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ABSTRACT: The radical polymerization of styrene was performed at 130 °C for 72 h using 4-methoxy-
2,2,6,6-tetramethylpiperidine-1-oxyl (MTEMPO) and poly(dimethylsiloxane) (PDMS) containing azo moiety
(PDMS-AZ) as a macroinitiator. It was found that the block copolymer of DMS with styrene was
quantitatively obtained when the ratio of MTEMPO to the azo moiety in PDMS-AZ was 0.6. The structure
was expected to be of the A—B type, rather than A—B—A, when the low initiator efficiency and the
molecular weight of the PSt segments isolated were taken into account. The polymerization proceeded
in accordance with a living mechanism, because the conversion of styrene linearly increased over time,
and the molecular weight of the copolymer produced was directly proportional to the conversion.
Furthermore, the polymerization of p-methoxystyrene was also found to proceed where the PDMS-block-
polystyrene was used as an initiator, to give the triblock copolymer quantitatively.

Introduction

Remarkable progress has been made in living radical
polymerization in recent years. There are a great
number of publications on polymerization related to
experiments which involve the use of various organic—®
or organometallic compounds’=® as controlling agents
for chain growth. A number of publications have been
released on the polymerization of styrene using 2,2,6,6-
tetramethylpiperidine-1-oxyl (TEMPO) since Georges
and his group succeeded in obtaining a polymer with
narrow polydispersity (<1.3) by styrene polymerization
in the presence of TEMPO.1° These publications con-
cern kinetics116 and mechanisms of styrene polymer-
ization!718 and molecular designs using this polymer-
ization.19-23 The polymerization using TEMPO has the
potential to create the type of polymer envisaged
through molecular designs both of the initiator and of
TEMPO which acts as a counter radical. This is based
on the fact that the initiator and the counter radical
exist separately and that it is possible to design the
molecules of the initiator and the counter radical
independently. Several papers have already been pub-
lished on syntheses of various polymers through the use
of different designs of TEMPO derivatives. Matyjasze-
wski and co-workers have performed styrene polymer-
ization using TEMPO attached to dendrimers.?* We
have also released a publication on the synthesis of the
block copolymrs of THF with styrene, which were
obtained using the polymerization of styrene by TEMPO
attached to poly(THF) at the chain end.?®> Further, it
has already been found that hydroxy-terminated poly-
styrene was quantitatively obtained by the polymeri-
zation of styrene with 4-hydroxy-TEMPO and benzoyl
peroxide (BPO).26 The reason for using TEMPO deriva-
tives in such great variety for the polymerization is not
only that it is convenient to prepare these derivatives
from TEMPO but also that all the polymers obtained
had the aminoxy moiety at their terminals, when the
polymerization was carried out with TEMPO.2” This
presence of the aminoxy moiety is important if quanti-
tative synthesis of polymers designed is required. While
there are many publications on the synthesis of poly-
mers through such molecular designs of TEMPO, some
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papers have also been released on the synthesis through
designing initiators for the TEMPO-mediated polymer-
ization. A polymer with a fluorescent moiety at the
head group?® and a star polymer?® have been prepared
by using the initiator which contains the fluorescent
moiety and the trifunctional initiator, respectively.
Hawker and Frechet have obtained a block copolymer
of dendrimer and polystyrene by using a dendritic
initiator.3° All these initiators contain TEMPO moi-
eties in their molecules. It is difficult to quantitatively
synthesize the required polymers using identity of
initiators which do not contain TEMPO moiety in their
molecules. This is because not all the components of
initiators engage in the polymerization when common
initiators are used. For instance, peroxide generally
gives two molecular radicals from the one molecule of
initiator. However, in the TEMPO-mediated polymer-
ization, the initiator produces the one molecule of radical
to initiate the polymerization from the one molecule.?”
This is accounted for by the fact that the initiation of
peroxide is likely to be a redox reaction involving the
one-electron transfer into the peroxide from TEMPO.3!
In fact, we have recently obtained results in the polym-
erization of styrene by BPO and 4-methoxy-TEMPO
(MTEMPO) which show that not all the polymers
produced had benzoyl moiety at their heads and that
the molecular weights of the polymers were determined
by the initial concentration of MTEMPO rather than
that of BPO.?” This concept is supported by the study
on the polymerization by TEMPO and BPO, which was
reported by Veregin and co-workers.®2 When these
results on the initiation by peroxide are taken into
account, it is clear that it is not efficient to quantita-
tively synthesize polymers through designing initiators
of peroxide.

