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Introduction

Radical polymerization is most commonly used in
industry for polymer formation from vinyl and diene
compounds. Free-radical polymerization techniques have
been well-documented in a large volume of papers and
patents and have been well-systematized.1 =2 It is dif-
ficult to synthesize block copolymers by conventional
free-radical polymerization because of bimolecular ter-
mination and chain transfer. In the past decade, how-
ever, block copolymers of several vinyl monomers were
synthesized to a significant extent by controlled radical
polymerization.*

In the course of our ESR studies on propagating
radicals of vinyl compounds, we found that propagating
radicals were transformed into the corresponding cat-
ions through electron transfer to an electron acceptor.
Using this finding, we previously synthesized block
copolymers of 4-methoxystyrene (MOS) and cyclohexene
oxide (CHO) using 2,2'-azobis(isobutyronitrile) (AIBN)
in the presence of diphenyliodonium hexafluorophos-
phate (Ph,I"PFs™), an electron acceptor, without the
formation of telechelic polymers.5~7 This radical/cation
transformation polymerization of MOS and CHO in-
volves the following steps: radicals produced by the
decomposition of AIBN initiate radical polymerization
of MOS; the propagating radical undergoes electron
transfer to Ph,ITPFs™ to form the corresponding polymer
cation, accompanied by the formation of phenyl radical
which can initiate radical polymerization of MOS; the
polymeric cation initiates cationic polymerization of
MOS; once the propagating cation reacts with CHO, the
resulting oxonium ion does not react with MOS because
of the lower acidity of the oxonium ion, leading to the
formation of block copolymers of MOS and CHO. In the
radical/cation transformation polymerization, a signifi-
cant amount of homopolymer of CHO was formed
through chain transfer in the cationic polymerization.
We also synthesized other block copolymers composed
of radically and cationically polymerized sequences
using the radical/cation transformation polymeriza-
tion.”8

In this paper, we report the synthesis of block
copolymers of 4-(tert-butyldimethylsiloxy)styrene (BDM-
SOS) and CHO using the radical/cation transformation
polymerization (Scheme 1). BDMSOS units were trans-
formed to 4-hydroxystyrene (HOS) units with tetrabu-
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tylammonium fluoride, thus yielding an amphiphilic
block copolymer. We also studied briefly the association
behavior of the amphiphilic block copolymers of HOS
and CHO in methanol.

Experimental Section

Materials. Cyclohexene oxide (CHO) (Nacalai Tesque) and
1,2-dichloroethane (Nacalai Tesque) were dried with CaH, and
distilled under reduced pressure. 2,2'-Azobis(isobutyronitrile)
(AIBN) (Wako) was recrystallized from methanol. N,N-Dim-
ethylformamide (DMF) (Nacalai Tesque) was dried with CaH,
overnight. Other reagents were used without further purifica-
tion.

4-(tert-Butyldimethylsiloxy)styrene (BDMSOS) was pre-
pared by alkali hydrolysis of 4-acetoxystyrene (Aldrich) fol-
lowed by reaction with tert-butyldimethylsilyl chloride (Ald-
rich) according to the procedure of Hirao et al.®

Radical/Cation Transformation Polymerization of
4-Substituted Styrene and CHO. A typical procedure of
radical/cation transformation polymerization of BDMSOS and
CHO is described below.

A solution of AIBN in 1,2-dichloroethane (24 mM, 0.5 mL),
a solution of diphenyliodonium hexafluorophospate (Phzl*PFg™)
(TCI) in 1,2-dichloroethane (48 mM, 0.5 mL), BDMSOS (480
mg, 2.0 mmol), and CHO (485 mg, 4.9 mmol) were charged in
a glass ampule. This ampule was connected to a high-vacuum
line and degassed by three freeze—thaw cycles with an oil
rotary pump and by three freeze—thaw cycles with an oil
diffusion pump. After this ampule was sealed under high
vacuum, it was immersed in an oil bath thermostated at 80
°C in the dark for 4 h. When the reaction mixture was poured
into excess methanol (50 mL) containing a small amount of
ammonia, polymer was obtained as precipitate. The polymer
was purified by reprecipitation with THF—methanol three
times and dried in vacuo; yield 73.4%. IR (KBr) vmax: 3017
(aromatic CH), 2956 (CH), 2926 (CH), 2858 (CH), 1607
(aromatic ring), 1509 (aromatic ring), 1450 (CH), 1251 (CHg),
1172 (CC), 1163 (CC), 1082 (CO). *H NMR (CDsCl): ¢ 0.0—
0.2 (CHsSi), 0.8—1.0 (CH3C), 1.1-2.0 (CH; and CH), 3.2—3.5
(CH,—0 and CH-0), 6.0—6.5 (phenyl).

