonly used in conventional 

free radical polymerisation could also be usedin RAFT 
polymerisation(Nozariand Tauer, 2005). Recently, 

some researchers reported the use of gamma 
radiation as the initiation source in the polymerisation 

(Barner et al., 2003; Barsbay& Güven, 2009). This 

new development can be seen as an opportunity for 
the production of functional polymers from those 
monomers that cannot be polymerised conveniently 

using conventional initiators (Quinn, et al., 2007). 
Interesting enough, in addition to polymers, oligomers 

can be produced via RAFT polymerisation (Bouhamed, 
et al., 2007).  
In this study, the RAFT synthesis of block copolymer 
micelles was carried outunder inert conditions. Bulk 
copolymerisation and dispersion copolymerisation 

were used in the approach that was taken. The 
copolymerisation reactions were separately thermally 

initiated in suitable solvents (toluene and hexane). 
Self-assembly was undertaken in hexane following 

chromatographic, thermal analysis and spectroscopic 
characterisation of the various polymeric materials. 
Materials 
Methyl methacrylate (MMA, 99%) was obtained from 
Sigma Aldrich, and was purified by filtration through 
alumina, fractioned under reduced pressure and 
distilled immediately to remove any inhibitor. 
Azobis(isobutirronitrile) (Aldrich, 98%) was 

crystallised from methanol. Tetrahydrofuran (99.9%), 
toluene (99.8),deuterochloroform (100%), hexane 

(96%) and triethylamine (99.6%) were all obtained 
from Sigma Aldrich. The RAFT agent 4-CPDB-PDMS 
was synthesised according to methods described in 
the literature. All the other reagents used in this work 
were of analytical grade and used without further 

treatment or purification. 
Synthesis of macro RAFT agent 

The RAFT agent considered for this study, 4-
cyanopropyldibenzoate, was assembled via a reaction 

between 4-cyanopropyldibenzoate (4-CPDB) and a 
poly(dimethylsiloxane) materials.It was obtained from 

the Wang research group at the Leeds University’s 
Colour Science department. The macro-RAFT agent 
was synthesised and characterised according to 
literature procedures [8]. The synthesis procedure 
involved mixing and subsequent cooling of 4-
cyanopropyldibenzoate (4-CPDB), monocarbinol 
terminated polydimethylsiloxane (PDMS) and 4-

dimethylaminopyridine (DMAP) in an ice bath. A 
solution of N,N’-dicyclohexylcarbodiimide (DCC) in 
5mL dichloromethane (DCM) was then added slowly 
over a period of 30 minutes. After 10 minutes, the 
pink solution became cloudy, indicative of 
esterification reaction. After 3 days period, the 
reaction mixture was filtered and the insoluble 
dicyclohexyl urea (DCU) was removed as a by-

product. The filtrate was then concentrated and the 
crude product was purified by column 

chromatography (eluted with hexane: DCM 1:1 v/v to 
pure DCM) to afford a yellow oil. 

 
4-cyanopropyldibenzoate macro RAFT agent 

Bulk polymerisation 

A solution of MMA (0.48g, 4.85×10-3 mole) and the 
macro RAFT agent (0.5g, 4.85×10-5 mole) were 

introduced into an ampoule and bubbled in nitrogen 

gas (N2) for 5 min.  The radical initiator AIBN (0.2mL 

(16mg in 2mL toluene)) was then charged to the 
system and bubbled in N2 for further 10 minutes.
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The resulting mixture was then heated in 

bath at 65 oC, with continued stirring for 18 h

After 18 hours, the heating was stopped and the 

ampoule was placed in ice bath 

Scheme 2: Reaction scheme describing the formation of the block copolymer via the RAFT bulk
Purification of the co-polymer 
The block copolymer obtained from the RAFT bulk 
polymerisation was purified in order to remove
residual reaction species. The purification was carried 

out by placing a required amount of the polymer in
dichloromethane (DCM) before precipitat

methanol. The precipitate was then separated using a 
centrifuge (100 rpm) for 30 min. The solid co

was then isolated and dried in a vacuum oven 
overnight, for further characterisation. Prior to 

precipitation in methanol, hexane and ether were 
used separately but a precipitate of the polymer was 
not observed. 
Dispersion polymerisation 
The macro RAFT agent (0.4g) in hexane (7.
introduced into a three-neck flask, equipped with a 
condenser and a magnetic stirrer. This was bubbled in 

N2 for 10 minutes. A stock solution (2g) from a 
mixture (6g MMA and 4.5mg AIBN) was then 
introduced into the three-neck flask. The 
heated in silicon oil at 70 oC with stirring under N
21 h. The polymerisation reaction was stopped by 
placing the flask in an ice bath, after the required 
reaction time.The procedure was repeated using 
macro RAFT agentwhich had a different molecular 

weight, synthesised via the same bulk 
procedure.The two products from the dispersion 

polymerisation procedures were labelled 
to as product 1 and 2, respectively. 

