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ABSTRACT:

Radical polymerization of styrene (St) with p-methoxystyrene (MSt) and p-t-butoxystyrene (BSt) was

performed in the presence of 4-methoxy-2,2,6,6-tetramethylpiperidine-1-oxyl (MTEMPO), giving random copolymers with
molecular weights controlled and with monomer unit ratios desired. The polymerization proceeded in accordance with a living
mechanism, because molecular weight was in proportion to reciprocal of initial concentration of MTEMPO, and increased
with conversion. Poly(St-ran-MSt) efficiently initiated the copolymerization of styrene with BSt, giving a block copolymer
comprising poly(St-ran-MSt) and poly(St-ran-BSt), and vice versa. The t-butoxy groups of BSt units were selectively hydrolyzed
to hydroxy groups, with formation of a random block copolymer including vinyl phenol units.
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Living radical polymerization is superior in quantita-
tively preparing polymers because no side reactions of
chain transfer and termination occur during polymeriza-
tion. This polymerization has been used for creating a
great variety of macromolecular architectures. These are
telechelics,' =3 block and graft copolymers,®~7 cyclic
polymers,® and networks.® Living radical polymerization
has an advantage over living ionic polymerizations in
that the simple procedure and the variety of monomers
can be applied. The polymerization mediated by 2,2,6,6-
tetramethylpiperidine-1-oxyl (TEMPO) has been the
most extensively studied. There are a great number of
publications on the kinetics and mechanisms of styrene
polymerization mediated by TEMPO.!°~!7 Publications
on molecular design using the polymerization have been
released.!® 22 Well-defined random copolymers through
living radical polymerization have another advantage
over living ionic in that they are found in TEMPO-
mediated polymerization. Examples include copolymers
of styrene with p-bromostyrene,?® p-(chloromethyl)-
styrene,?* (meth)acrylates,?3?® and with 9-vinylcar-
bazole.?® TEMPO-catalyzed polymerization produces
block copolymers in great variety. These are not only
simple block copolymers obtained by only method of
TEMPO-mediated polymerization,?”?® but also block
copolymers prepared by combining ionic polymerizations
and TEMPO-catalyzed one.?°”3? This polymerization
has the potential to give block copolymers comprising
random copolymer segments with molecular weight
controlled and with unit ratio desired. These copolymers
are expected to show properties based on the block and
random copolymers. Fukuda et al. released a publication
on the synthesis of a block copolymer consisting of poly-
styrene and poly(styrene-ran-acrylonitrile) by TEMPO-
catalyzed polymerization.?® This polymer exhibits similar
microphase segregation to that of poly(styrene-block-2-
vinylpyridine). A gradient copolymer®® and a block
copolymer consisting of poly(styrene-ran-methyl metha-

' To whom correspondence should be addressed.

crylate) with different unit ratios®* were discovered
through the living radical polymerization by transition
metal complexes. We found a block copolymer compris-
ing random copolymers of styrene with two different
types of alkoxystyrenes by the radical polymerization
using 4-methoxy-TEMPO. Living radical polymeriza-
tion of alkoxystyrene by the Cu(I) complex is unsuc-
cessful by reason that the oxidation of the growing rad-
icals to carbocations occurs.®> TEMPO-mediated po-
lymerization gives rise to well-defined random copoly-
mers with alkoxystyrene because TEMPO has no ability
to oxidize the growing radicals. The ideal copolymeriza-
tion of styrene and alkoxystyrene should proceed in ac-
cordance with a living mechanism, since alkoxystyrenes
have similar reactivities to that of styrene in radical
polymerization. Some are easily hydrolyzed to vinyl
phenol, with formation of a random block copolymer
including vinyl phenol units. A publication has already
been released on the synthesis of polymer containing
vinyl phenol units through TEMPO-mediated polym-
erization of p-t-butoxystyrene.®® This paper describes
the synthesis of a random block copolymer of styrene
with p-methoxystyrene and p-t-butoxystyrene, and hy-
drolysis of the resulting copolymers.

EXPERIMENTAL

Measurements

Gel permeation chromatography (GPC) was per-
formed with a Tosoh HLC-802A instrument equipped
with a RI detector and with a Tosoh CP-8000 chromato
processor. Two polystyrene gel columns of Tosoh TSK
gel G4000Hg and G2000Hg was used with tetrahydro-
furan (THF) as the eluent at 42°C. 'H NMR spectra
were obtained with a Bruker ARX-500 NMR spectrom-
eter. Gas chromatography (GC) was performed with a
Shimadzu GC-6A.

Materials
4-Methoxy-TEMPO (MTEMPO) was prepared as re-
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*R’ and MTEMPO moieties can connect to the units of styrene and alkoxystyrene.

