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ABSTRACT: A novel radical initiating system — rare-earth metal triflate [Y(OTf)3, Yb(OTf)3, Lu(OTf)3,

Sc(OTf)3] and alkyl halide containing �-esters (ethyl 2-bromoisobutyrate and ethyl 2-bromopropionate) or �-amide

(N,N-dimethyl-2-bromo-2-methylpropanamide) was used for the stereocontrolled radical polymerization of N-isopro-

pylacrylamide (NIPAM). The Lewis acids serve a dual role as the promoter of the radical initiation and the controller

of the stereospecific polymerization. The effects of the Lewis acid type and concentration, the initiator type and con-

centration, solvents, and temperature on the polymerization of NIPAM have been reported. The chain-end structure of

the resulting polymer was determined by 1H NMR. We also extended this initiating system for the polymerization of

N,N-dimethylacrylamide, styrene, n-butyl acrylate, and methyl methacrylate. [DOI 10.1295/polymj.36.728]
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Radical polymerizations are usually initiated by azo
compounds, peroxides, or redox initators with the iron
ion.1 Recent progresses in controlled radical polymer-
ization2–5 have widened the scope of the radical initia-
tors, one of which should be an initiating system con-
sisting of an alkyl halide and a late transition metal
complex of ruthenium, iron, copper, etc.3 In this sys-
tem, the initiating radical is born from the alkyl halide
due to the metal-mediated cleavage of the carbon–hal-
ogen bond. The organic halide is thus regarded as an
initiator, which generates an initiating radical species,
while the metal complex as a catalyst, which mediates
the radical formation via the reversible one-electron
redox reaction of the metal center. This transition-
metal catalyzed radical polymerization system origi-
nates from a similar metal-catalyzed radical addition
reaction as already reported.6

An alternative way for the generation of the radical
species from an alkyl halide is to use a free radical in-
itiator like AIBN and Et3B/O2 together for the halo-
gen abstraction.6 This combination is often employed
for the organic synthesis of small and sometimes cy-
clic compounds in atom-transfer free radical addi-
tion.6 Recent progress in this area concerns the addi-
tion of a Lewis acid such as metal triflates
[M(OTf)n, M ¼ Sc, Yb, etc.] into the addition reac-
tion between an �-halo ester, nitrile, or amide and
an olefin in the presence of Et3B/O2, where the added

Lewis acid improves the reactivity of the slow atom-
transfer reaction.7–12 The improvement stems from the
weakening of the C–Br bond due to the coordination
of the Lewis acid to the carbonyl or the nitrile group
of the �-halo ester, nitrile, or amide compounds.12–14

This results in an increase in both the rate of the addi-
tion of the �-carbonyl radical to the olefin and also the
halogen abstraction by the resulting nucleophilic car-
bon radical.
Quite recently, we have found that the metal tri-

flates also dramatically accelerated the radical poly-
merization of acrylamides and other meth(acrylic)
monomers with AIBN.15–22 The Lewis acids further
affected the stereochemistry of the polymers. Espe-
cially, for the acrylamides, highly isotactic polymers
were obtained with rare-earth metal triflates. The in-
crease in the rate and the stereoregularity is consid-
ered to be due to the coordination of the Lewis acid
to the carbonyl groups of the chain ends and the
monomer.
Here, we will report a novel initiating system con-

sisting of an �-halo ester and a rare-earth metal triflate
for the strereocontrolled radical polymerization of
acrylamides. This system can be differentiated from
the late transition metal-catalyzed one because the
radical formation relies on the coordination of the
Lewis acid to the carbonyl group adjacent to the car-
bon–halogen bond, which is subsequently cleaved
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728

Polymer Journal, Vol. 36, No. 9, pp. 728—736 (2004)



upon heating to generate the initiating radical species.
No added free radical initiators are needed unlike in
the reported atom-transfer radical addition.7–12 Anoth-
er role of the Lewis acid in the polymerization is to
mediate the stereocontrol during the radical polymer-
ization. The Lewis acid thus plays the dual roles of
radical initiation and stereocontrolled propagation.
Scheme 1 illustrates the dual roles of Y(OTf)3 in the
ethyl 2-bromoisobutyrate (EBIB)/Y(OTf)3 system
for the stereocontrolled radical polymerization of N-
isopropylacrylamide (NIPAM). The effect of the var-
iation in the Lewis acid type and concentration, the in-
itiator type and concentration, solvents, and tempera-
ture on the polymerization of NIPAM will be reported
here. The chain-end structure of the resulting polymer
was examined by 1H NMR. We also extended this in-
itiation system for the polymerization of N,N-di-
methylacrylamide (DMAM), styrene, n-butyl acrylate,
and methyl methacrylate (MMA).