products were purified prior to characterisation
Determination of conversion of polymerisation

During the RAFT dispersion polymerisation 
a kinetic study was undertaken to determine the 
conversion (%) of the monomeric MMA used in the 
procedures. Aliquots were withdrawn from the 
reactions at different time intervals. G

analyses were carried out in order to monitor the 
progress of the dispersion polymerisation

and to probe their living polymerisation 
characteristics. 
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was then heated in silicon oil 

stirring for 18 hours. 

heating was stopped and the 

 to stop the 

polymerisation reaction. A description of

procedure observed by the bulk polymerisation is 

shown in Scheme 2. 
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the polymer in 
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terisation. Prior to 

precipitation in methanol, hexane and ether were 
used separately but a precipitate of the polymer was 

The macro RAFT agent (0.4g) in hexane (7.5g) was 
equipped with a 

condenser and a magnetic stirrer. This was bubbled in 

. A stock solution (2g) from a 
mixture (6g MMA and 4.5mg AIBN) was then 

neck flask. The mixture was 
ng under N2 for 

21 h. The polymerisation reaction was stopped by 
bath, after the required 

.The procedure was repeated using a 
a different molecular 

bulk polymerisation 
.The two products from the dispersion 

were labelled and referred 
 The dispersion 

characterisation. 
polymerisation 

RAFT dispersion polymerisation reactions, 
was undertaken to determine the 

ion (%) of the monomeric MMA used in the 
liquots were withdrawn from the 

at different time intervals. GPC and NMR 

analyses were carried out in order to monitor the 
polymerisation reactions 

their living polymerisation 

Spectroscopic characterisation of 
polymeric products 
1H NMR analyses were performed using
(1H = 500 MHz) with CDCl3 as the solvent

temperature. Percentage conversions were estimated 
from the NMR spectra by weighing the 

integral of the monomeric MMA and 
PMMA in their respective chemical shifts (ppm).The 

number average molecular weight (Mn) and the 
polydispersity indices PDI (Mw/Mn) of the copolymers 

in each case were obtained with gel permeation 
chromatography, GPC (PL-OG 804, Polymer Labs) 
using MMA as the calibration standard. The elue
employed was a mixture of (94.5% 
hydrofuran,THF, 0.5% Toluene and 5% 
trimethylamine, TEA). Micellisation study and mean 
particle diameter (morphology) investigation

carried out using a dynamic light scattering 
(BI-APD, Brookhaven BIC). DLS analysis was 
conducted by dissolving approximately 1mg of each 
sample in 1ml THF and then dropping the mixture
approximately 10g hexane. SEM images were 
captured using scanning electron microscope JEOL 
(JSM-820) by dropping small amounts of the solid 
polymeric products onto an aluminium tape and then 

sputter-coated with gold. The decomposition profiles 
of the copolymers were measured using 

thermogravimetric analysis TGA (V4.1D TA, Universal 
Instruments) over a temperature range of 0

with a temperature rise of 10 oC/min. FT
were recorded in each case using PerkinElmer 

instrument (spectrum one) at room temperature
placing small amounts of the product powders on the 
microscope slit. 
RESULTS AND DISCUSSION 
The reaction schemes and the micellar 

assemblies 
The reaction schemes involved in the bulk 

polymerisation and the dispersion polymerisations are 

shown in Schemes 2 and 3, respectively.

199 

A description ofthe synthetic 

rved by the bulk polymerisation is 

 polymerisation 
haracterisation of the co-

usingAvance 500 
as the solvent, at room 

temperature. Percentage conversions were estimated 
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The route which describes the formation of micelles 
obtained from the bulk polymerisation, 
given inthe left-hand-side of Scheme 4

micellisationreaction scheme is reasonable since the 
DLS data has given polymer particle sizes typical of 

those reported for block copolymer micelles 
al., 2006). Micelles are block copolymers which are 
capable of undergoing self-assembly in a selective 
solvent (Xu and Liu, 2008). Through the same 
mechanistic relationship, the right

Scheme 4 shows thescheme where the micellisation 
of the hydrophilic-hydrophobic block copolymers

undergo self-assembly. The micellisation assembly 
arises due to the hydrophilic nature of MMA units and 

the hydrophobic nature of the PDMS unit in hexane
PDMS unit will have high affinity to the hexane 
solvent. Since the MMA moiety has sufficient b
 

Scheme 3: Formation of the block copolymer via the RAFT 

Scheme 4: Illustration of self-assembly achieved by the copolymer products in hexane, left is the material from 
bulk copolymerisation and right is the material from dispersion polymerisation

 

