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Introduction.Controlled/living radical polymerization (CLRP)
opens a new era in polymer chemistry. The CLRP enables to
synthesize many kinds of vinyl polymers having a narrow
molecular weight distribution and to design macromolecular
architectures liberally.1TheCLRPtechniques suchasnitroxide-
mediated living radical polymerization (NMP),2-6 atom transfer
radical polymerization (ATRP),7-13 reversible addition-
fragmentation chain transfer (RAFT),14-16 andorganotellurium-
mediated living radical polymerization (TERP)17-24 have pro-
gressed remarkably in the past 15 years.25-28

Iodide transfer radical polymerization (ITP) (Scheme 1a),29,30

which is also a CLRP technique, can be carried out under
mild conditions. However, it is difficult to synthesize vinyl
polymer withmuch narrowmolecular weight distribution by
ITP because the chain transfer constant (kex, k-ex) of iodide
compounds relative to the propagation reaction rate constant is
too low to control the polymerization. Recently, Goto et al.
discovered reversible chain transfer catalyzed polymerization
(RTCP) (Scheme 1),31 in which a very small quantity of iodide
compounds of typically elements such as germanium,32,33

tin,32,33 phosphorus,32-34 or nitrogen31,35 is added to the ITP
system, enables to synthesize vinyl polymers having a narrow
molecular weight distribution. These compounds caused a
reversible chain transfer (RT) (Scheme1b) reactionwith radical
species. Because RT is much faster than degenerative chain
transfer (DT) (Scheme 1a), RT is a dominant mechanism in
RTCP.36

CLRP has another attraction for the application to aqueous
dispersed systems.6,28,37-40 The most applicable technique for
CLRP is microsuspension and miniemulsion polymerizations
because the ideallymonomer dropletsworks as an isolatedbulk
system. In our previous works,41,42 several CLRP techniques,
which are NMP, ATRP, and TERP, were successfully applied
to aqueous dispersed systems.

In this Communication, we will attempt to apply RTCP
with nitrogen compounds to the microsuspension system for
the first time.

Experimental Part. Materials.Methyl methacrylate (MMA)
(Tokyo Kasei Kogyo Co. Ltd., Tokyo, Japan, >99.8%) and
styrene (Mitsubishi Chemical Co. Ltd., Tokyo, Japan,
>99.6%) were purified by distillation under reduced pressure
in a nitrogen atmosphere. Water used in all experiments was
obtained using an Elix UV (Millipore Japan) purification

system and had a resistivity of 18.2 MΩ 3 cm. Reagent grade
2,20-azobis(isobutyronitrile) (AIBN) (Nacalai Tesque, Kyoto,
Japan) was purified by recrystallization. N-Iodosuccinimide
(NIS) (AldrichChemCo. Ltd., 95%) and n-tetradecyltrimethyl-
ammonium bromide (TTAB) (Tokyo Kasei Kogyo Co. Ltd.,
Tokyo, Japan) were used as received. 2-Cyanopropyl iodide
(CP-I) (97%) was supplied from TokyoKasei Kogyo Co. Ltd.

RTCPinMicrosuspensionSystem (MicrosuspensionRTCP).
Amonomer solution (AIBN 20 mg, 0.13 mmol; CP-I 0.195 g,
1.0 mmol; NIS 3.0 mg, 13 μmol; MMA 10 g, 0.10 mol) was
mixed with an aqueous (90 g) solution of TTAB (0.45 g) and
stirred vigorously at 5000 rpm using a homogenizer for 2 min.
The emulsion was subsequently transferred to glass ampules
and degassed using several vacuum/N2 cycles, and then the
ampules were sealed off under vacuum. The microsuspension
RTCP of MMA was carried out at 80 �C with shaking of the
ampules horizontally at 80 cycles min-1. All of these processes
were performedunder a safe light because iodo compounds are
light-sensitive.

ITP in Microsuspension System (Microsuspension ITP).
The microsuspension ITP of MMA was carried out in the
same way as the microsuspension RTCP, except for without
NIS.