EXPERIMENTAL

NIPAM (Wako Pure Chemical Industries, Ltd.,
>98%) was recrystallized twice from hexane. EBIB
(Sigma Aldrich Japan K.K, 98%) and ethyl 2-bromo-
propionate (EBP) (Aldrich, 99%) were distilled over
calcium hydride under reduced pressure. N,N-dimeth-
yl-2-bromo-2-methylpropanamide (DBMP) was syn-
thesized according to the literature.23 Y(OTf)3
(Aldrich, 98%), Yb(OTf)3 (Aldrich, 99.99%), and
Sc(OTf)3 (Aldrich, 99%) were dried under vacuum
before use. DMAM (Wako, 98%), styrene (Wako,
99%), n-butyl acrylate (Wako, 98%), and MMA
(Wako, 98%) were dried overnight over calcium hy-
dride and distilled over calcium hydride under re-
duced pressure before use. Dehydrated methanol
(Kanto Kagaku, >99:8%), dehydrated toluene (Kanto,
>99:5%), dehydrated tetrahydrofuran (THF) (Kanto,

>99:5%), and N,N-dimethylformamide (DMF)
(Kanto, >99:5%) were used as received.
The polymerization was carried out in a dry glass

tube capped with a two-way glass stopper under dry
nitrogen. For a typical polymerization, the required
amounts of NIPAM and M(OTf)3 (M ¼ Y, Yb, Sc,
Lu) were placed in a dry glass tube and dried under
vacuum for 1 h. For the copolymerization of NIPAM
with styrene, styrene was then added using a degassed
syringe. For the polymerization of DMAM, styrene,
n-butyl acrylate, and MMA, each monomer was added
using a degassed syringe after drying the desired
amount of M(OTf)3 under vacuum for 1 h. The re-
quired amounts of the methanol solvent and alkyl hal-
ide solution of toluene were then added using de-
gassed syringes. The tube was then placed in a
thermostated bath at 80 �C for a desired time. The re-
action was stopped by cooling at �78 �C. The reaction
mixture was precipitated in a large excess of diethyl
ether and isolated by centrifugation. The isolated
products containing the polymer and M(OTf)3 were
dried overnight at 60 �C under vacuum. The polymer
yields were gravimetrically determined from the
ether-insoluble crude polymer samples. The polymer
was freed from the Lewis acid by dissolving the poly-
mer–Lewis acid mixture in methanol and precipitating
it from an excess amount of water at room tempera-
ture. This procedure was repeated three times to com-
pletely remove the Lewis acid from the polymer.
The average molecular weights and polydispersities

of the poly(NIPAM) and poly(DMAM) were meas-
ured by size exclusion chromatography (SEC) against
polystyrene standards in DMF containing 0.1mol/L
LiCl with a flow rate of 0.5mL/min at 40 �C on two
polystyrene gel columns: TSK gel �-M (Bead size:
13 mm and measurable molecular weight range:
102:5–107) and TSK gel �-3000 (Bead size: 7 mm
and measurable molecular weight range: 102:5–105)
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Alkyl Bromide/Rare Earth Metal Triflate Radical Initiating System

Polym. J., Vol. 36, No. 9, 2004 729



using JASCO RI-930 and JASCO UV-970 detectors.
The average molecular weights and polydispersities
of the polystyrene, poly(n-butyl acrylate), and poly-
(MMA) were measured by size exclusion chromatog-
raphy (SEC) against polystyrene standards in THF
with a flow rate of 1mL/min at 40 �C on two polysty-
rene gel columns: TSK gel GMHHR–H and TSK gel
G3000HHR using JASCO RI-930 and JASCO UV-
970 detectors. The 1H NMR spectra were recorded
on a Varian Gemini 2000 spectrometer (400MHz).
The diad tacticities of poly(NIPAM) and poly-
(DMAM) were determined from the methylene proton
peaks of the polymer recorded in DMSO-d6 at
170 �C.15 The triad tacticity of poly(MMA) was deter-
mined on the basis of the peaks of the �-methyl group
in the 1H NMR spectrum measured in CDCl3 at room
temperature. The composition of the copolymer of
styrene-NIPAM was determined from the 1H NMR
spectra measured in DMSO-d6 at 170 �C.
For the 1H NMR analysis of a mixture of EBIB and