Azo compounds can be used as initiators for the
polymerization with TEMPO. The polymerization with
azobisisobutyronitrile (AIBN) and TEMPO has already
been performed by both Rizzardo®® and Hawker.3*
These initiators have the potential to quantitatively give
the polymers required, because they initiate radical
polymerization via simple cleavage of an azo moiety
rather than via a redox reaction. There have been some
publications on the synthesis of block copolymers by
free-radical polymerization with macroazoinitiators
rather than living polymerization.35~3° The free-radical
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polymerization has disadvantages over the living radi-
cal, in quantitatively synthesizing block copolymers.
This is accounted for by the fact that the free-radical
polymerization always produces a mixture of a block
copolymer and a homopolymer which is generated by
chain-transfer reaction. It is also impossible to obtain
triblock copolymers by means of further polymerization
using the block copolymers as initiators because the
growing chain end is dead. The living polymerization
has the potential to achieve this quantitative synthesis
of block copolymers including triblock copolymers. We
found in the radical polymerization of styrene by using
MTEMPO and a polymer containing azo groups that the
polymerization proceeded in accordance with a living
mechanism, giving the block copolymer quantitatively.
This paper describes the synthesis of a block copolymer
of styrene and dimethylsiloxane by the polymerization
of styrene with MTEMPO, using azo-containing poly-
(dimethylsiloxane) (PDMS-AZ) as a macroinitiator.

Experimental Section

Measurement. Gel permeation chromatography (GPC)
was performed with a Tosoh HLC-802A instrument equipped
with a Tosoh CP-8000 chromatoprocessor. A combination of
two polystyrene gel columns of Tosoh TSK gel G4000Hg and
G2000Hs was used, with THF as the eluent at 42 °C. The
molecular weight was determined by calibrating with poly-
styrene standards. UV spectra were obtained with a Shi-
madzu UV-2500PC UV—vis recording spectrophotometer. H
NMR spectra were also obtained with Bruker ARX-500 and
Varian Gemini-200 NMR spectrometers. Gas chromatography
(GC) was performed with a Shimadzu GC-6A. DSC spectra
were obtained with a Mac Science DSC-3100. Transmission
electron micrography (TEM) was performed with JEM 1010.

Materials. PDMS-AZ (azo content: 2.50 x 10~* mol-g™3),
which was prepared by the reaction of diamino-terminated
PDMS (M,: 5000) with 4,4'-azobis(4-cyanopentanoyl) dichlo-
ride following a previous method,3 was supplied from Wako
Pure Chemical Industry, Ltd. The pure-grade PDMS-AZ was
used without further purification. MTEMPO was prepared
by the method described previously.*® Commercial-grade
styrene was washed with an aqueous alkaline solution and
water and distilled over calcium hydride. BPO was precipi-
tated from chloroform and then recrystallized in methanol at
0 °C. Benzene as a solvent for the reaction of PDMS-AZ with
MTEMPO was washed with concentrated sulfuric acid and
water and distilled over sodium. Toluene as an internal
standard in GC was also distilled over sodium. THF was
refluxed over sodium for several hours and distilled.

Reaction of PDMS-AZ with MTEMPO. A total of 364
mg (azo content: 0.0910 mmol) of PDMS-AZ, 10 mg (0.0538
mmol) of MTEMPO, and 4 mL of benzene were placed in an
ampule. After degassing the content, the ampule was sealed
in vacuo. The reaction was carried out at 80 °C for 14 h. It
was terminated by cooling with liquid nitrogen. The resulting
solution was subjected to UV analysis to calculate the initiator
efficiency, just after the reaction.