Conversion Measurement. Conversion was determined
by gas chromatography (GC-18A, Shimadzu Co., Kyoto,
Japan) employing helium as carrier gas, N,N-dimethylform-
amide as solvent, and p-xylene as internal standard.

Molecular Weight Measurement. Number-average molec-
ular weight (Mn), weight-average molecular weight (Mw),
and molecular weight distribution (MWD) were measured
by gel permeation chromatography (GPC) with two S/
divinylbenzene gel columns (TOSOH Corp., TSKgel
GMHHR-H, 7.8 mm i.d. � 30 cm; bead size = 5 μm) using
tetrahydrofuran (THF) as eluent at 40 �C at a flow rate of
1.0 mL/min employing refractive index (RI) (TOSOH
RI-8020/21) and ultraviolet (UV) detectors (TOSOH UV-8II).
The columns were calibrated with six standard PS samples
(1.05 � 103-5.48 � 106, Mw/Mn = 1.01-1.15). Theoretical
molecular weight (Mn,th) was obtained usingMn,th=RMM[M]0/
[R-I]0, where R is the fractional conversion of monomer,
MM is the molecular weight of monomer, and [M]0 and
[R-I]0 are the initial concentrations of monomer and trans-
fer agent (alkyl iodide), respectively.

Particle Observation. Dried particles were observed with a
transmission electron microscope (TEM, JEM-1230, JEOL
Co. Ltd., Tokyo, Japan) at a voltage of 100 kV and a scanning
electron microscope (SEM, JSM-6510, JEOL Co. Ltd.).

Results and Discussion. Figure 1 shows conversion-time
and first-order plots of microsuspension RTCP of MMA
with NIS as catalyst and CP-I as control agent. The poly-
merization smoothly proceeded without induction period
and reached 93%within 2 h. The rate of themicrosuspension
RTCPwas almost the same as that of RTCP in a bulk system
(bulk RTCP) conducted under the same conditions except
for TTAB and water.31 The first-order plot (-ln(1 - x) vs
time) (where x stands for conversion) did not increase
linearly above 50% conversion. This tendency was also
observed in the bulk system.31 The reason is unclear.

Figure S1 shows TEM and SEM photographs of PMMA
particles prepared by the microsuspension RTCP with NIS
and CP-I. The obtained particles were micrometer-size:
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number-average diameter (Dn), 5.54 μm; coefficient of varia-
tion, 30%. The obtained particle size distributionwas almost
the same as the original droplet size distribution according to
optical microscope observation. Byproduct particles were
not almost observed in the TEM and SEM observations,
indicating that emulsion polymerization was negligible.

Figure 2 showsMWD (withRI detector),Mn, andMw/Mn

at different conversionsof themicrosuspensionRTCPofMMA
with NIS and CP-I. The MWD shifted to higher molecular
weight sidemaintaining a narrowmolecular weight distribution
with conversion. The Mn value increased linearly with conver-
sion and agreed with theMn,th. In addition, theMw/Mn values
were relatively low (∼1.54), which indicates that good control
wasmaintained throughout the polymerization. TheMw/Mn of
bulk RTCP of MMA was ∼1.4 at 90% conversion.35 These
results indicate that NIS worked efficiently even in the aqueous
dispersed system and was successfully applied to microsuspen-
sion RTCP.

To confirm chain extension (livingness) of the PMMA-I
preparedby themicrosuspensionRTCP,bulkRTCPof styrene
with the PMMA-I was carried out at 80 �C for various times in
degassed and sealed glass ampules: PMMA-I (90% conversion
sample; 1.0 g) in styrene (2.0 g, 19 mmol) with AIBN (11 mg,
6.6 μmol) and NIS (3.0 mg, 13 μmol). Figure 3 shows MWD
(with RI detector), Mn, and Mw/Mn for PMMA-b-PS at the
different conversions of the bulk RTCP of styrene. The poly-
merization smoothly proceeded and the conversion almost
reached 90%within 5h. TheMWDshifted to highermolecular
weight side with increasing conversion. TheMn value increased
linearly and agreed well with the Mn,th. These results indicate
that the PMMA-I maintained the livingness.

