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Iodine transfer dispersion polymerization with CHI3
and reversible chain transfer-catalyzed dispersion
polymerization with N-iodosuccinimide of methyl
methacrylate in supercritical carbon dioxide

Tomoya Taniyama1, Taisuke Kuroda1, Hideto Minami1 and Masayoshi Okubo1,2

Iodine transfer dispersion polymerization (dispersion ITP) with CHI3 and reversible chain transfer-catalyzed dispersion

polymerization (dispersion RTCP) with N-iodosuccinimide of methyl methacrylate were performed successfully in supercritical

carbon dioxide medium. Both polymerizations proceeded smoothly to B80% conversion in 6h and yielded the polymeric

product as a powder after venting the reactor. In both syntheses, the number-average molecular weights (Mn) increased with

greater conversion. The ratio (Mw/Mn) was maintained at comparatively low values throughout the polymerizations; the values

of Mw/Mn were lower in the dispersion RTCP (1.3–1.4) than the dispersion ITP (1.5–1.7). A chain extension test using styrene

indicated that the poly(methyl methacrylate) prepared by dispersion ITP and dispersion RTCP had high degrees of livingness

(71 and 74%, respectively).
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INTRODUCTION

Supercritical carbon dioxide (scCO2) has attracted attention as a new
class of environmentally friendly reaction medium over the last few
decades. CO2 changes from the gas or liquid state to the supercritical
state (scCO2) at the critical point (Tc¼ 31.1 1C, Pc¼ 7.38MPa), and
the solvent properties of scCO2 can be adjusted by changing the
temperature or pressure. Moreover, scCO2 has several advantages as a
polymerization medium because it is nonflammable, nontoxic and
easy to separate from the reaction products after polymerization.1,2

Several types of polymers containing siloxane or fluorocarbon
segments are known to be soluble in scCO2 and useful as colloidal
stabilizers.2–4 Other polymers exhibit low solubility in scCO2,
although most monomers can be dissolved in scCO2. Thus, most
polymerizations in scCO2 are carried out with a precipitation
polymerization system or a dispersion polymerization system.3,5,6

We previously reported the preparation of poly(methyl
methacrylate) (PMMA) particles by dispersion polymerization in
scCO2 using a polydimethylsiloxane (PDMS)-based azoinitiator
(VPS-0501) as an inistab (initiatorþ stabilizer).3

Controlled/living radical polymerization (CLRP) is a powerful
method for the synthesis of polymers that have a narrow molecular
weight distribution (MWD) and predictable molecular weight.
Various CLRP techniques have been developed, such as, nitroxide-
mediated radical polymerization (NMP),7–10 atom transfer radical

polymerization (ATRP),10,11 reversible addition-fragmentation
chain transfer12,13 and organotellurium-mediated living radical
polymerization (TERP).14–21

Iodine transfer polymerization (ITP) is another CLRP technique.
In ITP, the degenerative chain transfer of iodine allows for controlled
polymerization (Scheme 1a).22,23 ITP can be carried out without
metallic substances and under mild conditions. However, because of
the low exchange frequency (kex), the preparation of polymers with
narrow MWDs by ITP is more difficult than with other CLRP
techniques. Goto and colleagues developed the reversible chain
transfer-catalyzed polymerization (RTCP) technique (Scheme 1)24

in which a very small amount of nontransition metal catalyst (such
as a compound containing germanium,25,26 tin,25,26 phosphorus25–27

or nitrogen24,28) was added to an ITP system. In RTCP, the catalyst
induces reversible chain transfer reactions that are faster than the
degenerative chain transfer of iodine; the MWDs of polymers
prepared by RTCP are narrower than for polymers prepared by ITP.29

The application of CLRP to environmentally friendly heteroge-
neous systems was also attempted.30–32 In our previous works,33–41

several CLRP techniques (NMP, ATRP and TERP) were applied
successfully to systems dispersed in aqueous and scCO2 solvents.
More recently, the RTCP synthesis of styrene with a germanium
catalyst was performed successfully in a dispersion polymerization
system in scCO2.
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In this work, ITP with CHI3 and RTCP with N-iodosuccinimide
(NIS) of methyl methacrylate (MMA) are applied to dispersion
polymerization systems (dispersion ITP and dispersion RTCP,
respectively) in scCO2, to extend the range of applications of
monomers and catalysts in scCO2.

