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Introduction. In radical polymerization, continuous
interest and effort are focused on controlling the mo-
lecular weight and stereoregularity of synthesized poly-
mers. Recently, the controlled/living radical polymeri-
zation (CRP),1-3 which provides polymers with targeted
molecular weight and narrow polydispersity, has been
developed that can control the stereochemistry.4-6

Matyjaszewski et al. reported that the atom transfer
radical polymerization (ATRP) and reversible addition-
fragmentation chain transfer (RAFT) polymerization of
(meth)acrylamides in the presence of yttrium trifluoro-
methanesulfonate (Y(OTf)3) and ytterbium trifluoro-
methanesulfonate as complexing agents produced well-
defined isotactic polymers, such as poly(N,N-dimethyl-
acrylamide), poly(N-methylmethacrylamide), and ster-
eoblock poly(N,N-dimethylacrylamide).4,6 Sawamoto et
al. reported with us the RAFT polymerization of N-
isopropylacrylamide with Y(OTf)3 leading to well-
defined stereoblock polymers.5 The simultaneous control
of molecular weight and stereoregularity based on the
CRP technique was limited to (meth)acrylamide mono-
mers; therefore, it is of interest to expand the applicable
monomers, such as to methyl methacrylate (MMA).6

In addition, there was an excellent hint for the control
of the stereoregularity by conventional radical polym-
erization; i.e., one of our groups reported that fluoro-
alcohols were effective solvents for producing highly
syndiotactic PMMA, rr ) ca. 90%.7,8 Thus, the CRP
technique along with the solvent effect of fluoroalcohols
should be a suitable candidate for the simultaneous
control of both molecular weight and stereochemistry
of PMMA. In general, the selected solvent significantly
affected the polymerization tendency of ATRP;9,10 e.g.,
the more polar the solvent was, the faster the polym-
erization rate.9 Hence, we focused on the design of
stereocontrolled ATRP, which promises simultaneous
control of the molecular weight and stereoregularity.
Here we report the synthesis of highly syndiotactic
PMMA with a very narrow polydsipersity on the basis
of the ATRP initiating system of CuI/tris(2-(dimeth-
ylamino)ethyl)amine (Me6TREN) in 1,1,1,3,3,3-hexa-

fluoro-2-propanol (HFIP) as the highly polar solvent, as
shown in Scheme 1.

Results and Discussion. The polymerization of
MMA in toluene, THF, methanol, and HFIP was carried
out using the methyl R-bromoisobutyrate/copper(I) bro-
mide (CuBr)/Me6TREN initiating system under the
condition of [MMA]0/[initiator]0/[CuBr]0/[Me6TREN]0 )
200/1/2/4.11 The polymerization results are summarized
in Table 1. There was a significant difference in the
polymerization behavior among the solvents used. The
reaction system was homogeneous with a slightly green
color in toluene, THF, and methanol, while white
suspension in HFIP. In addition, for toluene, THF, and
methanol, the control of the molecular weight and
polydipersity of the produced polymers was not success-
ful (runs 1-4), which agreed with the previous result
for the polymerization of MMA using the ATRP initiat-
ing system of CuI/Me6TREN.12 In contrast, the polym-
erization in HFIP at low temperature was relatively
successful and produced PMMAs with narrow polydis-
persities (runs 5 and 6). These results indicate that the
ATRP of MMA using methyl R-bromoisobutyrate/CuBr/
Me6TREN in HFIP should be an attractive candidate
for the stereocontrolled ATRP of MMA.

Thus, to establish a suitable condition for the living
polymerization of MMA using the methyl R-bromoiso-
butyrate/CuBr/Me6TREN initiating system, we carried
out the polymerization in HFIP as the highly polar
solvent. At -78 °C, the polymerization with MMA/HFIP
at 1/1 (v/v) proceeded smoothly, while that with MMA/
HFIP at 1/3 (v/v) did not occur because the polymeri-
zation system was frozen.8 When the [MMA]0/[initiator]0/
[CuBr]0/[Me6TREN]0 condition of 200/1/1/1 was employed,
the polymerization rate was extremely slow, the mono-
mer conversion was ca. 10%, and the polymer with
Mn ) 4000 and Mw/Mn ) 1.3 was obtained after 500 h.
In contrast, for the [MMA]0/[initiator]0/[CuBr]0/[Me6-
TREN]0 ) 200/1/2/4 condition, the polymerization pro-
ceeded smoothly. Although the Mn values of the ob-
tained polymers increased with the increasing monomer
conversion, the measured molecular weights were much
higher than calculated ones, and the Mw/Mn values of
the obtained polymers were relatively narrow in the
range of 1.29-1.44.