Y(OTf)3, the required amount (0.064 g) of Y(OTf)3
was weighed into a degassed NMR tube inside a glove
box and capped with a septum and taken out of the
glove box and connected to a vacuum pump for 1 h
in order to dry the Lewis acid. To it and to another
septum-capped degassed NMR tube, a N2-purged
2.5mM EBIB solution (0.6mL) in a toluene–CD3OD
(1/1, v/v) mixture was added using a degassed sy-
ringe. These two NMR tubes were sealed under N2.
The 1H NMR spectra of the two mixtures were
checked and put in a thermostated bath at 80 �C for
24 h. Finally, the 1H NMR spectra of the two mixtures
were again checked after heating.

RESULTS AND DISCUSSION

Polymerization Under Different Conditions
Table I shows the results of the polymerization of

NIPAM under different conditions. NIPAM was not

polymerized either in the presence of Y(OTf)3
(entry 1) or EBIB (entry 2) alone at 80 �C. The poly-
merization did not occur even using both EBIB and
Y(OTf)3 at 60

�C (entry 3). However, the polymeriza-
tion occurred using both EBIB and Y(OTf)3 at 80 �C
(entry 4). The polymer yield reached about 75% in
13 h. The observed molecular weight (Mn) and poly-
dispersity of the polymer are 8:89� 104 and 2.72, re-
spectively. The tacticity (m%) of the polymer is 79.
The increase in temperature from 80 �C to 100 �C
(entries 4 and 5) while keeping the other conditions
the same, increases the polymer yield (88%), but de-
creases the molecular weight (7:67� 104) and the
polydispersity (2.50) and tacticity (m ¼ 77%) of the
obtained polymers. The polymerizations also took
place using EBIB only (entry 6) and EBIB and
Y(OTf)3 combined (entry 7) under UV irradiation at
30 �C. There was no polymerization using both EBIB
and Y(OTf)3 at 80 �C in the presence of the radical
scavenger, 1,1-diphenyl-2-picrylhydrazyl (DPPH)
(entry 8). These results indicate that the stereocntrol-
led radical polymerization of NIPAM occurred in
the presence of EBIB and Y(OTf)3.
The effects of Y(OTf)3 on EBIB was studied by

measuring the 1H NMR spectra of EBIB in the pres-
ence and absence of Y(OTf)3 in toluene/CD3OD
(1/1, v/v) at 80 �C. As shown in spectra (i) and (ii)
in Figure 1, there was no change in the EBIB absorp-
tions without the Lewis acid after heating at 80 �C for
24 h. In contrast, the formation of a dimer of EBIB
(2,2,3,3-tetramethyl-succinic acid diethyl ester)
(NMR yield = 78%) was observed, in the presence
of Y(OTf)3 (spectra (iii) and (iv) in Figure 1). The
product is most probably due to the coupling of the
radical species generated by the cleavage of the C–
Br bond of EBIB in the presence of Y(OTf)3. Thus,
the stereocontrolled radical polymerization was initi-
ated by the C–Br bond cleavage of EBIB assisted by
Y(OTf)3.

Table I. Polymerization of NIPAM under different conditionsa

Entry
[EBIB]
(mM)

[Y(OTf)3]
(M)

Temp.
(�C)

Time
(h)

Yield
(%)b

Mn

ð�10�4Þc Mw=Mn
c Tacticity

(m/r)d

1 — 0.15 80 13 0 — — —

2 10 — 80 17 0 — — —

3 10 0.17 60 17 0 — — —

4 10 0.17 80 13 75.4 8.89 2.72 79/21

5 10 0.17 100 13 88.0 7.67 2.50 77/23

6 10 — 30 (UV) 24 76.8 9.59 2.58 43/57

7 10 0.20 30 (UV) 24 96.3 2.68 2.86 86/14

8e 10 0.14 80 17 0 — — —

a[NIPAM]o = 1.25M, total volume of the methanol/toluene (1/1,v/v) mixture = 4mL. bEther-insoluble part.
cDetermined by SEC (PS standard, 0.1M LiCl solution of dimethylformamide at 40 �C). dDetermined by 1H NMR

in DMSO-d6 at 170 �C. eIn the presence of [DPPH]o = 20mM.
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Effect of Solvent
In order to understand the effect of solvents, the NI-