Radical Polymerization of Styrene by PDMS-AZ and
MTEMPO. A total of 364 mg (azo content: 0.0910 mmol) of
PDMS-AZ, 10 mg (0.0538 mmol) of MTEMPO, and 4 mL (34.9
mmol) of styrene were placed in an ampule. After degassing
the content, the ampule was sealed in vacuo. The polymeri-
zation was carried out at 130 °C for 72 h. It was terminated
by cooling with liquid nitrogen. The product was dissolved in
10 mL of dichloromethane, purified by repeated precipitations
from dichloromethane into methanol, and finally freeze-dried
with benzene. A total of 3.11 g of the block copolymer was
obtained. After addition of toluene as an internal standard,
the dichloromethane solution was subjected to GC to estimate
the conversion of styrene.

Hydrolysis of PDMS-block-polystyrene (PDMS—PSt).
To a solution of PDMS—PSt (300 mg; M;, 66 000; M/M,, 1.90)
in 5 mL of THF was added a solution of KOH (100 mg, 1.79
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Figure 1. UV spectra of the solution before (a) and after (b)
the reaction of PDMS-AZ and MTEMPO, and PDMS-AZ
(broken line).

mmol) in 1 mL of distilled water. After the mixture was
refluxed for 48 h, it was poured into 500 mL of methanol. The
white precipitates were collected by filtration and then dried
in vacuo for several hours. A total of 272 mg of PSt segments
was obtained. The filtrate was evaporated to remove the
methanol, and the residue was dissolved into ether. The ether
solution was washed with water to remove KOH. The ether
layer was dried with anhydrous magnesium sulfate and then
evaporated to remove the ether. However, no product was
obtained from the filtrate.

Reaction of p-Methoxystyrene by PDMS—PSt. A total
of 100 mg of PDMS—PSt (M,, 66 000; M/M,, 1.90) and 1 mL
(7.52 mmol) of p-methoxystyrene were placed in an ampule.
After degassing the content, the ampule was sealed in vacuo.
The reaction was carried out at 130 °C for 9 h. It was
terminated by cooling with liquid nitrogen. The product was
dissolved in 10 mL of dichloromethane, purified by repeated
precipitations from dichloromethane into methanol, and finally
freeze-dried with benzene. A total of 521 mg of the block
copolymer was obtained. After addition of toluene as an
internal standard, the dichloromethane solution was subjected
to GC to estimate the conversion of p-methoxystyrene.

TEM Analysis. The film was prepared on a Cu grid with
carbon substrate, by casting from the THF solution of the
PDMS—PSt. The film was dried in air for 30 min and dyed
for another 30 min in the presence of RuO4(aq) in a laboratory
dish. The film thus obtained was subjected to TEM analysis.

Results and Discussion

The living radical polymerization of styrene with
TEMPO has been found to occur not only by the
presence of BPO as an initiator but also by thermal
initiation.*>42 The thermal initiation was likely to be
induced by an excess of TEMPO, based on our previous
study.?” In the study, we have revealed that the
concentration of the growing polymer chain was always
equal to the initial concentration of TEMPO, being
independent of the initial concentration of BPO. There-
fore, the molecular weights of polystyrenes obtained
were determined by the ratio of the monomer consumed
to the initial concentration of TEMPO rather than that
of BPO. Further, it was also found that the molecular
weight estimated by GPC was equal to that estimated
by 'H NMR, on the basis of the intensity ratio of the
aromatic protons of styrene to the protons due to the
TEMPO. When these results are taken into consider-
ation, it is expected that TEMPO has the potential to
induce the thermal initiation, although the identity of
TEMPO does not directly react. When the thermal
initiation occurs during the polymerization of styrene
by the macroazoinitiator and TEMPO, it is impossible
to obtain a block copolymer quantitatively, because
homopolystyrene is formed. Therefore, it is necessary
to use equivalent numbers of TEMPO to moles of the
radical which initiates the polymerization. For the
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purpose of solving this problem, the initiator efficiency
of the macroazoinitiator was investigated before the
polymerization was carried out. When the initiator
efficiency was assumed to be the efficiency with which
MTEMPO captures the radicals generated from the
macroinitiator, the initiator efficiency was determined.
The initiator efficiency was estimated by the comparison
between the UV absorbances at 470 nm, which are
based on MTEMPO, before and after the reaction of
PDMS-AZ with MTEMPO. Use of this method is based
on the fact that PDMS-AZ and the alkoxyamine which
is derived from MTEMPO have no UV absorption at this
wavelength. The reaction of PDMS-AZ and MTEMPO
was carried out at 80 °C under the condition that the
ratios of MTEMPO to the azo moiety were 0.6, 1.0, and
2.0. Itis possible that the decomposition or homolytic
scission of the C—O0 linkage of the alkoxyamine, which
is generated by the combination of MTEMPO with the
polymeric radical of PDMS, occurs if the reaction is
performed above 100 °C.3 Figure 1 shows UV spectra
before and after the reaction of PDMS-AZ with MTEM-
PO in benzene at 80 °C for 14 h. It is clear that the
absorbance decreased after the reaction. The initiator
efficiencies, which were estimated in the cases where
the ratios of MTEMPO to the azo moiety were 0.6, 1.0,
and 2.0, were 29%, 33%, and 36%, respectively. Each
of the efficiencies was lower than that of AIBN. These
results differ only slightly from the figure for the
efficiency obtained by George and his group.3®