Deprotection of Polymers Containing BDMSOS Units.
A typical procedure of deprotection of BDMSOS units in the
polymers obtained is described below.

Poly(BDMSOS) (100 mg, 0.43 mmol of monomer units) was
added to a solution of tetrabutylammonium fluoride (BusNF)
in tetrahydrofuran (THF) (Aldrich) (1.0 M, 2.4 mL). The
reaction mixture was stirred at room temperature overnight.
Then the reaction mixture was poured into a saturated
aqueous ammonium chloride (100 mL) to precipitate the
deprotected polymer. The polymer obtained was purified by
washing with water and hexane and dried in vacuo. The
guantitative deprotection was confirmed by 'H NMR; yield
93.7%. IR (KBFr) vmax: 3360 (OH), 3005 (aromatic CH), 2961
(CH), 2905 (CH), 1598 (aromatic ring), 1503 (aromatic ring),
1435 (aromatic ring), 1361 (aromatic ring), 1225 (CC), 1163
(CC). 'H NMR (acetone-dg): 0 1.2—2.1 (CH; and CH), 6.2—6.8
(phenyl), 7.7—8.0 (OH).

Measurements. FT/IR spectra were recorded on a JASCO
FT/IR-410 spectrometer. H NMR 270 MHz spectra were
measured on a JEOL JNM-EX270 spectrometer in CDCl; or
acetone-ds at 30 °C. GPC measurements were carried out at
40 °C on a TOSOH CCP & 8010 system equipped with TOSOH
TSKgel G2000Hx. and G3000Hx. columns (bead size: 5 um)
connected in series, using THF as eluent at a flow rate of 0.8
mL/min. TOSOH UV-8010 and TOSOH RI1-8012 detectors were
used. Molecular weights were calibrated with polystyrene
standards (TSK standard polystyrene). ESR spectra were
obtained on a JEOL JES RE2X spectrometer at X-band
utilizing 100 kHz field modulation and 1 mW microwave power
with a 5 mm sample tube. ESR measurements for benzene
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Scheme 1. Radical/Cation Transformation Polymerization of BDMSOS and CHO
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solutions of BDMSOS containing a small amount of di-tert-
butyl peroxide (tBPO) were carried out under photoirradiation
using a 500 W ultrahigh-pressure mercury lamp (Ushio USH-
500D). In turbidimetric titration measurements, each sample
(10 mg) was dissolved in benzene/2-butanone (3:1 v/v). As
ethanol was added to the polymer solution in a 1 cm path
length quartz cuvette with stirring, turbidity (reported as 100
— %T) was measured with a Shimadzu UV-2100 spectrometer
at 400 nm at 25 °C. Intervals for mixing were fixed to 5 min
for stabilization because we confirmed that turbidity became
virtualy constant in this time interval. Thin-layer chromatog-
raphy (TLC) experiments were performed with silica gel 60
F2s4 TLC plates (Merck) at room temperature using ethanol
as eluent. Quasi-elastic light scattering (QELS) measurements
were carried out at 25 + 0.1 °C using an Otsuka Electronics
Photal DLS-7000 light scattering spectrometer equipped with
an Ar ion laser (60 mW at 488 nm) and detector optics. An
ALV-5000E digital multiple-t correlator (Langen-GmbH) was
employed for data collection. Sample solutions were filtered
with a 0.2 um pore size membrane filter prior to measurement.
The details of QELS measurements were described previ-
ously.1®

