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An experimental study on the reversible addition-fragmentation chain transfer (RAFT) polymerization of
styrene in supercritical carbon dioxide is presented. A 38 mL, high-pressure view cell with two frontal
and two lateral sapphire windows was used as reactor. Poly(styrene-block-dimethylsiloxane) was used as
stabilizer. The performance as RAFT controllers of S-thiobenzoyl thioglycolic acid, methyl naphthalene
dithiobenzoate, 4-methyl allyl dithiobenzoate, and benzyl-N,N-dimethyldithiocarbamate was compared.
The effect of stabilizer concentration and controller structure and concentration on polymerization rate
and molecular weight development was analyzed. Good performance was obtained with the first three
controllers, although simultaneous high polymerization rates and low polydispersities were not possible
with either of them. The performance of the fourth RAFT controller was poor.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Controlled/‘‘living’’ radical polymerization (CLRP) processes
have reached a rather mature level in the last few years. They have
allowed the synthesis of polymer materials with controlled
microstructures which find uses in technologically important areas,
such as aerospace, nanotechnology, industrial electronics, and
biomaterials [1–4]. Reversible addition-fragmentation chain
transfer (RAFT) polymerization has proven to be one of the most
effective CLRP processes because of its advantages over other CLRP
techniques (atom-transfer radical polymerization, ATRP, and
nitroxide-mediated radical polymerization, NMRP), such as the
applicability of the technique to a larger range of monomer types,
reaction conditions (temperature and pressure), and processes
(mass, solution, emulsion, miniemulsion, and dispersion) [5–8].
Single phase (bulk and solution) RAFT polymerizations are
reasonably well understood. However, in the case of heterogeneous
phase polymerization processes, the physical and modeling aspects
x: þ52 55 5622 5355.
a).
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of the kinetics and molecular weight development become more
difficult to handle, due to the partition of reaction components
between the two phases, the uncertain assignment of the site of
reaction, the possible reactions in both phases, the selection of
stabilizer, particle size distribution (PSD) control issues, and the
solubility and transport properties of the RAFT agent [2,3].

Supercritical carbon dioxide (scCO2) has emerged as a ‘‘green’’
solvent for polymerization processes. It is part of the atmosphere
and since it can be recycled after being used, its contribution to the
greenhouse effect from polymer related processes should be indeed
minimal. It can also be obtained as a byproduct from fermentation
and combustion processes. It is chemically stable, non-flammable
and its critical point is reached at mild conditions (31.1 �C and 73.8
bar) [9–13].

Many polymers have been synthesized in scCO2, including fluoro-
polymers, polysiloxanes, poly(methyl methacrylate), polystyrene, and
polycarbonates [11,14–16]. While the majority of vinyl monomers
are soluble in scCO2 at relatively moderate pressures, the same is
not true for polymers of high molecular weight. Therefore, the
polymerization of these monomers in scCO2 usually proceeds as
dispersion or precipitation polymerization processes [17–22]. As in
any dispersion polymerization process, the use of stabilizers is
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needed. In this case the stabilizers must have CO2-phylic and CO2-
phobic regions.

In dispersion polymerization processes, active polymer chains
grow in the continuous phase until a critical size is reached and
then they precipitate. The presence of a stabilizer is needed to
prevent coagulation or flocculation. The stabilizers most widely
used in polymerizations in scCO2 contain fluorinated or silyloxy
groups in the CO2-phylic region of the molecule. These compounds
are highly soluble in scCO2 [23–25].

The only RAFT polymerizations of styrene and methyl acrylate
(MA) carried out in scCO2 reported in the literature have proceeded
in homogeneous phase, in a solution of CO2 and toluene [26,27].
Both polymerizations were mediated by cumyl dithiobenzoate as
RAFT controller. In the case of RAFT polymerization of methyl
methacrylate (MMA) in scCO2, a dispersion process stabilized by
poly(dimethylsiloxane monomethacrylate), effective control was
obtained by using cyano dithiobenzoates [28,29].

In this contribution, a systematic and through study on the RAFT
polymerization of styrene in scCO2, using a block copolymer
of poly(styrene-block-dimethylsiloxane) (PSDMS) as stabilizer, is
presented. The use of four RAFT controllers, different from those
used in the previous reports from the literature, the use of
a different stabilizer, and the presentation of a detailed study,
analyzing the effects of process conditions and initial composition
of the reacting mixture on polymerization rate and molecular
weight development, producing low polydispersities and high
conversions, makes our study much different from the first reports
on RAFT polymerization in scCO2.