Morphology of the polymeric particles
The GPC and the DLS results obtain

products of the two dispersion polymerisation 
reactions are summarised in Table 1. The results

addition to the SEM images shown inFigure 
that in both cases, near spherical polymeric
were obtained. Despite the use ofsuitable
rates during the reactions,particle aggregation can be 
seen. The reaction process and the stirring 
mechanisms did not preventthe chances of particle
particle interaction or collision. In both reactions, 
despite havingreasonable amounts of solvent, the 

viscosities of the reaction media developed very fast
as the polymerisation reactions reach very high 

conversions. Such high viscosities resulted in 
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formation of micelles 
obtained from the bulk polymerisation, in hexane, is 

Scheme 4. This 

reaction scheme is reasonable since the 
sizes typical of 

block copolymer micelles (Lee et. 
. Micelles are block copolymers which are 

assembly in a selective 
Through the same 

the right-hand-side of 

the micellisation 
ydrophobic block copolymers 

The micellisation assembly 
ophilic nature of MMA units and 

the hydrophobic nature of the PDMS unit in hexane. 
PDMS unit will have high affinity to the hexane 
solvent. Since the MMA moiety has sufficient bulk 

size, it can be expected to show great hydrophobic 
interaction with the solvent. All the dispersion 
polymerisation reactions witnessed the formation of a 

sudden clear solution,very early in the reaction,
resulted from the disintegration of the micelles in the 

macro RAFT agent. This is because the polymerisation 
progressed steadily at high temperature. As the 
polymerisation progressed, continuous cloudine
observed. This could be due to reassembling and re
micellisation of the growing chains. This continued as 

the conversion increased due to an increase in the 
propagating chains reaching a critical chain length at 

which they are no longer soluble (Wi 
This is generally called the nucleation stage where 

particles are formed under the effect of a good 
stabilisation (Liu et. al., 2008). 

 
ormation of the block copolymer via the RAFT dispersion polymerisation

assembly achieved by the copolymer products in hexane, left is the material from 
bulk copolymerisation and right is the material from dispersion polymerisation 

polymeric particles 
obtained from the 

dispersion polymerisation 
are summarised in Table 1. The results, in 

Figure , indicate 
polymeric particles 

suitable stirring 
s during the reactions,particle aggregation can be 

process and the stirring 
chances of particle-
In both reactions, 

reasonable amounts of solvent, the 

viscosities of the reaction media developed very fast, 
eactions reach very high 

conversions. Such high viscosities resulted in 

hindering stirrer movement in the systems making it 
very difficult to have continuous stirring required to 

promote the polymerisation reactions. Thus, it was 
necessary to halt the reactions after the durations 

stated in Table 1. It is clear in 1
polymerisation 2 led to greater particle agglomeration. 
This could be explained from the point of molecular 
weight of the macro-RAFT agent. In this 
polymerisation, larger particle micelles were present. 
This means that this particular reaction was more 
susceptible to particle-particle interactions, in the 
event where effective stabilisation was not achieved. 

It is reasonable to assume that this same reason 
resulted in the reaction to be halted after 7 hours.
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Table 1: Characteristic DLS and PDI data, with 
the products of the dispersion polymerisation reactions

 
Macro RAFT 
(Mw/gmol-1) 

1 25,000 

2 40,000 

 

Figure 1: SEM images obtained from analysis of products from the two dispersion polymerisations
 

Spectroscopic and thermal analyses data
The characteristic 1HNMR spectra obtained from
products of the dispersion polymerisation

in Figure . This NMR approach was used in estimating 
the degree of conversion of both reactions, at specific 

times during the syntheses. In the figure, 
characteristic peaks of themethoxyl protons on the

ester group of the monomer and the copolymer were 
observed at approximately 3.69 ppm and 3.52 ppm

respectively. The percentage conversions 
reactions were estimated from the NMR spectra
each case by weighing the –C(O)OCH
MMA and the integral of PMMA in their respective 
 

Figure 2: 1H NMR spectra obtained from analysis of products from the two
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DLS and PDI data, with molecular weights of the macro-RAFT agents and 
dispersion polymerisation reactions 

Time (h) PDI 
Product 

(Mw/gmol-1) 
Product

Mean size/nm

22 1.83 95 500 102 

7 1.61 131 000 129 

SEM images obtained from analysis of products from the two dispersion polymerisations

thermal analyses data 
obtained from the 

products of the dispersion polymerisationsare shown 

This NMR approach was used in estimating 
the degree of conversion of both reactions, at specific 

times during the syntheses. In the figure, 
yl protons on the 

ester group of the monomer and the copolymer were 
observed at approximately 3.69 ppm and 3.52 ppm, 

centage conversions of the 
were estimated from the NMR spectra, in 

C(O)OCH3 integral of 
PMMA in their respective 

chemical shifts (ppm). The corresponding 
spectra of the products of the dispersion 
polymerisation reactions are shown in

FT-IR data show absorption peaks which correspond 
to the major functional groups in the polymeric 

materials. In these, the alkyl and or methylene C
stretching bands ≈2960 cm-1, C-H bending 
1 and C-H rocking ≈1258 cm-1 were observed. The 
C≡ N stretching showsa weak trace at 
1.The C=O stretching from the ester group, 
stretching and the phenyl group are evident at 
cm-1, ≈1013 cm-1 and ≈792 cm-1 respectively.