EXPERIMENTAL PROCEDURE

Materials
MMA and styrene (Mitsubishi Chemical, Tokyo, Japan) were purified by

distillation under reduced pressure in nitrogen atmosphere. Reagent grade

2,20-azobis(isobutyronitrile) (AIBN) (Wako Pure Chemical Industries, Osaka,

Japan) was purified by recrystallization with methanol. VPS-0501 (Wako Pure

Chemical Industries), iodoform (CHI3; Nacalai Tesque, Kyoto, Japan) and

NIS(Aldrich Chem, St Louis, MO, USA, 95%) were used as received. Industrial

grade CO2 with a purity of 99.5% was used (Kobe Sanso, Kobe, Japan).

Dispersion ITP of MMA in scCO2

zA typical dispersion ITP procedure for MMA in scCO2 was as follows: MMA

(5.0 g, 50mmol), VPS-0501 (125mg, 25mmol; azo content of whole

VPS-0501), AIBN (72mg, 440mmol) and CHI3 (197mg, 500mmol) were

added to a 25-ml stainless steel reactor. A vacuum was applied, and the reactor

was pressurized with liquid CO2 to 9MPa at room temperature using a high

pressure pump. The reactor temperature was raised to 80 1C by immersing it in

a temperature-controlled water bath with magnetic stirring at 200 r.p.m.;

during immersion, the pressure increased to B30MPa. The polymerization

was stopped by cooling the reactor in a water bath, and the CO2 was vented

slowly. The conversion was measured by gravimetry. At low conversions, the

reaction mixture was dissolved in toluene, and the polymer product was

collected by filtration after precipitation in an excess of n-hexane.

Dispersion RTCP of MMA in scCO2

Dispersion RTCP of MMA in scCO2 was carried out with NIS (1.5mg, 7mmol)

under the same conditions as the dispersion ITP in scCO2. The polymer

particles were obtained at high conversions and observed with a scanning

electron microscope (JSM-6510, JEOL Ltd., Tokyo, Japan) after centrifugal

washing three times with n-hexane.

Chain extension
RTCPs of styrene in bulk systems (bulk RTCPs) were carried out as a chain

extension test to estimate the degree of livingness of the two types of PMMA

that were prepared by the dispersion ITP and dispersion RTCP techniques in

scCO2 at 80 1C in 6 h; the products were PMMA–polystyrene (PS) block

polymers (PMMA-b-PS). The PMMA macrotransfer agent (300mmol), styrene

(4.5 g, 43mmol), AIBN (10mg, 61 mmol) and NIS (4.5mg, 20 mmol) were

added to a glass ampoule and degassed using several N2/vacuum cycles; then,

the ampoule was sealed under vacuum. The polymerization was carried out at

80 1C while the ampoule was shaken horizontally at 60 cycles per minute (3-

cm strokes). The conversion was measured by gas chromatography employing

helium as the carrier gas. N,N-Dimethylformamide and p-xylene were used as

the solvent and internal standard, respectively.

Molecular weight measurement
The number-average molecular weight (Mn), weight-average molecular weight

(Mw) and MWD were measured by gel permeation chromatography (GPC)

with two styrene/divinylbenzene gel columns (TOSOH corporation, Yamagu-

chi, Japan, TSKgel GMHHR-H, 7.8mm i.d.� 30 cm), THF as the eluent at

40 1C, a flow rate of 1.0mlmin�1, a refractive index (RI) detector (TOSOH

RI-8020/21) and an ultraviolet (UV) detector (TOSOH UV-8II). The columns

were calibrated with six standard PS samples (1.05� 103–5.48� 106, Mw/

Mn¼ 1.01–1.15).

RESULTS AND DISCUSSION

Dispersion RTCP of MMA in scCO2 was carried out using the ratio
of chain transfer agent to initiator in bulk RTCP (chain transfer
agent/initiator¼ 8/1, molar ratio) that was reported previously.28

The conversion was limited to 38% for 24 h; the product, a turbid
viscous solution, was obtained after venting the reactor. To rapidly
perform the polymerization and obtain a powder product, the
initiator level was increased to CHI3/AIBN¼ 1/0.9. Dispersion ITP
with CHI3 as the chain transfer agent and dispersion RTCP with
CHI3 and NIS as the catalyst in scCO2 were performed at 30MPa and
80 1C. Figure 1 shows conversion-time plots and their first-order
plots for both polymerizations. Dispersion ITP and RTCP proceeded
smoothly without an induction period, and the conversions after 6 h
were 83 and 80%, respectively. The polymerization rates in this study
were faster than the rates of analogous dispersion ITP and dispersion
RTCP of styrene in previous work.42 The difference in the reactions
rates may be due to the difference in the propagation rate constants
of MMA and styrene. As shown in Figure 1b, the first-order plots for
dispersion ITP and RTCP were linear, although both polymerizations
proceeded in heterogeneous systems. This finding suggests that the
dispersion ITP and RTCP mainly proceeded in the particles. We do
not discuss this point further in this work because no information is
available about the monomer concentrations in the particles.
Figure 2 shows the optical and scanning electron microscope