2. Experimental

2.1. Reagents

Styrene (Aldrich Chemical Co. Inc., 99%, S4972-4L) was washed
with a 5 wt.% NaOH solution, dried with magnesium sulphate, and
distilled under vacuum at 22 �C. 2,20-Azobisisobutyronitrile (AIBN,
Akzo Novel Chemicals) was recrystallized twice from methanol.
Carbon dioxide (Praxair, 99.99% purity) was used as-received.
S-(thiobenzoyl) thioglycolic acid (Aldrich, 99%, 157880) (see its
structure in Fig. 1a), referred to as ‘‘RAFT A’’ in the remainder of this
Fig. 1. Structures of the RAFT controllers used in this paper: (a) S-(thiobenzoyl)
thioglycolic acid (‘‘RAFT A’’), (b) S-(naphtyl-2-methyl)-dithiobenzoate (‘‘RAFT B’’),
(c) S-allyl-4-methyldithiobenzoate (‘‘RAFT C’’), and (d) benzyl-N,N-dimethyldithio-
carbamate (‘‘RAFT D’’).
paper, was used as received. Methyl naphthalene dithiobenzoate
(referred to as ‘‘RAFT B’’), and 4-methyl allyl dithiobenzoate
(referred to as ‘‘RAFT C’’), whose structures are shown in Fig. 1b and
c, were synthesized in our group from p-tolyl bromide and bromo-
benzene, respectively, using Grignard reactants. Allylbromide and
2-bromomethylnapthalene were used to introduce the R group into
the RAFT controller molecule (see Fig. 6 of Ref. 8 for definition of the
R and Z groups of a RAFT molecule). Benzyl-N,N-dimethyldithio-
carbamate (Aldrich, 98%, 368229) (referred to as ‘‘RAFT D’’, with
chemical structure shown in Fig. 1d) was used in the early stages of
the project, but its performance was not good. PSDMS stabilizer
was synthesized in our laboratory by anionic polymerization
[30–33].

2.2. Synthesis of PSDMS stabilizer

Hexamethylcyclotrisiloxane monomer (Sigma Aldrich, 98%) was
distilled at 135 �C, at atmospheric pressure. Butyl lithium initiator
(Sigma Aldrich, 2.5 mmol/mL) was used as-received. Cyclohexane
solvent was dried with sodium and benzophenone, and then
distilled. All reagent manipulations were made in a tight system,
purged with nitrogen. The polystyrene block was synthesized first,
followed by the polyhexamethylsiloxane one. The synthetic route
used for PSDMS is shown in Fig. 2a. The number-average molecular
weight (Mn) ratio between the blocks was 1:9, respectively. This
ratio was deducted from the 1H NMR spectra shown in Fig. 2b. Mn of
PSDMS obtained by gel permeation chromatography (GPC) was
55,000 g/mol. To ensure that the copolymer presented a diblock
structure, the material was also characterized by differential
scanning calorimetry (DSC). Two glass transition temperatures (Tg),
one for polystyrene (100 �C), and the other for poly-
dimethylsiloxane (�127 �C), were observed (DSC curve not shown
for brevity).

2.3. Polymerization system

All the polymerizations of this paper were conducted in a 38 mL
high-pressure view cell, equipped with two frontal and two lateral
sapphire windows (Crystal Systems Inc.�), which allowed visual
observation of the reaction mixture. A 260 Dual Syringe Pump
System (Teledyne ISCO�) was used to handle the CO2 and bring it to
supercritical conditions. The reactor was charged with monomer,
initiator, RAFT agent and stabilizer and a magnetic stirrer bar. Then,
it was purged with a slow flow of CO2, and pressurized with CO2

until a given pressure, lower than the desired reaction pressure.
Next, the reactor was placed into a warm bath, and heated to the
desired reaction temperature. Once this temperature was reached
and controlled, pressure was increased to the desired reaction
pressure by loading additional CO2. The reaction mixture was stir-
red using a magnetic bar. The reaction proceeded until the desired
time was reached. The product was washed with methanol, and
then dried at 50 �C in an oven until constant weight. Total mono-
mer conversion was determined gravimetrically.