NMR spectra obtained from analysis of products from the two dispersion 
polymerisations 
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RAFT agents and 

Product 
Mean size/nm 

 

 

 
SEM images obtained from analysis of products from the two dispersion polymerisations 

The corresponding FT-IR 
of the dispersion 

are shown in Figure 3. The 

IR data show absorption peaks which correspond 
groups in the polymeric 

materials. In these, the alkyl and or methylene C-H 
H bending ≈1435 cm-

were observed. The 
weak trace at ≈2000 cm-

he C=O stretching from the ester group, the Si-O 
stretching and the phenyl group are evident at ≈1729 

respectively. 

 
dispersion 
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Figure 3: FT-IR spectra obtained from analysis of products from the two dispersion polymerisations
As mentioned earlier, the conversions of the 
dispersion polymerisations were assessed on the basis 
of the NMR data. A plot between reaction conversion 
(%) and reaction time (s) is shown in 
simple representation of the reaction ‘kinetics’. 

start of the reactions, both dispersion systems 
undergo the same reaction mechanism. 

conversions, the plots suggest ‘pseudo first order 
kinetic’ reactions. As the polymerisation

and higher conversions were achieved

Figure 4: Plot showing reaction conversion during the two dispersion polymerisations

The thermal stability and decomposition patterns 
exhibited by the products of the dispersion 
polymerisation are shown inFigure .For the first and 
the second dispersion polymerisation products,
weight losses were found to be 94.8% and 92.6% 
respectively after heating up to 500 
constant heating rate of 10 oC/min. Both
have good thermal stability up to approximately 200 
oC. Overall, there is close similarity
thermal properties of the block copolymer

heating commenced, there was no weight loss in the 

1 June, 2017 

IR spectra obtained from analysis of products from the two dispersion polymerisations
conversions of the 
assessed on the basis 

plot between reaction conversion 
 Figure 4, as a 

representation of the reaction ‘kinetics’. At the 

start of the reactions, both dispersion systems 
on mechanism. At lower 

suggest ‘pseudo first order 
the polymerisations progressed 

achieved, particle-

particle interactions and aggregations were more 
pronounced, as explained previou
interactions result in the reactions deviati
‘pseudo first order kinetics’. Nevertheless, 
reactions have reached high conversion

termination stages, the conversion was greater inthe 
reaction where the macro-RAFT with lower Mn was 

used. In this, block copolymers were formed
lower average molecular weight, despite an apparent 

lesser termination occurring in the system

 
howing reaction conversion during the two dispersion polymerisations

The thermal stability and decomposition patterns 
exhibited by the products of the dispersion 

For the first and 
the second dispersion polymerisation products, the % 
weight losses were found to be 94.8% and 92.6% 

g up to 500 oC, under a 
Both copolymers 

thermal stability up to approximately 200 

close similarity between the 
thermal properties of the block copolymer. As the 

commenced, there was no weight loss in the 

samples up to 100 oC. This suggests that the 
purification and drying processes used have 
effectively removed residual solvent species. After 
heating has reached approximately
apparent weight lost begins to appear, where the 
mass of both materials decreased
increase in the heating temperature up to 
approximately 380 oC.By this temperature, the organic 

contents of the materials have decomposed, leading 
behind inorganic residual species. 
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particle interactions and aggregations were more 
pronounced, as explained previously. These 

deviating from the 
‘pseudo first order kinetics’. Nevertheless, both 

reached high conversions. Towards the 

was greater inthe 
RAFT with lower Mn was 

s were formed with 
lower average molecular weight, despite an apparent 

system. 

howing reaction conversion during the two dispersion polymerisations 

C. This suggests that the 
purification and drying processes used have 
effectively removed residual solvent species. After 

approximately 265 oC, an 
to appear, where the 

d steeply with 
increase in the heating temperature up to 

By this temperature, the organic 

contents of the materials have decomposed, leading 
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Figure 5: TGA thermogram obtained from analysis of products from the two dispersion 

Conclusions 

This work has demonstrated that 4-CPDB
effective RAFT agent for a successful bulk 

polymerisation of MMA using AIBN as initiator, given 
the good control with PDI values of <1.15. The bulk 

polymerisation has generated block copolymer 
micelles which were successfully used in the 

dispersion polymerisation. However, the dispersion 
polymerisations carried out generated particles with a 
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