Results and Discussion

Radical/Cation Transformation Polymerization
of BDMSOS and CHO. Clear ESR signals were
observed for radical polymerization systems of BDMSOS
initiated by tBPO in benzene (Figure 1a). These signals
are reasonably assigned to propagating radicals of
BDMSOS based on the simulation (Figure 1b) using
hyperfine splitting constants indicated in Figure 1c.
When ESR was measured in the presence of Pha1"PFg—,
an electron acceptor, only very weak ESR signals were
observed (see Supporting Information), indicating that
the propagating radicals of BDMSOS are oxidized to the
corresponding cations by PhyITPFg™.
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As with 4-methoxystyrene and CHO,>~7 block copoly-
mers of BDMSOS and CHO can be formed using the
radical/cation transformation polymerization (Scheme
1). Table 1 lists conditions and results of the radical/
cation transformation polymerization of BDMSOS and
CHO (runs 1—4). The highest polymer yield was 73.4%.
FT/IR and NMR spectra (see Supporting Information)
indicated that the polymer was composed of both the
4-substituted styrene and CHO units. These observa-
tions suggest the formation of block copolymers, but it

CH,

Figure 1. ESR spectra for propagating radicals of BDMSOS:
observed (a) and simulated (b) spectra and hyperfine splitting
constants used for the simulation (c).

is still possible that the polymer consisted of the
homopolymers. As mentioned in later subsection, how-
ever, fractionation of the deprotected polymer indicated
that poly(BDMSOS-b-CHO) was preferentially formed.1!
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Table 1. Conditions and Results of Polymerization of BDMSOS and/or CHO Using AIBN in the Presence or Absence of
Ph2|+PF6_ a

Phal"PFg™ unit ratio in polymerd

run  BDMSOS (M) CHO (M)  AIBN (mM) (mM) yield® (%)  Myx 1074¢  Mu/MyS BDMSOS:CHO

1 1.0 2.3 6.0 12 73.4 51 2.0 1:0.5

2 1.8 2.4 6.0 12 40.2 10.3 15 1:0.70

3 1.3 3.1 6.0 12 28.8 4.1 2.2 1:0.70

4 0.7 3.7 6.0 12 14.6 4.8 1.4 1:0.83

5 1.0 0 6.0 0 27.2 4.6 2.0 1:0

6 1.0 0 6.0 12 61.4 3.7 1.8 1:.0

7 1.0 0 0 12 0

8 0 2.5 6.0 12 2.1

a Polymerization was carried out in (CH2Cl), at 80 °C for 4 h under high vacuum. P Based on the total monomers. ¢ Determined by

GPC relative to polystyrene. 9 Determined by 1H NMR.

Table 2. Conditions and Results of Cationic
Copolymerization of BDMSOS and CHO?2

unit ratio in
BDMSOS CHO yield® Myx My/ polymerd
run (M) (M) (%) 1074¢ M, BDMSOS: CHO
1 2.4 0.5 6.0 20.1 1.8 1:28
2 1.8 2.4 26.8 47 1.9 0:1
3 0.7 3.8 40.3 5.9 2.5 0:1

a Polymerizations were carried out with 1.7 mM Et;0"PFg~ in
(CH2ClI); at 0 °C for 2 h. b Based on CHO. ¢ Determined by GPC
relative to polystyrene. @ Determined by 'H NMR.

100

[ ABLA o
80 [ P RN
[ .
~ r ° m]
L a
X 60} ° e D
I F A 0
o L o
9 40 : . ° .. o
20 F ! 4 o
[ S
[ o
0

0 0.2 04 0.6 0.8 1.0
Vethanol

Figure 2. Turbidimetric titration of solutions of poly(CHO)
(»), poly(BDMSOS) (O), poly(BDMSOS-b-CHO) (@), and a
blend of the homopolymers (<) in benzene/2-butanone (3:1 v/v)
with ethanol.

In addition, the copolymer composition seems to depend
on comonomer feed ratio.