PAM polymerization was done in different solvents us-
ing the EBIB/Y(OTf)3 initiating system at 80 �C
(Table II). The polymer yield was nearly quantitative
in a methanol–toluene (1/1, v/v) mixture (entry 3),
but minimal (29.3%) in toluene, which may be due to
the insolubility of the Lewis acid in toluene. The poly-
mer yields are relatively low in methanol (57%)
(entry 1) and in DMF (46%) (entry 4). This may be
due to the stronger interaction of the Lewis acid with
these polar solvents than with EBIB.11 In all cases,

the observed molecular weights were higher than the
theoretical value (14000) assuming that one molecule
of EBIB generates one polymer chain. The polydisper-
sity of the polymers is also high (1.87–3.53). The mo-
lecular weight control was not attained because of the
irreversible formation of the radical species, the slow
initiation, and/or bimolecular termination. The tacticity
of the obtained polymers decreased in the following
order: methanol > methanol–toluene mixture (1/1,
v/v) > DMF > toluene. Therefore, EBIB/Y(OTf)3
produced the poly(NIPAM) with a high isotacticity in
a high yield in a methanol–toluene (1/1, v/v) mixture.
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Figure 1. 1H NMR (400MHz, room temperature) spectra of EBIB (2.5mM) in CD3OD/toluene (1/1, v/v) mixture (i) before and (ii)

after heating at 80 �C for 24 h. 1H NMR (400MHz, room temperature) spectra of EBIB (2.5mM) and Y(OTf)3 (0.2M) mixture in CD3OD/

toluene (1/1, v/v) mixture (iii) before and (iv) after heating at 80 �C for 24 h.
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Effects of Concentrations of Y(OTf)3 and EBIB
The effects of the concentrations of EBIB and

Y(OTf)3 on the polymerization of NIPAM in metha-
nol–toluene (1/1, v/v) at 80 �C are shown in
Table III. The increase in the concentration of
Y(OTf)3 from 0.01M to 0.2M (entries 1–4) keeping
the other conditions constant induced the increase in
the polymer yield, the decrease in the molecular
weight of the polymer, the increase in the polydisper-
sities and the increase in the polymer tacticity. These
results indicate that the radical concentration increases
at high Y(OTf)3 concentrations. The increase in the
isotacticity of the polymer is ascribed to the effective
complexation of Y(OTf)3 with the last two pendant
amide groups of the propagating radical and the in-
coming monomer unit which in turn favors the
meso-type addition of the Lewis acid-complexed
NIPAM monomer. Similar observations have been
reported for the polymerization of acryl-
amides,15,16,18,19,22 methacrylamides,16–21 and metha-
crylates24 in the presence of bulky lanthanide triflate
Lewis acids. The increase in the EBIB concentration
from 10mM to 30mM (entries 3, 5 and 6) while keep-
ing other conditions the same increases the polymer
yield, decreases the molecular weight of the polymer,
and increases the polydispersities. These results indi-
cate that the radical concentration increases with an
increase in the EBIB concentration, which eventually
increases the polymer yield and decreases the ob-

served molecular weight as expected. The tacticity
of the obtained polymers remained unchanged with
an increase in the EBIB concentration.

Kinetics Study
Figure 2 shows the typical time–conversion curve

for the polymerization of NIPAM using the EBIB/
Y(OTf)3 initiation system in a methanol–toluene
(1/1, v/v) mixture at 80 �C. The reaction was slow
in comparison to that of AIBN/Y(OTf)3

19 and the
monomer conversion increased with an increase in
the polymerization time. The corresponding conver-
sion vs. number average molecular weight (Mn) and
polydispersity (Mw=Mn) curves are shown in
Figure 3. The molecular weight of the polymers de-
creased with an increase in the conversion, and the
polydispersity increased with the conversion until
around 2.8 at 60% conversion. The plots of the molec-
ular weights vs. conversion are quite similar to those
with AIBN/Y(OTf)3.