In addition, the polymerization in HFIP at -20 °C
was examined for [MMA]0/[initiator]0/[CuBr]0/
[Me6TREN]0 ) 200/1/1/1. The molecular weights for the
different amount of HFIP (MMA/HFIP ) 1/1, 1/2, 1/3,
and 1/4 (v/v)) are shown in Figure 1A. For the polymers
obtained using the MMA/HFIP ratios of 1/1, 1/2, and
1/3, the Mn values of the obtained polymers increased
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with increasing monomer conversion, though the mea-
sured molecular weights were slightly higher than the
calculated ones. In contrast, the theoretical linearity
was observed when the MMA/HFIP ratio was 1/4. The
Mw/Mn values of the obtained polymers were relatively
narrow; i.e., 1.50-1.51 for MMA/HFIP of 1/1, 1.23-1.30
for 1/2, 1.22-1.25 for 1/3, and 1.18-1.26 for 1/4. Figure
1B shows the kinetic plots for the different MMA/HFIPs.
The polymerization with MMA/HFIP of 1/1, 1/2, 1/3, and
1/4 exhibited nonlinear increases with a fast polymer-
ization during the early stage of the reaction. These
results indicate that some termination of growing chains
should occur due to a high radical concentration.12

To more precisely control the early stages of the
polymerization, the polymerization of MMA using the
CuI/Me6TREN initiating system was carried out in the
presence of CuII. For [MMA]0/[initiator]0/[CuBr]0/[CuBr2]0/
[Me6TREN]0 ) 200/1/1/0.2/1.2 at -20 °C, the polymer-
ization system was a white heterogeneous mixture.
These results are shown in Figure 2. The addition of
CuII to the system was effective for the early stage of
polymerization. In addition, a well-controlled polymer-
ization was observed up to a conversion as high as ∼77%
(Figure 2A), except for MMA/HFIP of 1/1, and the
kinetic plots displayed a nonlinear increase with the

monomer conversion, as shown in Figure 2B. In par-
ticular, the experimental and theoretical Mns were
nearly identical for the MMA/HFIP ratios of 1/3 and 1/4.
The Mw/Mn values of the obtained polymers were
narrower than those of the produced polymers using the
ATRP initiating system in the absence of copper(II)
bromide (CuBr2): 1.39-1.59 for the MMA/HFIP ratio
of 1/1, 1.18-1.27 for 1/2, 1.17-1.21 for 1/3, and 1.19-
1.24 for 1/4. These results indicate that the addition of
CuBr2 affected the early stage of the polymerization.

The microstructure of the obtained polymers was
determined by the 44-46 ppm region in the 13C NMR
spectrum, corresponding to the quaternary backbone
carbons.13,14 PMMA with a high degree of syndiotacticity
was obtained as triad tacticity rr ) 75-84%. The
polymer obtained at -20 °C (run 5) had an rr of 75%
and persistence ratio F ) 0.936,15 and the triad tacticity
at -78 °C (run 6) was the highest with rr ) 84% and F
) 0.974. These F values indicated that the polymeriza-
tion proceeded through a Bernouillian statistical pro-
cess, and the stereochemistry was determined only by
the last monomer unit, i.e., a typical radical polymeri-
zation process. This efficient stereocontrol should be
caused by both the solvent effect of HFIP and the low-
temperature effect.7,8,16 Further studies, such as the

Table 1. Polymerization of Methyl Methacrylate (MMA) Using Methyl r-Bromoisobutyrate/CuBr/
Tris(2-(dimethylamino)ethyl)amine (Me6TREN) as the Initiating System in Various Solventsa

run solvent temp (°C) time (h) convc (%) Mn
d Mn,th

e Mw/Mn
d

1 toluene 30 20 6.1 105 000 1240 1.83
2 toluene -20 20 21 42 200 4260 3.52
3 THF -20 90 13 8 400 2640 2.10
4 MeOH -20 145 15 14 700 3040 1.82
5 HFIPf -20 24 42 13 100 8520 1.17
6b HFIPf -78 30 25 13 400 5070 1.31

a MMA/solvent ) 1/3 (v/v). b MMA/solvent ) 1/1 (v/v). c Determined by GC from the concentration of residual monomer with THF or
toluene as the internal standard. d Determined by SEC using polystyrene standards. e Mn,th ) MMMA[MMA]0conv/(100[initiator]0); MMMA
is the molar mass of MMA. f HFIP ) 1,1,1,3,3,3-hexafluoro-2-propanol.

Figure 1. (A) Dependence of Mn and Mw/Mn on monomer conversion and (B) kinetic plots for the polymerization of MMA at -20
°C in HFIP with [MMA]0/[initiator]0/[CuBr]0/[Me6TREN]0 ) 200/1/1/1. HFIP ) 1,1,1,3,3,3-hexafluoro-2-propanol.

Figure 2. (A) Dependence of Mn and Mw/Mn on monomer conversion and (B) kinetic plots for the polymerization of MMA at -20
°C in HFIP with [MMA]0/[initiator]0/[CuBr]0/[CuBr2]0/[Me6TREN]0 ) 200/1/1/0.2/1.2. HFIP ) 1,1,1,3,3,3-hexafluoro-2-propanol.
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nature of the catalyst in HFIP and the polymerization
mechanism, are now in progress.

Conclusions. The simultaneous control of the mo-
lecular weight and stereochemistry of PMMA has been
accomplished for the ATRP using the CuI/Me6TREN
initiating system in HFIP at low temperature, which is
the first report of the synthesis of a well-defined and
stereoregulated PMMA based on radical polymerization.
The addition of CuBr2 has an effect on the early stage
of the polymerization, and the Mw/Mn values of PMMA
were lower than those produced by the ATRP without
CuBr2. The polymerization even proceeds at -78 °C
with narrow Mw/Mns. The obtained polymer has a high
degree of syndiotacticity such as r ) ∼92%.
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