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Fluorinated macro-RAFT agents can act as in situ stabilisers

while exhibiting good control over block copolymers formed by

dispersion polymerisation in supercritical CO2 to yield well-

defined spherical particles with a fluorinated ‘‘halo’’.

Recent advances in block copolymer self-assembly have revo-

lutionized polymer chemistry; new applications have emerged

ranging from metal sequestration, to micro-electronics and

biomedicine. The driving force behind this technology has

been the development of various controlled polymerisation

techniques.1 Reversible addition fragmentation chain transfer

(RAFT) polymerisation has proven to be one of the most

versatile of these controlled free radical methodologies.2

RAFT is applicable to a wide range of monomers, while

exhibiting exceptional control over polymerisation kinetics.

Perhaps the major reason for its popularity in biomedical

applications, is that the RAFT mechanism does not require

toxic metal catalysts. In the general area of self-assembly, the

RAFT agent is used to form living polymer chains from which

amphiphilic copolymers can be synthesized. These block co-

polymers are then self-assembled in selective solvents or upon

surfaces. In this paper, we examine a new mode of copolymer

self-assembly; within polymer microparticles.

We recently demonstrated that RAFT-mediated dispersion

polymerisation works effectively in supercritical carbon diox-

ide (scCO2) to yield high quality product with low poly-

dispersity (PDI) at high conversion. Almost all the polymer

chains are living,3,4 and molecularly well-defined block co-

polymer can be synthesized in the form of morphologically

well-defined, spherical polymer particles.

In this paper we have developed highly soluble CO2-philic

stabilisers, which were synthesized by RAFT and can act as

macro-RAFT agents in the controlled dispersion polymerisa-

tion of MMA. RAFT-terminated poly(1H,1H,2H,2H-per-

fluorooctyl methacrylate (PFOMA)) acts as an in situ

stabiliser for the synthesis of block copolymers of PFOMA

and PMMA by dispersion polymerisation. Normally, control

in heterogeneous polymerisation is limited, but here we de-

monstrate excellent control over the kinetics of polymerisa-

tion arising from the exceptional mass transfer properties of

the supercritical fluid, which enhances the chain transfer

phenomenon in the polymer particle. Furthermore, we inves-

tigate whether these block copolymers can assemble within the

microparticle in the scCO2.

A fluorinated macro-RAFT agent (terminated with

2-cyanoprop-2-yl dithiobenzoate (CPDB)) was synthesized in

bulk by free radical polymerisation (Mn = 15 kDa by 1H

NMR). This was then used as a macro-RAFT or reactive

stabiliser in the dispersion polymerisation of MMA in scCO2.

Maintaining the concentration of initiator (2,20-azobisiso-

butyronitrile, AIBN) to half that of the macro-RAFT agent

led to well-controlled reaction kinetics. Whilst block copolymer

stabilisers synthesized by RAFT have been used in the past for

dispersion polymerisation in scCO2,
5 this is the first time that

simultaneous stabilisation and molecular weight control has

been achieved (Scheme 1). All reactions reported in this paper

were performed at 65 1C and 27.6 MPa (4000 psi).

A series of reactions were conducted to investigate the

dispersion polymerisation kinetics. A progressive and controlled

increase in molecular weight as a function of reaction time is

observed (entries 1–11 in Table 1) and most importantly, a

narrow PDI (1.22) was achieved in the final product. Good

agreement was observed between the experimentally determined

and the theoretical molecular weight. Such good control is

generally limited to solution polymerisation and these data

clearly show that scCO2 is facilitating excellent mass transfer

of reactants and good mobility of the propagating species in a

heterogeneous system through the dispersed microparticles.