The bulk polymerization of styrene was carried out
for 72 h at 130 °C in the presence of MTEMPO and

CHCl,

| |
 G(CHZ);CONH(CH)3Si (08i),(CH,)sNHCO(CH,),C —

CN

PDMS-AZ, under the condition that the ratio of MTEM-
PO to the azo moiety was 0.6, on the basis of the above
result for the initiator efficiency, where the ratio was
0.6 (Scheme 1). The red color due to MTEMPO faded
out, after the reaction was started. The conversion of
styrene was calculated to be 84% by GC. The resulting
product was reprecipitated into methanol to remove the
styrene and the homopolymer of dimethylsiloxane which
was suspected to remain, with the result that the white
powder was quantitatively obtained. In addition, no
polymer was obtained from the solution of methanol
used for the precipitation, after the solution was evapo-
rated to remove methanol. It was suggested that all
the chains of PDMS-AZ were engaged in the polymer-
ization. The molecular weight of the product and its
polydispersity were estimated to be 66 000 and 1.90,
respectively, by GPC, which was calibrated with stan-
dard polystyrenes. Figure 2 shows a *H NMR spectrum
of the polymer obtained. A signal was observed at 0.1
ppm originating from DMS, while the signals at 1.2—
2.2 and 6.2—7.5 ppm were attributed to styrene. These
results show the formation of the block copolymer of
dimethylsiloane (DMS) with styrene. PDMS-AZ was
expected to contain ca. 5 azo groups on average per
polymer chain, when it was taken into consideration
that PDMS-AZ (M, 30 300; My/Mp, 2.39) was prepared
by polycondensation between the diamino-terminated
PDMS with M, = 5000 and 4,4'-azobis(4-cyanopen-
tanoyl) dichloride. This information, coupled with the
initiator efficiency of 29% in the case of 0.6 as the ratio,
gave the result that less than 2 azo groups per chain

I T
7

T T T I

0 ppm

Figure 2. 'H NMR spectrum of the copolymer which was obtained by the radical polymerization of styrene by PDMS-AZ and

MTEMPO (solvent: CDCls).
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Table 1. Radical Polymerization of Styrene with
MTEMPO Using PDMS-AZ?2

MTEMPO/AZP conversion,® % My Muw/Mpd
0.6 84 66 000 1.90
0.8 85 55 500 1.88
1.0 67 31 800 2.02
1.3 75 30 000 2.26
1.5 72 25 800 1.88
2.0 70 13 200 1.98
4.0 83 7 230 1.91

a Polymerized at 130 °C for 72 h. [styrene]o: 34.9 mmol, [azo
grouplo: 0.0910 mmol. P Ratio of MTEMPO to the azo group.
¢ Calculated by GC. d Estimated by GPC based on standard
polystyrenes.