2.4. Polymer characterization

Monomer conversion was measured gravimetrically. Molecular
weight development (Mn and Mw) was followed by size exclusion
chromatography (SEC or GPC) using a Waters Alliance 2695 chro-
matograph. The GPC was equipped with a Shodex column bank,
from KF-801 to KF-804, Waters 2414 refractive index, Waters 2996
PDA, and Viscotek 270D intrinsic viscosity detectors. Polystyrene
standards from Polymer Standards Service Inc., ranging from
Mn¼ 392 to 3 151000 Da were used.



Fig. 2. Poly(styrene-b-dimethylsiloxane) used in this study as stabilizer: (a) scheme of synthesis, (b) characterization by 1H NMR.
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3. Results and discussion

Three studies were considered in this paper. The first study was
focused on the effect of stabilizer initial concentration on poly-
merization rate (PR) and molecular weight development (MW-Dev) in
RAFT polymerization of styrene in scCO2. The concentration of
PSDMS where best performance in terms of PR and MW-Dev was
observed was used for the other two studies. In the second study,
the effect of the structure of the RAFT controller (groups Z and R of
the RAFT controller typical structure) was analyzed. Finally, once an
adequate stabilizer concentration level, and the most adequate
RAFT controller were chosen, in the third study the effect of the
RAFT/Initiator molar ratio on PR and MD-Dev was assessed.

In all the experiments of the three studies described above, the
mass of monomer was 8 g, the ratio of mass of monomer to total
reaction volume was 20 wt./v%, T¼ 80 �C, P¼ 300 bar, and the
speed of agitation was 500 rpm.

3.1. Effect of stabilizer concentration

It is well known that dispersion polymerizations require the use
of effective stabilizers to form stable particles and proceed up to
high conversions. The stabilizer used in this study, PSDMS, con-
tained a CO2-phylic block and a CO2-phobic one, but it was neces-
sary to determine the most adequate concentration level for the
specific system studied in this paper. It is important to know the
optimal stabilizer concentration, not only to avoid wasting it, but
also to prevent some undesirable steric effects that may interfere
with the mass transport between the phases, or adversely affect
particle morphology, if the concentration is too high. The study



Fig. 3. Effect of stabilizer initial concentration on monomer conversion, number
average molecular weight, Mn, and polydispersity in RAFT polymerization of styrene in
scCO2, with T¼ 80 �C, and P¼ 300 bar.

Table 2
Comparison between a non-controlled polymerization system (RAFT 0) and poly-
merizations in the presence of RAFT D.a

RAFT Reaction time [h] STY conversion [%] Mn PDI

D 4 15 10 340 2.50
D 16 55 132 690 2.50
D 24 68 283 020 2.70
0 4 20 15 540 4.50
0 16 63 703 80 4.00
0 24 75 93 670 4.10

a The experiments were conducted using 8 g of Styrene; [AIBN]0 and [RAFT]0

were 0.0064 and 0.0128 M, respectively, [PSDMS]0 3 wt.%. T¼ 80 �C, P¼ 300 bar.
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about stabilizer concentration was carried out using RAFT A, since
preliminary runs established that this controller was more effective
than RAFT D. RAFT controllers A and D were readily available, since
they are commercially available chemicals. In order to determine
the adequate stabilizer concentration for our polymerization
system, five experiments were carried out. These experiments were
conducted using 8 g of styrene. The concentrations of AIBN and
RAFT A were 0.0064 and 0.0128 M, respectively. The concentration
of PSDMS was varied from 1 to 10 wt.%. The polymerizations in the
five runs were stopped at 8 h.

It is observed in Fig. 3 that monomer conversion at 8 h
of polymerization increases as the concentration of PSDMS is
increased, up to a limiting value of around 6 wt.%, remaining almost
constant thereafter. However, there is not much variation on the
value of monomer conversion achieved in the range 3–10 wt.% of
stabilizer. In the case of number average molecular weight, Mn,
there seems to be no effect of stabilizer concentration since Mn

remains almost constant. The polydispersity index (PDI) remains
below 1.2 in all the range of stabilizer concentrations studied. These
results already suggest that RAFT A may be adequate for controlled
styrene polymerization in scCO2. This will be analyzed in further
detail in the following section of this paper.