(SEM) photographs of PMMA prepared by dispersion RTCP in
scCO2 for 6 h. After the CO2 was vented, the PMMA was obtained as
a white flowing powder (Figure 2a). The product was washed with
n-hexane to remove excess VPS-0501. An SEM photograph
(Figure 2b) shows that the PMMA was in the form of submicrom-
eter-sized and micrometer-sized nonspherical particles.
Figure 3 shows the MWDs, Mn, andMw/Mn of PMMA prepared by

the dispersion ITP and the dispersion RTCP with NIS in scCO2 at

Figure 1 Conversion-time plots (left) and their first-order plots (right) (where

x stands for conversion) for dispersion ITP (open circles) and dispersion

RTCP with NIS as a catalyst (closed circles) of MMA in scCO2 at 80 1C and

30 MPa. MMA/CHI3/AIBN/NIS¼100/1/0.9/0 (ITP) or 0.014 (RTCP), molar

ratio.
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various conversions. In both polymerizations, the MWD shifted to
higher molecular weight side with increasing conversion (Figures 3a
and c). The Mw/Mn ratio was maintained relatively low even for high
conversions (Figures 3b and d). These results indicate that ITP with
CHI3 and RTCP with NIS of MMA were applied successfully to
dispersion polymerization system in scCO2. The Mw/Mn values from
the dispersion ITP (Mw/Mn¼ 1.4–1.6) were higher than the values
from the dispersion RTCP (Mw/Mn¼ 1.3–1.4) throughout the poly-
merization procedures. These results indicate that the nitrogen
catalyst worked effectively even in scCO2.
In Figures 3b and d, the Mn values increased with conversion, but

they deviated from the theoretical values for Mn (Mn,th) that were
predicted by equatiion (1).

Mn;th ¼
½M�0MWMa
½CHI3�0

ð1Þ

where [M]0 and [CHI3]0 are the initial concentrations of monomer
and transfer agent, respectively. MWM is the molecular weight of the

monomer, and a is the monomer conversion. This equation can be
applied when the ratio of initiator concentration to chain transfer
agent concentration is low and the number of polymer molecules
generated from the initiator radical can be neglected. However, in this
study, the ratio of initiator to chain transfer agent is high, and the
effect of the initiator radical cannot be neglected. Therefore, equation
(1) was modified to derive equation (2).

M�
n;th ¼

½M�0MWMa

½CHI3�0 þ 2f ½AIBN�0 1� ½AIBN�t
½AIBN�0

h i ð2Þ

where f is the initiator efficiency, [AIBN]0 is the initial concentration
of initiator and [AIBN]t is the concentration of initiator at time t. As f
for AIBN in scCO2 was reported as 1.5 times higher than in general
organic solvents,43 the value of 0.83 was used for f in this calculation.
The decomposition rate constant (kd) of AIBN used for the
calculation (5.49� 10�5 s�1) was obtained based on the
information that (a) the kd value of AIBN in scCO2 (21MPa,
79 1C) was 2.5 times lower than in benzene at the same
temperature under atmospheric pressure43 and (b) the kd value of
AIBN in toluene at 80 1C was 1.37� 10�4 s�1.44 As the result, the Mn

plots were between Mn,th from equation (1) (broken lines in Figures 3b
and d) and M�

n;th (f¼ 0.83) from equation (2) (solid lines in Figures 3b
and d). When 0.55 was used in place of 0.83 for f in the calculation of
M�

n;th for the dispersion ITP and RTCP, the Mn plots were in good
agreement with M�

n;th (dotted lines in Figures 3b and d). Similar
results were obtained in our previous work42 in which PS particles
were prepared by dispersion ITP (using benzoyl peroxide (BPO) as
the initiator and CHI3 in scCO2) and dispersion RTCP (with BPO,
CHI3 and germanium (IV) iodide as the catalyst in scCO2). When
0.65 (BPO) was used in place of 1 for the value of f in the calculation
of M�

n;th, the results were in good agreement with the Mn values.
In the previous work, we decreased the value of f value for BPO based
on the primary radical termination. The further decrease of the value
of f for AIBN in the current work might be based on the ‘cage effect’
in addition to the primary radical termination, although it was
reported that f for AIBN increased in a homogeneous scCO2 system