25

Effect of Type of Lewis Acid
We also studied the polymerization of NIPAM in

the presence of EBIB using Yb(OTf)3, Lu(OTf)3,
and Sc(OTf)3 as Lewis acids under the same condi-
tions (Table IV, entries 2, 3, and 4). The polymer
yield is relatively lower (71%) for Sc(OTf)3 compared
to Y(OTf)3, Yb(OTf)3, and Lu(OTf)3. This may be
due to the higher complexation of Sc(OTf)3 with sol-

Table III. Effect of variation of the composition of Y(OTf)3 and EBIB

on the polymerization of NIPAMa

Entry
[EBIB]o
(mM)

[Y(OTf)3]o
(mM)

Yield
(%)b

Mn

ð�10�4Þc Mw=Mn
c Tacticity

(m/r)d

1 10 10 12 25.6 2.58 65/35

2 10 100 62 19.5 2.68 78/22

3 10 170 75 8.89 2.72 79/21

4 10 200 96 6.67 3.53 80/20

5 20 170 80 7.54 2.86 79/21

6 30 170 84 6.56 3.08 79/21

a[NIPAM]o = 1.25M, total volume of methanol/toluene (1/1, v/v) mixture = 4mL, temp. =

80 �C, time = 13 h. bEther-insoluble part. cDetermined by SEC in DMF containing 0.1M LiCl at

40 �C (PS standard). dDetermined by 1H NMR (400MHz) in DMSO-d6 at 170 �C.

Table II. Effect of solvent type on Y(OTf)3/EBIB initiation system

for the polymerization of NIPAMa

Entry Solvent
Yield
(%)b

Mn

ð�10�4Þc Mw=Mn
c Tacticity

(m/r)d

1 MeOH 57 8.94 2.86 81/19

2 Toluene 29 26.8 3.24 51/49

3 MeOH–Tol (1/1) 96 6.67 3.53 80/20

4 DMF 46 4.06 1.87 54/46

a[NIPAM]o = 1.25M, [EBIB]o = 10mM, [Y(OTf)3]o = 0.2M, total volume of solvent = 4mL,

temp. = 80 �C, time = 13 h. bEther-insoluble part. cDetermined by SEC in DMF containing 0.1M

LiCl at 40 �C (PS standard). dDetermined by 1H NMR (400MHz) in DMSO-d6 at 170 �C.
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vent (methanol–toluene mixture here) than with the
carbonyl group of EBIB.11 The observed molecular
weights were always higher than the theoretical value.
The polydispersities of the polymer increased as the
polymer yield increased. In all the cases, the polymers
are isotactic rich. Y(OTf)3, Yb(OTf)3, and Lu(OTf)3
produced the polymers with m ¼� 80%, and Sc(OTf)3
was less effective as reported earlier.15 Sc has the
smallest ionic radii, and may be the most acidic. How-
ever, its effect on the isotacticity was the lowest.
Therefore, the higher coordination number of
Y(OTf)3, Yb(OTf)3, and Lu(OTf)3 due to the presence
of 4f orbitals, which is not present to Sc(OTf)3, may
play an important role in the tacticity control.

Effect of Structure of Bromide Initiator
The effect of the alkyl bromides on the initiation ef-

ficiency was studied using ethyl-2-bromopropionate
(EBP) and N,N-dimethyl-2-bromo-2-methylpropan-
amide (DBMP) (Scheme 2). In EBP, bromine is con-
nected to a secondary �-carbonyl carbon center of the
ester, while in DBMP, the bromine is attached to a ter-
tiary �-carbonyl carbon of a N,N-di-substituted amide
group. The results of the polymerization of NIPAM
using EBIB/Y(OTf)3 (entry 1), EBP/Y(OTf)3
(entry 2) and DBMP/Y(OTf)3 (entry 3) in metha-
nol–toluene (1/1, v/v) mixture at 80 �C are shown
in Table V. Under the same conditions, the polymer
yield is maximum (95%) with the DBMP system fol-
lowed by EBIB (75%) and EBP (38%). The molecular
weights are close for DBMP and EBIB, and higher
values with EBP. The initiation rate may be decreased
in the order DBMP > EBIB > EBP. These results
are probably explained by the order of the C–Br bond
strength (tertiary C–Br < secondary C–Br) and the
coordination ability of the substituents (amide >
ester). Therefore, DBMP is a better initiator than
EBIB and EBP.
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Table IV. Effect of different rare earth metal triflate Lewis