3.2. Effect of RAFT controller structure

As mentioned before, four different RAFT controllers were
compared in this study. The names and chemical structures of the
controllers used are provided in Fig. 1. A comparison of the
monomer conversions reached at 8 h of polymerization time,
among the four RAFT controllers and the blank (without controller)
Table 1
Summary of results for the comparison of RAFT controllers.a

RAFT STY Conversion [%] Mn PDI

A 9.1 2648 1.18
B 17 2537 1.30
C 20 5996 1.40
D 33 14 734 1.96
0 37.1 22 858 3.80

a The experiments were conducted using 8 g of Styrene; [AIBN]0 and [RAFT]0

were 0.0064 and 0.0128 M, respectively, [PSDMS]0¼ 3 wt.%. T¼ 80 �C, P¼ 300 bar
and 8 h of reaction time. RAFT 0 represents a blank experiment without RAFT agent.
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Fig. 4. Effect of the structure of the RAFT agent on: (a) monomer conversion versus
time, (b) Mn versus monomer conversion, and (c) Polydispersity versus monomer
conversion, in polymerization of styrene in scCO2. [AIBN]0 and [RAFT]0 were 0.0064
and 0.0128 M, respectively; [PSDMS]0¼ 3 wt.%, T¼ 80 �C, and P¼ 300 bar.
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run, is shown in Table 1. As expected, the conversion reached in the
blank run is the highest (around 38%). The conversion achieved
with RAFT D was quite close to the conversion obtained in the blank
run (around 33%). The slowest polymerization was that using RAFT
A (9%). The conversions reached with controllers RAFT B and RAFT
C, lied in between the other two.

Additional results at different polymerization times for the cases
without controller (blank) and with RAFT D are shown in Table 2.
These additional results confirm that the polydispersities obtained
with RAFT D are quite high. That is why this controller was
excluded from the remaining studies reported in this paper.

Once RAFT D, which was a dithiocarbamate compound, had
been disregarded as controller for the polymerization of styrene in
scCO2, a kinetic study comparing the performance of the other
three controllers was carried out. The results are shown in Fig. 4. It
is observed in Fig. 4a that the fastest polymerization rate is ach-
ieved with RAFT C. The slowest polymerization rate was obtained
with RAFT A, and the runs using RAFT B lied in between the other
two. There does not seem to be much difference in the measured
values of Mn obtained with the three controllers, as observed in
Fig. 4b. There is a linear trend in the Mn versus conversion profile,
but the profile does not start from the origin, which suggests that
the system is not controlled at the beginning of the polymerization.
The theoretical Mn profile shown in Fig. 4b was calculated as
Mn,theo¼ (([Monomer]o� [Monomer]t)/[RAFT]o)MWMonomer [34].
The PDIs are lower than 1.2 for RAFT A and around 1.3 for most of
the data points of the other two controllers.

From the four controllers tested, RAFT D did not provide an
adequate control level. Dithiocarbamates with similar structures
such as S-benzyl N,N-diethyldithiocarbamate and S-(2-cyano-
propyl) N,N-dimethyldithiocarbamate have been reported to be
ineffective as RAFT controllers for bulk polymerization of styrene
[35]. It is also known that the fragmentation of N,N-dialkylder-
ivatives is difficult due to the delocalization of the radical obtained
Fig. 5. Scanning electron microscopy (SEM) images of typical particles produced in R
[AIBN]0¼ 0.0064 M, [RAFT A]0¼ 0.0128 M, [PSDMS]0¼ 3 wt.%, T¼ 80 �C, and P¼ 300 bar. R
from free radical addition to the dithiocarbamate group by the
nitrogen free electrons, whereas an electron-withdrawing substit-
uent on the nitrogen would not be able to delocalize the isolated
electron, and would allow fragmentation. Thus, by a change in the
nitrogen substituent, the activity of dithiocarbamates can be
substantially modified, and they can become very effective RAFT
controllers [30–33,35]. Dithiocarbamate derivatives which have the
nonbonded electron pair on the nitrogen atom included as part of
an aromatic system are known to be effective RAFT controllers.
Examples of such dithiocarbamates are those derived from pyrrole
[36,37] and imidazole [38].