on average initiated the polymerization. The other azo
groups, which were not engaged in the initiation, were
probably deactivated by coupling between their radicals.
It is expected that the coupling occurred between the
radicals which were bonded to the same azo group,
rather than to the different azo groups. This can be
accounted for by the fact that each azo group is isolated
from the others by the polymer chains of PDMS in the
macroinitiator and that the radical generated is difficult
to diffuse into the reaction system, due to the high
viscosity of the solution of the macroinitiator with a high
molecular weight. In fact, no homopolymer of PDMS
was obtained after the polymerization. In order to
determine the structure of the copolymer obtained,
hydrolysis of the amide group in the copolymer was
performed. The reaction of copolymer (M, 66 000; M,/
Mp, 1.90) was refluxed in a mixed solvent of THF and
water for 2 days using KOH as a catalyst. The reaction
proceeded homogeneously to obtain the polystyrene
segments with the molecular weight of 34 400 and the
dispersity of 1.53. It was confirmed that the segments
hardly contained PDMS units by 'H NMR. The PDMS
segments could not be collected because they were also
hydrolyzed by KOH into water-soluble low molecular
weight compounds. When less than 2 azo groups per
chain of the macroinitiator and this molecular weight
of the PSt segment are taken into account, we concluded
that the structure of the block copolymer obtained
through this polymerization was of the A—B type rather
than A—B—A. Synthesis of the A—B—A type of block
copolymer of DMS with styrene using the living radical
polymerization catalyzed by the Cu(l)/bipyridyl system
with a macroinitiator of PDMS, has recently been
reported by Matyjaszewski.*3

When the ratio of MTEMPO to the azo moiety was
greater than 0.6, the polymers were also obtained
quantitatively. However, the molecular weight of the
resulting polymer decreased with an increase of the
ratio, and the polydispersities were slightly broadened,
as listed in Table 1. Further, all the polymers obtained
did not show unimodal GPC curves, except for the
polymer which was obtained from the ratio 0.6. These
GPC curves are illustrated in Figure 3. Some shoulders
were discerned in the GPCs, except for that in the case
of 0.6. It is suggested that the homopolymerization
occurred by thermal initiation caused by an excess of
MTEMPO. These results support the former results on
the initiator efficiency.

To confirm whether this radical polymerization pro-
ceeds in accordance with a living mechanism, the
relation between the molecular weight of the polymer
produced and the conversion of styrene was investi-
gated. The polymerization was performed under the
condition that the ratio was 0.6 in all cases. Figure 4
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Figure 3. GPC profiles of PDMS-AZ (a) and the block
copolymers obtained from the polymerization of styrene by
PDMS-AZ and MTEMPO where the ratios of MTEMPO to the
azo moiety were 0.6 (b), 0.8 (c), 1.0 (d), and 2.0 (e).
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Figure 4. First-order time—conversion plots in the polymer-
ization of styrene by PDMS-AZ and MTEMPO where the ratio
of MTEMPO to the azo moiety was 0.6.

shows the first-order time—conversion plots in the
polymerization. It was found that In [M]o/[M] linearly
increased over time, indicating that the number of the
growing polymer chains was almost constant during the
polymerization. The product polymers show unimodal
GPCs, while the molecular weight of the polymer
increased with an increase of the conversion, as shown
in Figure 5. The molecular weights of copolymers
obtained were not real because they were estimated by
GPC based on standard polystyrenes. The molar ratios
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Figure 5. Conversion—molecular weight and polydispersity
index plots in the polymerization of styrene by PDMS-AZ and
MTEMPO where the ratio of MTEMPO to the azo moiety was
0.6.
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Figure 6. Plots of the molar ratio of styrene to DMS units in
the copolymer versus conversion.

of styrene to DMS units (St/DMS) in the copolymers
could be estimated by *H NMR analysis. Figure 6 shows
the conversion—St/DMS plots thus calculated. It is
obvious that St/DMS linearly increased as a result of
increasing the conversion. These results indicate that
this polymerization proceeded in accordance with a
living mechanism by MTEMPO and the macroazoini-
tiator.