acids on the polymerization of NIPAMa

Entry
Lewis
acid

Yield
(%)b

Mn

ð�10�4Þc Mw=Mn
c Tacticity

(m/r)d

1 Y(OTf)3 96 6.67 3.53 80/20

2 Yb(OTf)3 77 9.59 2.35 82/18

3 Lu(OTf)3 94 5.50 3.45 80/20

4 Sc(OTf)3 71 5.12 1.86 65/35

a[NIPAM]o = 1.25M. [EBIB]o = 10mM, [Lewis acid]o =

0.20M, total volume of methanol/toluene (1/1, v/v)

mixture = 4mL. time = 13 h. bEther-insoluble part. cDeter-

mined by SEC in DMF containing 0.1M LiCl at 40 �C (PS

standard). dDetermined by 1H NMR (400MHz) in DMSO-d6
at 170 �C.
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Scheme 2. Structure of alkyl bromides used in the polymer-

ization.
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Chain-End Analysis of Polymer
Figure 4 shows the 1H NMR spectrum (400MHz,

DMSO-d6, RT) of the poly(NIPAM) prepared with
Sc(OTf)3 and EBIB in a toluene–methanol (1:1,
v/v) mixture at 80 �C. Apart from the characteristic
peaks of the methyl (e) and methine (d) protons of
the isopropyl group, and backbone methylene (a)
and methine (b) protons of the main-chain repeating
units of NIPAM, the methylene proton (h) of the ethyl
ester group of the initiator EBIB at the �-chain-end of
the polymer was observed at 4.1 ppm. The corre-
sponding methyl protons (g and i) of the EBIB initia-
tor were overlapped with the methyl protons (e) of the
isopropyl group at around 1 ppm. The small peak (f) at
5.3 ppm corresponds to the methine proton adjacent to
the bromine at the !-chain-end of the polymer. The
amido methine (c) proton of the polymer was ob-
served at around 6.8 ppm. Therefore, the EBIB initia-
tor fragment exists at the polymer chain-end. More-

over, the Mn of the polymer can be calculated from
the peak intensity ratios of the methine (d) proton of
the isopropyl group to the methylene proton (h) at
the �-chain-end of the polymer if each polymer chain
possesses one initiator fragment. The Mn(NMR) value
is 69,400 which is higher than the Mn ¼ 51; 200 by
SEC. This discrepancy may be due to the use of stand-
ard polystyrene for the calibration in the GPC meas-
urement. However, some poly(NIPAM) samples did
not show the small peak (f) at 5.3 ppm that corre-
sponds to the methine proton adjacent to the bromine
at the !-chain end of the polymer. This may be due to
the bimolecular chain termination that took place like
the conventional radical polymerization.
Based on all these results, we can conclude that

EBIB itself cannot form any radical even upon heating
at 80 �C. When the Lewis acids complexed with it at
80 �C, a radical is formed, which in turn, performs
the polymerization of the Lewis acid-complexed
NIPAM through a meso-type stereocontrol addition
(Scheme 3). UV light itself can yield a radical from
EBIB alone or from the EBIB–Y(OTf)3 mixture even
at 30 �C. Therefore, the polymerization proceeds via a
radical pathway and the initiation from EBIB is assist-
ed by the Lewis acids. The resulting polymer is isotac-
tic. The chain termination occurred by the combina-
tion of the propagating radical with the free bromide
radical. However, the possibility of bimolecular chain
termination as in a conventional radical polymeriza-
tion cannot be ruled out.

Polymerization of Different Monomers
The results of the polymerizations of other mono-

Table V. Effect of the structure of alkyl bromide initiator

in the polymerization of NIPAM at 80 �C for 13 ha

Entry R–Br
Yield
(%)b

Mn

ð�10�4Þc Mw=Mn
c

1 EBIB 75.4 8.89 2.72

2 EBP 37.2 13.34 2.40

3 DBMP 94.6 8.73 2.39

a[NIPAM]o = 1.25M, [R–Br]o = 10mM, [Y(OTf)3]o =

0.17M, total volume of the methanol/toluene (1/1, v/v)

mixture = 4mL. bEther-insoluble part. cDetermined by SEC

(PS standard, 0.1M LiCl solution of dimethylformamide at

40 �C).