Table 1. Relationship between molecular weight and [MTEMPO],*

methoxystyrene (MSt), and p-t-butoxystyrene (BSt) were
washed with aqueous alkaline solution and water, and

[MTEMPO], Time Conversion®/%
Comonomer — ———— M, M, /M,
x 103 mol L ™! h St Comonomer
MSt 96.8 65 92 94 26000 1.19
140 68 90 93 20000 1.23
204 68 91 91 14000 1.25
409 112 91 92 8700 1.27
BSt 96.8 44 84 95 35000 1.17
140 44 82 92 25000 [.12
204 39 82 92 19000 1.12
409 68 80 92 11000 1.12

*MTEMPO/BPO = 1.2. *Estimated by GC. ©Estimated by GPC based on polystyrene standards.

ported previously.?” Commercial grade styrene (St), p-

distilled over calcium hydride. Benzoyl peroxide (BPO)

was precipitated from chloroform into methanol and obtained.

were used without further purification.

ampule. After degassing, the ampule was sealed in vacuo.
Polymerization was carried out at first for 3.5h at 95°C,

recrystallized at 0°C. Toluene was purified by refluxing
on sodium for several hours and distilled. Extrapure
grade trifluoromethanesulfonic acid and trifluoroethanol p-BSt) and Poly(St-ran-p-M St)

by cooling with liquid nitrogen. The product was dis-
solved in 20mL dichloromethane, purified by repeating
precipitations from dichloromethane into methanol, and
freeze-dried with benzene. The copolymer (2.08 g) was

Hydrolysis of a Random Block Copolymer of Poly(St-ran-

A random block copolymer (St/BSt units=0.495/

0.505, St/MSt units=0.540/0.460, poly(St-ran-BSt)/

Radical Copolymerization of St and p-t-BSt: General

poly(St-ran-MSt) segments =0.110/0.890) of 100 mg was

Procedure dissolved in 2mL toluene, and the solution was placed
St (0.50mL, 455mg, 4.36 mmol), BSt (0.82mL, in an ice bath at —5°C. Trifluoroethanol of 10 drops

769 mg, 4.36 mmol), BPO (21 mg, 0.0866 mmol), and
MTEMPO (19mg, 0.102mmol) were placed in an

and continued for 39h at 125°C. It was terminated by polymer (135 mg) was obtained.

cooling with liquid nitrogen. The product was dissolved

several hours. The copolymer (1.07g) was obtained.
After the addition of toluene as internal standard, di-
chloromethane solution was subjected to GC to esti-
mate the conversion of the monomers.

tion was carried out at 125°C for 12h and terminated
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in 10 mL dichloromethane, precipitated from dichloro- RESULTS AND DISCUSSION
methane into methanol, and finally dried in vacuo for

and trifluorosulfonic acid of 2 drops were added to the
solution. The mixture was kept at —5°C for 15min, and
poured into 300 mL hexane to isolate the product. The
product was dried in vacuo for several hours, and a

p-Alkoxystyrene shows similar reactivity to that of
St in radical polymerization, and the products of r; and
r, in copolymerization with St are almost equal to
unity.*® Ideal copolymerizations should occur in ac-

The copolymerization of St with M St was carried out cordance with a living mechanism by the presence of

by the same procedure.

TEMPO. MTEMPO has the same reactivity as TEMPO

in radical polymerization, and is useful in 'H NMR

Random Block Copolymerization of St and p-MSt by

analysis of polymers of styrene derivatives, since no

Poly(St-ran-p-t- BSt) signals of the methoxy protons overlap with other signals
St (1.25mL, 1.14 g, 10.9 mmol), MSt (1.45mL, 1.46¢, of the polymers. Copolymerization of St with MSt and

10.9 mmol), and poly(St-ran-BSt) (St/BSt units=0.495/
0.505) (427mg) were placed in an ampule. After de-
gassing, the ampule was sealed in vacuo. Polymeriza-

with BSt was performed in bulk, in the presence of
MTEMPO at 125°C, after being held at 95°C for 3.5h
(Scheme 1). The results are listed in Table I. All con-
versions were high enough to compare molecular weights.
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Figure 1. Plots of molecular weight versus reciprocal of [MTEMPO],
in copolymerization of St with MSt (A) and with BSt () by BPO
and MTEMPO.