Monomer conversion (MMA) is almost quantitative after

20 hours and the kinetic plot (Fig. 1) follows a pseudo-first-

order reaction rate at low conversion; typical for RAFT

polymerisation. An inhibition period of about 1 hour is also

observed in the polymerisation. This is often observed for

these dithioester RAFT agents and has been ascribed to either

slow fragmentation of the intermediate radical, or slow re-

initiation by the leaving group of the RAFT agent.2 Surpris-

ingly, the inhibition period for a macro-RAFT agent is much

shorter than that observed in our previous studies using a free

RAFT agent (1 hour vs. B10 hours).4

Scheme 1 Synthetic route for PMMA particles by macro-RAFT
agent.

School of Chemistry, University of Nottingham, Nottingham, UK
NG7 2RD. E-mail: Kristofer.thurecht@nottingham.ac.uk.
E-mail: steve.howdle@nottingham.ac.uk; Tel: +44 (0)115 9513486
w Electronic supplementary information (ESI) available: Experimental.
See DOI: 10.1039/b812827h

5942 | Chem. Commun., 2008, 5942–5944 This journal is �c The Royal Society of Chemistry 2008

COMMUNICATION www.rsc.org/chemcomm | ChemComm

D
ow

nl
oa

de
d 

by
 N

or
th

 C
ar

ol
in

a 
St

at
e 

U
ni

ve
rs

ity
 o

n 
10

 J
an

ua
ry

 2
01

3
Pu

bl
is

he
d 

on
 0

9 
O

ct
ob

er
 2

00
8 

on
 h

ttp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/B
81

28
27

H
View Article Online / Journal Homepage / Table of Contents for this issue

http://dx.doi.org/10.1039/b812827h
http://pubs.rsc.org/en/journals/journal/CC
http://pubs.rsc.org/en/journals/journal/CC?issueid=CC008045


The observed linear increase in molecular weight and de-

crease in polydispersity with conversion (Fig. 2) are consistent

with a good living/controlled process. But the key develop-

ment of this work is the ability to simultaneously maintain

kinetic as well as morphological control. Scanning electron

microscopy (SEM) images show that well-defined spherical

particles are formed (Fig. 3). These particles do have a broad

size distribution compared to dispersion polymerisation in the

absence of RAFT agent,6 and this is likely caused by the

known inhibiting effect that the RAFT mechanism has on the

particle nucleation period in a dispersion polymerisation.7

Nonetheless, the ability to retain the spherical morphology

to this extent during a controlled dispersion polymerisation is

a significant improvement on the analogous dispersion

reactions in conventional media.

The ability to control, or at least direct, the self-assembly of

block copolymers within polymeric microparticles could offer

a unique opportunity. While the synthesis of core–shell parti-

cles from block copolymers using emulsion technology has

been previously described,8 extension of this approach to the

micro-scale has not been reported. The applications of such

microspheres are diverse; from core–shell particles in paints

and coatings, to drug delivery applications, impact modifiers

or even novel chromatographic supports. In this work we

chose PMMA and PFOMA because they should require a

large enthalpy of mixing and one would expect some form

of phase-separation of the different blocks within the

microparticles.

Focussed ion beam scanning electron microscopy has been

utilised to probe and slice individual polymer particles. A

300 nm thick slice was prepared (inset Fig. 4b) and this was

transferred into a transmission electron microscope for energy

dispersive X-ray analysis (EDX-TEM) to produce an elemen-

tal map of the particle cross-section (Fig. 4). The imaging

reveals a concentration of fluorine throughout the particle

cross-section, but also clearly shows that there is a fluorine-

rich halo on the extreme periphery of the polymer particle.

There is no distinct phase separation within the centre of the

microsphere and this is confirmed by the elemental map

(Fig. 4b) in which carbon, oxygen and fluorine are mapped.

This map also clearly shows the green ‘‘halo’’ around the

periphery indicating fluorine rich areas—no such areas are

observed in the inside of the particle. The fluorine density

across the particle cross-section is plotted (Fig. 4) to quantify

the relative concentration of PFOMA within a particle. The

Fig. 1 Conversion as a function of polymerisation time and pseudo-

first-order kinetic plot for polymerisation of MMA via macro-RAFT

agent in scCO2.