RAFT A produced the slowest polymerization rate, but it
provided the best control level, and also, it had the advantage of
being commercially available. RAFT B and C provided faster poly-
merization rates than RAFT A, and the control level achieved with
them was good, but they are more expensive. The differences in
performance among these three controllers can be understood by
taking into consideration their chemical structures. The three
controllers are dithiobenzoates. The main difference among them is
the structure of the R group from the RAFT molecule (for a repre-
sentation of the typical RAFT structure, refer, for instance, to Fig. 6
of Moad et al. [8]). The Z group is the same, a benzyl group. The R
group will be released from the RAFT molecule, as a free radical,
after the formation of the double bond, C]S, between the thio-
carbonyl group and the S atom to which the R group is bonded. At
this point, the solubility in scCO2 of the R group is important since
the locus for the initiation of new propagating chains depends on it.
If chain initiation derived from the release of the R group takes
place in the continuous phase, the propagating chain will grow
until a critical chain length is reached, and a new particle stabilized
by PSDMS is formed. The solubility in scCO2 of the RAFT agent
determines the phase in which the controller will be placed until
the addition–fragmentation reaction takes place. The solubility of
the RAFT agent may be determined by the Z group. In this study,
AFT polymerization of styrene in scCO2. Experimental conditions: 8 g of styrene;
eaction times: (a) 4 h, (b) 24 h, (c) 48 h, and (d) 72 h.
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because of the structure of the Z group of the dithiocompounds
used as controllers, it was expected that the RAFT agents would be
soluble in the dispersed phase. This was confirmed by the fact that
a dispersed phase was produced early on during the polymeriza-
tion and that good control (manifested as low PDIs) was achieved.

SEM images for styrene polymerization using RAFT A at different
times (4, 24, 48 and 72 h) are shown in Fig. 5. It is observed that
small particles but partially agglomerated are produced at low
conversions (see Fig. 5a). As polymerization proceeds, the particles
grow in size, but surprisingly the level of agglomeration is reduced,
until well defined spherical particles are produced at 72 h of
polymerization (see the progression from Fig. 5a–d). These results
are not straightforward to explain. They are the result of several
phenomena such as rather poor mixing, increasing viscosity of the
particles as polymerization proceeds, and effectiveness of the
stabilizer, taking place simultaneously. Although an increasing
viscosity would promote higher rate of agglomeration, the action of
the stabilizer reduces the effectiveness of coalescence, until rather
hard particles are produced.

3.3. Effect of RAFT controller concentration ([RAFT]o/[I]o)

For this study the concentration of AIBN was kept constant
(0.0128 M), the concentration of the RAFT agent (RAFT A) was
varied ([RAFT]o/[I]o¼ 2, 1, 0.5), [PSDMS]0¼ 3 wt.%, T¼ 80 �C, and
P¼ 300 bar.

It is observed in Fig. 6a that the polymerization rate is decreased
as the amount of controller is increased. The amount of RAFT agent
does not affect the evolution of the Mn versus conversion profile
(see Fig. 6b), but it is clearly observed that better control (man-
ifested as lower PDIs) is obtained if the ratio RAFT/Initiator is
increased, as shown in Fig. 6c. All these results are consistent with
the known behavior of RAFT polymerization systems. Moreover,
these results suggest that the addition-fragmentation steps of the
RAFT polymerization mechanism take place in the dispersed phase.
Otherwise, the degree of control would have been poor, if the
controller had remained in the continuous phase.

4. Concluding remarks

An experimental study on the polymerization of styrene in
scCO2 using PSDMS as stabilizer, AIBN as initiator, and of S-thio-
benzoyl thioglycolic acid (RAFT A), Methyl naphthalene dithio-
benzoate (RAFT B), 4-Methyl allyl dithiobenzoate (RAFT C), and
N,N-Dimethyl benzyl dithiocarbamate (RAFT D) as controllers was
carried out. PSDMS in the concentration range 3–7 wt.% worked
fine as stabilizer. Spherical particles in the 1 mm range were
produced. Three of the controllers (RAFTs A, B, and C) performed
well as controllers, but RAFT A turned out to be the most attractive
since it provided good control to the polymerization, and it is
commercially available. However, as with most RAFT controlled
polymerizations, the presence of the controller reduces polymeri-
zation rate.

The results obtained suggest that the addition and fragmenta-
tion reactions proceeded in the dispersed phase, mainly, which was
the intended situation.
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