Figure 4. 1H NMR (400MHz, DMSO-d6, room temperature) spectrum of isotactic poly(NIPAM) (Mn ¼ 51; 200, Mw=Mn ¼ 1:86) ob-

tained in the polymerization of NIPAM (1.25M) using EBIB initiator (10mM) and Y(OTf)3 (0.17M) in methanol/toluene (1/1, v/v) mix-

ture at 80 �C.
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mers using the EBIB/Y(OTf)3 initiation system in the
methanol–toluene (1/1, v/v) mixture at 80 �C are
shown in Table VI. DMAM was quantitatively poly-
merized (entry 1). The tacticty of the obtained poly-
mer is m ¼ 82%.26 The polymer yields for styrene,
n-butylacrylate, and MMA are lower (entries 2, 3
and 4). This may be due to the lower solubility of
Y(OTf)3 in the polymerization mixture. The obtained
poly(MMA) had the triad content of mm/mr/rr =
2/33.6/64.4. This tacticity is close to the value for
the typical radically-obtained poly(MMA) in the ab-
sence of a Lewis acid.24 The copolymerization of NI-
PAM with styrene was successfully done (entry 5).
The polymer yield was around 35%. The composition
of styrene and NIPAM in the coplymer is 33% and
67%, respectively.

CONCLUSIONS

The mixtures of rare earth metal triflate [Y(OTf)3,
Yb(OTf)3, Lu(OTf)3, Sc(OTf)3] Lewis acid and alkyl
halide containing �-esters [ethyl 2-bromoisobutyrate
(EBIB) and ethyl 2-bromopropionate] or �-amide
(N,N-dimethyl-2-bromo-2-methylpropanamide) were
used as a novel thermal latent radical initiating system
at 80 �C for the stereocontrolled radical polymeriza-
tion of N-isopropylacrylamide. Here, the Lewis acids
serve the dual role as a promoter for initiation and a
controller for the stereochemistry of the polymeriza-
tion process. The effect of DPPH and the formation
of the EBIB dimer confirmed the radical nature of
the polymerization. Y(OTf)3 and Lu(OTf)3 were found
to be effective Lewis acids. The increases in the Lewis

C

CH3

H3C

O O

Br

H2C
CH3

Y(OTf)3

C

CH3

H3C

O O

H2C
CH3

Y(OTf)3
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HC CH2

O

NH

CH3C

CH3

Y(OTf)3

NIPAM

BrBr
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Y(OTf)3

C

CH3

H3C

O O

H2C
CH3

H

Br

Pm

 or   hν

(a) Initiation

(b) Propagation

n Pn
meso addition

(c) Termination

Pn Pn

Pn Pn

and/or

or PnPm Pm

Scheme 3. Possible mechanism for polymerization.

Table VI. Results of polymerization of different monomers using Y(OTf)3/EBIB initiation system at 80 �Ca

Entry Monomer Comonomer
Yield
(%)b

Mn

ð�10�4Þc Mw=Mn
c

1 DMAM — 98.3 5.09 3.48

2 Styrene — 8.5 3.65 2.70

3 n-Butyl acrylate — 16.2 5.44 1.42

4 MMA — 10.0 22.8 4.30

5d Styrene NIPAM 35.2 24.2 2.10

a[Monomer]o = 1.25M, [EBIB]o = 10mM, [Y(OTf)3]o = 0.2M, total volume of methanol toluene (1/1, v/v)

mixture = 4mL, temperature = 80 �C, time = 13 h. bEther-insoluble part. cDetermined by SEC (PS standard):

entry 1,5: in DMF containing 0.1M LiCl at 40 �C; entries 2–4: in THF at 40 �C. d[Monomer]o = [Co-

monomer]o = 0.625M.
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acid and alkyl halide initiator concentrations increased
the polymer yield but decreased the molecular weight.
The chain-end structure determined by 1H NMR con-
firmed that the alkyl halide acts as an initiator. The
polymerizations of N,N-dimethylacrylamide, styrene,
n-butyl acrylate, and methyl methacrylate were also
performed using this new initiation system.
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