To confirm the formation of block copolymers, we
examined polymerizations under several conditions
(runs 5—8 in Table 1). Polymerization of BDMSOS was
initiated by AIBN in the absence and presence of
PhyItPFg~ (runs 5 and 6). BDMSOS was not polymer-
ized in the presence of Ph,I"PFs~ (run 7). Only a small
amount of polymer was obtained by polymerization of
CHO by AIBN even in the presence of PhaI™PFg~ (run
8). Furthermore, cationic copolymerization of BDMSOS
and CHO initiated by triethyloxonium hexafluorophos-
phate (EtsO"PFg™) produced polymers composed mainly
of CHO (Table 2), indicating that EtsOTPFs~ reacts with
CHO much faster than with BDMSOS and oxionium
ions derived from CHO do not react with BDMSOS. On
the basis of these results, we confirmed that block
copolymers of BDMSOS and CHO were obtained by the
radical/cation transformation mechanism.

Characterization of Block Copolymers of BDM-
SOS and CHO (Poly(BDMSOS-b-CHO)). Figure 2
compares plots of turbidimetric titration for poly(CHO),
poly(BDMSOS), a mixture of the two homopolymers,
and the polymer obtained by the radical/cation trans-
formation polymerization (run 1 in Table 1), using

(a)
(b) I
(©)

(d) - G,

Figure 3. TLC profiles for poly(HOS) (a), poly(CHO) (b), a
mixture of the homopolymers (c), and poly(HOS-b-CHO) (d)
using ethanol as eluent.

benzene/2-butanone (3:1 v/v) and ethanol as solvent/
precipitant. In the case of poly(CHO), turbidity due to
precipitation commences and increases at a volume
fraction of ethanol (Vethanot) 0f 0.30 and levels off at Vethanol
> 0.45. In the case of poly(BDMSOS), turbidity in-
creases significantly with Vethanol IN the Vethano region
0.70—0.80. Turbidity for the mixture of poly(CHO) and
poly(BDMSOS) shows a two-step increase in the Vethanol
regions 0.30—0.53 and 0.65—0.75 corresponding to
precipitation of poly(CHO) and poly(BDMSOS), respec-
tively. On the other hand, in the case of the polymer
obtained (run 1 in Table 1), turbidity is nearly constant
at Vethanot < 0.45 and increases rather gradually in the
Vethano! Fegion 0.50—0.75. The turbidity increase in this
Vethano! Fe€gion is not due to homopolymers of CHO and
BDMSOS, suggesting that the polymer is composed
mainly of poly(BDMSOS-b-CHO). As described below,
this is confirmed by fractionation of the deprotected
polymer.

Deprotection of Poly(BDMSOS-b-CHO) and Char-
acterization of Poly(HOS-b-CHO). tert-Butyldimeth-
ylsiloxy moieties in poly(BDMSOS-b-CHO) were quan-
titatively hydrolyzed in THF using BusNF without any
cleavage of poly(CHO) block sequences. The deprotected
polymer (run 1 in Table 1) was fractionated into
methanol-insoluble fraction (fraction 1), methanol-
soluble and hexane-insoluble fraction (fraction 2), and
methanol-soluble and hexane-soluble fraction (fraction
3). FT/IR and NMR spectra indicated that fractions 1
and 2 were poly(CHO) and poly(HOS), respectively, and
fraction 3 was composed of both CHO and HOS units.
Fraction 3 was analyzed by TLC to see whether this
fraction contained either of the homopolymers. Figure
3 shows an example of TLC profiles for individual
homopolymers, their mixture, and fraction 3, using
ethanol as eluent. R¢ values for poly(HOS) and poly-
(CHO) are ca. 0.93 and 0.01, respectively. In the case
of the mixture, spots for poly(CHO) and poly(HOS) are
clearly seen at respective Rt values. On the other hand,
for fraction 3, there are no spots at Rs ~ 0.93 and 0.01,
but there is a broad band in the R¢ region 0.13—0.67.
These observations indicate that fraction 3 is poly(HOS-