These polymers produced had two peaks of glass
transition in their DSC spectra. Figure 7 shows the
DSC curves of the three types of polymers. PDMS-AZ
(@) showed that the peak of glass transition was
observed at —18 °C, while a polystyrene (b) had the
glass transition at 93 °C. The product polymer (c)
showed both the peaks of glass transition based on the
PDMS at —21 °C and on the polystyrene at 101 °C. It
is clear that the polymerization of styrene occurred
because of the presence of MTEMPO and PDMS-AZ,
giving the block copolymers of DMS with styrene.

The copolymers obtained are expected to show mi-
crophase segregation, because they exhibited two peaks
of glass transition due to the respective segments. The
films prepared by casting from THF solutions of the
copolymers were subjected to TEM analysis, after the
films were dyed with ruthenium tetraoxide. Figure 8
shows the TEM picture of the copolymer. As expected,
the copolymers were found to show microphase segrega-
tion on their surface. The film of the block copolymer
with a molecular weight of 66 000 had good optical
qualities; it was colorless and had a high transparency
and flexibility. However, those of the copolymers with
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Figure 7. DSC spectra of PDMS-AZ (a), polystyrene (b; Mp
= 13 600, My/M,, = 1.53), and the copolymer (c; M, = 66 000,
Mw/M,, = 1.90) obtained from the polymerization of styrene
by PDMS-AZ and MTEMPO where the ratio of MTEMPO to
the azo moiety was 0.6.
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Figure 8. TEM picture of the copolymer (My, 66 000; My/Mp,
1.90) obtained from the polymerization of styrene by PDMS-
AZ and MTEMPO where the ratio of MTEMPO to the azo
moiety was 0.6. The film was prepared by casting from the
THF solution of the copolymer and dyed with RuQ,.

molecular weights below 60 000 were somewhat brittle.
These copolymers are expected to be elastomers with
excellent optical qualities.

To demonstrate further polymerization, the reaction
of the PDMS-block-polystyrene with p-methoxystyrene
(MSt) was examined at 130 °C for 9 h (Scheme 2). The
conversion of MSt was calculated to be 96% by GC. After
the purification, the polymer obtained was shown by H

Scheme 2

O—N::>OCH3 m MSt
n —————
130°C, 9 h
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Figure 9. GPC profiles of the triblock copolymer (a) and
PDMS-block-polystyrene (b; M, = 66 000, M/M, = 1.90) which
were obtained from the polymerization of styrene by PDMS-
AZ and MTEMPO where the ratio of MTEMPO to the azo
moiety was 0.6.

NMR to have the molar ratio DMS:St:MSt = 1:6.67:44.5.
As illustrated in Figure 9, the GPC curve shifted to the
higher molecular weight side after the reaction, and the
molecular weight increased from My, = 66 000 (My/M:
1.90) to 135 000 (Mw/Mp: 1.43). These results indicate
that quantitative formation of the triblock copolymer
could be achieved using PDMS-block-polystyrene.

Conclusions

The radical polymerization of styrene was performed
by the macroazoinitiator of PDMS and MTEMPO to give
the block copolymer quantitatively. The structure was
expected to be of the A—B type, rather than A—B—A,
when the low initiator efficiency and the molecular
weight of the PSt segments isolated were taken into
account. It was found that the polymerization pro-
ceeded in accordance with a living mechanism, because
the conversion of styrene linearly increased over time,
and the molecular weight of the copolymer was directly
proportional to the conversion. PDMD-block-polysty-
rene had two glass transitions due to PDMS and
polystyrene and exhibited microphase segregation on
the surface. The films of these copolymers are expected
to be elastomers with the good optical qualities of
colorlessness, high transparency, and flexibility. Fur-
thermore, the polymerization of p-methoxystyrene was
also initiated by the block copolymer, to give the triblock
copolymer quantitatively. Macroazoinitiators of poly-
isobutylene,3 poly(ethylene glycol),38 polyester,3” poly-
carbonate,** and polyamide,3 in addition to PDMS have
been prepared.®® They have the potential to initiate the
living radical polymerization in the presence of TEMPO,
giving their block copolymers. Therefore, this polym-
erization is expected to be a convenient method to
prepare the block copolymers quantitatively through
radical polymerization.
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