Figure S2 shows MWD obtained using UV detector with
an incident wavelength of 254 nm, which enables to detect
only polymer containing styrene units for the PMMA-b-PS.
A large number of the low molecular weight polymer chains
(log M = 3.5) observed with RI detector in Figure 3 were
not detected with a UV detector in Figure S2. This result
indicates that a small amount of nonactive PMMA was
formed with PMMA-I prepared by the microsuspension
RTCP. The livingness of the PMMA-I macro-transfer agent
was calculated by transforming the MWD data of the bulk
RTCP obtained from GPC with UV and RI detectors to
number of polymer chains.

Figure S3 shows the number of polymer chains as a
function of molecular weight of product at 6% conversion
of the bulk RTCP of styrene at 80 �Cwith the PMMA-I. The
distributions were subsequently normalized for conditions
such that the high molecular weight segments were exactly
superimposed. The fraction of nonextended macro-transfer
agent relative to the total number of chains was then simply
obtained as the integral of the UV-derived number distribu-
tion. RTCP needs additional radicals derived from initiator,

which results in inevitable formation of PS homopolymer.
The blocking efficiency (i.e., PMMA-I livingness) at 6%
conversion was 70%, which is a relatively high value.

To understand the utility of the nitrogen catalyst (NIS),
microsuspension ITP (i.e., without NIS) of MMA was
carried out with CP-I at 80 �C. The polymerization pro-
ceeded smoothly without an induction period and almost
finished within 1.5 h. However, the MWD did not shift to
higher molecular weight side with increasing conversion,
and the Mn values were high molecular weight even in the
early stage of the polymerization like a conventional radical

Figure 2. Molecular weight distribution (with RI detector) at various
conversions (a) and number-average molecular weight (Mn) (open circles)
and polydispersity index (Mw/Mn) (closed circles) vs conversion plots
(b) formicrosuspension reversible chain transfer catalyzed polymerization
of methyl methacrylate withN-iodosuccinimide (NIS) and 2-cyanopropyl
iodide (CP-I) at 80 �C. [CP-I]0/[2,20-azobis(isobutyronitrile)]0/[NIS]=
80/10/1.

Figure 3. Molecular weight distribution (with RI detector) at various
conversions (a) and number-average molecular weight (Mn) (open
circles) and polydispersity index (Mw/Mn) (closed circles) vs conversion
plots (b) for bulk reversible chain transfer catalyzed polymerization
(RTCP) of styrene with N-iodosuccinimide (NIS) using PMMA-I
prepared by the microsuspension RTCP at 80 �C.

Scheme 1. Reversible Chain Transfer Catalyzed Polymerization
(RTCP) (NIS = N-Iodosuccinimide)

Figure 1. Conversion-time (open circles) and first-order plots (where
x stands for conversion) (closed circles) for themicrosuspension reversible
chain transfer catalyzed polymerization of methyl methacrylate with
N-iodosuccinimide (NIS) and 2-cyanopropyl iodide (CP-I) at 80 �C.
[CP-I]0/[2,2

0-azobis(isobutyronitrile)]0/[NIS] = 80/10/1.
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polymerization. These results indicate that the microsuspen-
sion ITP ofMMA did not proceed with living nature, and in
other words, NIS is very important for the RTCP of MMA
to proceed with living nature. On the other hand, bulk ITP
under the same recipe except for without the TTAB aqueous
solution proceeded with living nature. At present, the reason
whymicrosuspension ITP did not proceed with living nature
is unclear.

Conclusions. RTCP of MMA with nitrogen catalyst at
80 �C was successfully applied to an aqueous microsuspension
system for the first time. The polymerization proceeded
smoothly to 93% conversion in 2 h, and prepared PMMA
particles had 5.54 μm diameter. The Mn value increased
linearly with conversion and agreed well with theMn,th. The
MWD was narrow (Mw/Mn ∼1.5), and bulk RTCP of
styrene for chain extension test of PMMA-I indicated rela-
tively high degrees of livingness (blocking efficiency=70%).
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