Macromolecules, Vol. 35, No. 13, 2002

Table 3. Characteristics of Poly(HOS) and
Poly(HOS-b-CHO) for QELS Measurements

unit ratio in copolymer

polymer HOS:CHO2 My x 10745 M, /MP
1 1:0 3.3 2.7
2 1:0.08 10.3 15
3 1:0.50 5.1 2.0

a Determined by *H NMR. P Determined by GPC for the poly-
mers (poly(BDMSOS) or poly(BDMSOS-b-CHO)) before deprotec-
tion.
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Figure 4. Relaxation time distributions obtained from QELS
for poly(HOS) (polymer 1 in Table 3) (a) and poly(HOS-b-
CHO)s with molar ratios of HOS:CHO = 1:0.08 (b) and 1:0.5
(c) (polymers 2 and 3 in Table 3, respectively) in methanol at
varying Cp.

b-CHO) and contains no homopolymers. In addition,
weight fractions of fractions 1 (poly(CHO)), 2 (poly-
(HOS)), and 3 (poly(HOS-b-CHO)) were 0.042, 0.021,
and 0.937, respectively, indicating that poly(BDMSOS-
b-CHO) was obtained preferentially by the radical/cation
transformation polymerization under proper conditions.

Solubilities of poly(CHO) and poly(HOS) are very
different: poly(CHO) is soluble in nonpolar solvents,
such as hexane, toluene, benzene, chloroform, diethyl
ether, and THF; poly(HOS) is soluble in polar solvents,
such as THF, dimethyl sulfoxide, DMF, ethyl acetate,
acetonitrile, acetone, ethanol, and methanol, but in-
soluble in water. The association behavior of poly(HOS-
b-CHO) in methanol, a selective solvent for poly(HOS),
was briefly investigated using QELS. Poly(HOS) and
two samples of poly(HOS-b-CHO), whose molar ratios
of HOS:CHO are 1:0.08 and 1:0.5, were used for the
measurement. The characteristics of these polymers are
listed in Table 3. Figure 4 compares relaxation time
distributions of the poly(HOS) and two block copolymer
samples obtained from QELS in methanol at varying
polymer concentrations (C,). At C, = 0.25 g/L, all of the
polymers have a unimodal distribution centered at a
hydrodynamic radius (Ry) of ca. 5—8 nm, suggesting
that the polymer chains exist as single molecules (i.e.,
unimers) or aggregates formed from a small number of
polymer chains. In the case of poly(HOS), the relaxation
time distributions are virtually the same, independent
of Cp (0.25—1.0 g/L), suggesting that no association of
poly(HOS) occurs in methanol in this C, region. In the
case of poly(HOS-b-CHO) with an HOS:CHO molar ratio
of 1:0.08, although the relaxation time distribution
obtained at Cp, = 0.50 g/L is virtually the same as that
obtained at C, = 0.25 g/L, the polymer has a bimodal
distribution at C, = 1.0 ¢g/L, indicating that larger
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aggregates are formed from a number of polymer chains.
The apparent value of Ry, for the slow mode peak was
estimated to be ca. 34 nm. Furthermore, in the case of
poly(HOS-b-CHO) with molar ratio of HOS:CHO =
1:0.5, the relaxation time distribution indicates that
larger aggregates with R, ~ 32 nm are formed at C, =
0.50 g/L. As C, increases, the width of the slow mode
peak becomes narrower and Ry, increases.

Conclusion

Amphiphilic block copolymers of HOS and CHO were
synthesized by deprotection of poly(BDMSOS-b-CHO)
synthesized by block copolymerization of BDMSOS and
CHO followed by hydrolysis of tert-butyldimethylsiloxy
protection groups. A radical/cation transformation tech-
nique was employed for the block copolymerization
using AIBN and Ph,I"PFg~ as initiator and electron
acceptor, respectively. Poly(HOS-b-CHO) as prepared
was fractionated from homopolymers to obtain pure
block copolymer in a weight fraction of 0.937. This high
block copolymer fraction indicates that poly(BDMSOS-
b-CHO) was preferentially formed. Poly(HOS-b-CHO)
was insoluble in water. In methanol, a selective solvent
for poly(HOS), poly(HOS-b-CHO) had a unimodal dis-
tribution in QELS data centered at R, ~ 5—8 nm at C,
= 0.25 g/L. This observation suggests that polymer
chains exist as single molecules or aggregates of a small
number of polymer chains in methanol. At a higher C,,
poly(HOS-b-CHO) had a bimodal distribution, indicative
of the formation of larger aggregates.