Fig. 2 Molecular weight evolution and molecular weight distribution

with monomer conversion for MMA showing excellent linear evolu-

tion and the expected narrowing of the PDI at higher conversions.

Note also that the plot of molecular weight with conversion intercepts

the y abscissa at 15 kDa; the molecular weight of the PFOMA

surfactant as calculated by 1H NMR.

Fig. 3 SEM image of PMMA particles formed by dispersion poly-

merisation in scCO2 using macro-RAFT agent demonstrating

well-defined, discrete particles of controlled molecular weight block

copolymer.

Table 1 Macro-RAFT dispersion polymerisation of MMA in scCO2

Entrya
Time/
h

Conversion
(%)b Mn

c PDIc Mnth
d

1 1.5 17 25 000 1.46 25 210
2 2.0 28 31 000 1.34 31 820
3 2.5 40 42 000 1.29 39 030
4 3.5 56 47 000 1.28 48 640
5 4.5 65 56 000 1.29 54 050
6 5.5 71 59 000 1.28 57 650
7 8 86 62 000 1.29 66 660
8 10 91 65 000 1.22 69 660
9 12 95 71 000 1.22 72 070
10 16 98 74 000 1.21 73 870
11 20 99 76 000 1.22 74 970

a Reaction performed withMMA 1.56 M, [Macro-RAFT]/[AIBN] = 2,

theoretical molecular weight of 75 000 g mol�1 at 100% MMA conver-

sion based on the RAFT agent concentration. b From 1H NMR.
c Determined by GPC calibrated with polystyrene standards in THF

using a RI detector. d Theoretical molecular weight based on

RAFT–monomer concentration and conversion.
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concentration at the surface of the particle is clearly higher (up

to three times) compared to the centre of the particle where the

fluorine density becomes much more uniform.

A surface coating of fluorine is quite predictable for this

system, since the PFOMA group acts as a stabiliser and is

CO2-philic. Thus, migration of these chains to the outside of

the particle is expected and the large amount of stabiliser used

in this process ensures good surface coverage of fluorinated

species. But what is surprising from these maps, is the appar-

ent lack of phase separation between the PFOMA and PMMA

within the centre of the particles. We believe that scCO2 acts as

a compatibilizer and that under the conditions of this experi-

ment, the PFOMA and PMMA blocks become miscible. Upon

release of the scCO2 at the completion of the reaction, the two

blocks are kinetically trapped in this state. Thus, the scCO2

acts to miscibilize the polymer blocks within the particle,

whilst simultaneously producing the fluorinated ‘‘halo’’

around the extremity of the sphere. Enhancement of misci-

bility between poorly compatible polymers is a well-known

phenomenon in blends formed in scCO2.
9 We are currently

investigating methods of enforced phase separation (i.e. tem-

perature and solvent annealing) in order to further understand

this phenomenon.

We have demonstrated that macro-RAFT agents in scCO2

exhibit exceptionally good control over heterogeneous disper-

sion polymerisation and that well-defined spherical micro-

particles are formed. Furthermore, the particles exhibit a

‘‘core–shell’’ type structure with a fluorine-rich region on the

periphery of the particle. The challenge now is to further

develop this methodology to a wider range of block copoly-

mers and to target specific materials for practical application.
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Fig. 4 TEM-EDX element map and image for polymer particles: (a)

cross-sectional map showing fluoropolymer distribution (fluorine

map) across a section of a particle and the subsequent histogram over

the area within the yellow box; (b) showing elemental distribution

around an intact particle (red—carbon, pink—oxygen, and

green—fluorine). The inset shows an SEM image of a single particle

before and after focussed ion beam slicing to yield B300 nm

cross-sectioned slice. The fluorine-rich halo is present in all images.
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