43

as described previously. In this study of dispersion polymerization
systems, the value of f for AIBN in particles (where the viscosity is
relatively high) may be lower than in a homogeneous scCO2 medium.
To estimate the livingness of PMMA prepared by the dispersion

ITP and the dispersion RTCP with NIS in scCO2, bulk RTCPs were
performed with styrene for chain extension tests of the two types of
the PMMA at 80 1C. These reactions were carried out at a typical ratio
of chain transfer agent to initiator (PMMA marotransfer agent/
AIBN¼ 5/1) in CLRP. The polymerizations proceeded smoothly, and
the conversions were B70% within 8 h. Figure 4 shows the MWD (by
RI detector),Mn and Mw/Mn at various conversions of the bulk RTCP
of styrene for the chain extension test. The RI detector can detect all
of the polymer chains. The MWD shifted to the higher molecular
weight side with increasing conversion (Figure 4a). The Mn value
linearly increased with conversion and was in good agreement with
Mn,th (Figure 4b). A similar result was obtained with the bulk RTCP
with PMMA macrotransfer agent prepared by dispersion ITP in
scCO2. These results indicate that the chain extension tests proceeded
in a controlled manner, and the livingness of the PMMAs prepared by
the dispersion ITP and the dispersion RTCP in scCO2 was
maintained.
Figure 5 shows the MWD measured by GPC with the UV detector

and an incident wavelength of 254 nm. The UV detector detects
polymer chains that contain styrene units (PMMA-b-PS, PS) but not

Figure 2 Photograph (a) of PMMA-I prepared by dispersion RTCP of MMA

with NIS in scCO2 at 80 1C and 30MPa for 6h, and scanning electron

microscope photograph (b) of the particles after centrifugal washing with

hexane. A full color version of this figure is available at Polymer Journal online.
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PMMA. The MWDs measured with the UV detector were similar to
those obtained with the RI detector (Figure 4a). This finding indicates
that most of the PMMA chains formed by the dispersion RTCP with
NIS in scCO2 were extended by the bulk RTCP with styrene, resulting
in PMMA-b-PS.
To examine the ratio of living PMMA chains to all polymer chains

(the PMMA livingness), the numbers of living polymer chains and
the total number of polymer chains were calculated by transforming
the MWDs measured with the UV and RI detectors, respectively.
Figure 6 shows the number distributions (plots of w(logM)/M2 vsM)
of products after 1 h of the bulk RTCP chain extension tests for
PMMA prepared by dispersion ITP and dispersion RTCP; low
conversions were assumed (PS generated from initiator radicals
during the chain extension tests was neglected). Livingness percen-
tages of PMMA for dispersion ITP and dispersion RTCP with NIS in
scCO2, calculated from the proportion of number of the living
polymer chains (UV) to number of all polymer chains (RI), were 71
and 74, respectively. These values were higher than those calculated at
the same initial molar ratio of AIBN and CHI3 in both polymeriza-
tions. This finding suggests that the number of polymer chains
generated from initiator radicals was lower than the calculated value,
which was based on primary radical termination and lower initiator
efficiency than theoretically calculated value (described above). More-
over, in the dispersion RTCP in scCO2, the livingness of PMMA

prepared in this study was higher than the livingness of PS prepared
in our previous work.42 As the ratio of initiator to chain transfer
agent in this study was smaller in the previous work, the ratio of the
number of polymer chains generated by the initiator to the number
generated by the chain transfer agent was smaller than the ratio in
previous work; this difference is the reason for the higher livingness
observed in this study.

CONCLUSIONS

Dispersion ITP with CHI3 and dispersion RTCP with NIS of MMA in
scCO2 were carried out at 80 1C and 30MPa. In both polymerizations,
the conversion was B80% after 6 h, and the PMMA powder was
obtained after the reactor was vented. The MWD of the PMMA
shifted to the higher molecular weight side with increasing conversion
for both methods of synthesis. Mn increased during the polymeriza-
tions while the Mw/Mn values remained low. These results indicate
that the dispersion ITP with CHI3 and the dispersion RTCP with NIS
of MMA were performed successfully in scCO2 systems. It was
confirmed that NIS works effectively even in scCO2 by comparing
the Mw/Mn values in both systems. Finally, the livingness percentages
of the PMMA products were estimated to be relatively high.
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