Acknowledgment. The authors express their ac-
knowledgment to Associate Professor Atsushi Kajiwara,
Department of Material Science, Nara University of
Education, for ESR measurements.

Supporting Information Available: ESR spectrum taken
in the presence of Ph,1"PFs~ and FT/IR and *H NMR spectra
of polymers. This material is available free of charge via the
Internet at http://pubs.acs.org.

References and Notes

(1) Bamford, C. H. In Encyclopedia of Polymer Science and
Engineering; Kroschwitz, J. I., Ed.; Wiley & Sons: New
York, 1988; Vol. 13, pp 708—867.

(2) Moad, G.; Solomon, D. H. The Chemistry of Free Radical
Polymerization; Elsevier Science: Oxford, 1994.

(3) Odian, G. Principles of Polymerization, 3rd ed.; Wiley &
Sons: New York, 1991.

(4) For example: (a) Matyjaszewski, K. Controlled Radical
Polymerization; ACS Symposium Series 685; American
Chemical Society: Washington, DC, 1998. (b) Matyjasze-
wski, K. Controlled/Living Radical Polymerization; ACS
Symposium Series 768; American Chemical Society: Wash-
ington, DC, 2000. (c) Hawker, C. J. J. Am. Chem. Soc. 1994,
116, 11185—-11186. (d) Kato, M.; Kamigaito, M.; Sawamoto,
M.; Higashimura, T. Macromolecules 1995, 28, 1721—-1723.
(e) Wayland, B. B.; Poszmik, G.; Mukerjee, S. L.; Fryd, M.
J. Am. Chem. Soc. 1994, 116, 7943—7944. (f) Mayadunne,
R. T. A,; Rizzardo, E.; Chiefari, J.; Chong, Y. K.; Moad, G.;
Thang, S. H. Macromolecules 1999, 32, 6977—-6980. (g)
Mayadunne, R. T. A.; Rizzardo, E.; Chiefari, J.; Krstina, J.;
Moad, G.; Postma, A.; Thang, S. H. Macromolecules 2000,
33, 243—-245. (h) Matyjaszewski, K.; Shipp, D. A.; Qiu, J,;
Gaynor, S. G. Macromolecules 2000, 33, 2296—2298. (i)
Mitsukami, Y.; Donovan, M. S.; Lowe, A. B.; McCormick,
C. L. Macromolecules 2001, 34, 2248—2256. (j) Kamigaito,
M.; Ando, T.; Sawamoto, M. Chem. Rev. 2001, 101, 3689—
3745.

(5) Guo, H.-Q.; Kajiwara, A.; Morishima, Y.; Kamachi, M.
Macromolecules 1996, 29, 2354—2358.



5330 Notes Macromolecules, Vol. 35, No. 13, 2002

(6) Guo, H.-Q.; Kajiwara, A.; Morishima, Y.; Kamachi, M. (11) All the polymers obtained by radical/cation transformation
Polym. Adv. Technol. 1997, 8, 196—202. polymerization contained only a small amount of homopoly-
(7) Kamachi, M.; Guo, H.-Q.; Kajiwara, A. Macromol. Symp. mer of BDMSOS. This may be because electron transfer
1997, 118, 149—161. reaction from the propagating radical to the acceptor

®) gﬁ}rgacir:ll,p?/égsGuo, H.-Q.; Kajiwara, A. Macromol. Chem. proceeds much faster than bimolecular termination of

(9) Hirao, A.; Yamaguchi, K.; Takenaka, K.; Suzuki, K.; Naka- propagating radicals, and then the resulting polymeric
hama, S. Makromol. Chem., Rapid Commun. 1982, 3, 941— cations immediately react with CHO to form CHO sequences.
946.
(10) Noda, T.; Hashidzume, A.; Morishima, Y. Macromolecules
2000, 33, 3694—3704. MAO020010F