Table II. Copolymerization of St with MSt and with BSt*

Time Conversion®/%
Comonomer M, M, /M°

h St Comonomer

MSt 6 28 26 4400 1.33
12 48 50 3000 1.27
18 60 63 10000 1.21
44 89 89 14000 1.28

BSt 6 29 27 7700 1.18
12 55 56 13000 1.1
18 68 68 16000 1.18
28 80 89 19000 1.14

*St/Comonomer =1 (mol/mol). [MTEMPO],=0.204 mol L1,
[BPO],=0.173mol L~ !. PEstimated by GC. °Estimated by GPC
based on polystyrene standards.

Conversions of styrene were lower than those of MSt,
and were even lower than those of BSt. TEMPO-
mediated polymerization retains the same order of
reactivities of 4-substituted styrenes as that in free radical
polymerization, although the polymerization rate is quite
different.!”23:27 Molecular weight and polydispersity
were determined by GPC calibrated with polystyrene
standards. Polydispersities of the copolymer of BSt are
narrower than those of MSt. Molecular weights of the
copolymers decreased due to increasing the initial
concentration of MTEMPO ([MTEMPO],). Molecu-
lar weights were in proportion to the reciprocal of
[MTEMPO], (Figure 1). Copolymerizations may thus
proceed in accordance with a living mechanism, based
on the fact that TEMPO-mediated polymerization of
substituted styrene proceeds in a living radical man-
ner. The copolymerizations surely proceed by a living
mechanism, based on the relation between molecular
weight and conversion. The results are summarized in
Table II. Conversions of MSt and BSt increased over
time in the same proportion as that of styrene. As shown
in Figures 2 and 3, In[M],/[M] linearly increased over
time, and molecular weights were proportional to the
conversions. Copolymerizations thus proceed in accor-
dance with a living mechanism.

Figure 4 shows a 'H NMR spectrum of the copolymer
of styrene and MSt (M,=4400, M, /M,=1.33), ob-
tained by polymerization for 6h at 125°C. It is clear
that the copolymer has benzoyl and MTEMPO moieties,
because signals of these groups are discerned in the
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Figure 2. First order time-conversion plots in copolymerization (a)

of St (@) with MSt (A), and in copolymerization (b) of St (@) with
BSt (M) by BPO and MTEMPO.
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Figure 3. Plots of molecular weight versus conversion in copolymer-
ization (a) of St (@) with MSt (A), and in copolymerization (b) of St
(@) with BSt () by BPO and MTEMPO.

spectrum. Signals at 7.86, 7.51, and 7.39 ppm were
assigned to aromatic protons at ortho, para, and meta
positions of the benzoyl group, respectively. Signals
originating from MTEMPO are observed at 1.12, 0.95,
0.40, and 0.24 ppm, attributed to tetramethyl protons.
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Figure 4. 'H NMR spectrum of the poly(St-ran-MSt) (conversions
of St=28% and of MSt=26%, M,=4400, M,/M,=1.33) obtained
by radical polymerization of St and MSt by BPO and MTEMPO.
Polymerization was carried out at 125°C for 6 h, after being held at

95°C for 3.5h (solvent: CDCly).
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Figure 5. GPC profiles of the random block copolymer (a.
M, = 159000, M,,/M,=1.28) obtained by random block copolymeriza-
tion of St and MSt using poly(St-ran-BSt) (b, St/BSt=0.495/0.505,
M, = 13000, M,/M,=1.19) as an initiator (solvent: CDClj).

Scheme 2.

Table III. Random block copolymerization of St with M St and with BSt by random copolymers Obtained*

Random block copolymer

Prepolymer M,>P M, /M,>P Monomer
M,P M M,
P(St-ran-MSt) 10000 1.21 St/BSt 49000
P(St-ran-BSt) 13000 1.19 St/MSt 59000

Unit ratio® Segment ratio®

St/MSt St/BSt P(St-ran-MSt)/P(St-ran-BSt)
0.487/0.513  0.565/0.435 0.105/0.895
0.540/0.460  0.495/0.505 0.890/0.110

OCH,
N

| Lo T
R X vim b aln CF3S05H
—_—
O O O O Toluene

CF;CH,0H

O'Bu OMe

*Polymerized for 12h. St/Comonomer= 1 (mol/mol). " Estimated by GPC based on polystyrene standards. ¢ Estimated by 'H NMR.

Scheme 3.
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Figure 6. 'H NMR spectra of the random block copolymer before
(b) and after (a) hydrolysis. This copolymer was obtained by random
block copolymerization of St and MSt (M, =59000, M, /M,=1.28)
using poly(St-ran-BSt) (St/BSt=0.495/0.505, M,=13000, M, /M,=
1.19) as an initiator (solvent: CDCly).
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The signals at 3.27 ppm are also based on MTEMPO,
and assigned to the methoxy protons. The ratio of
MTEMPO to the benzoyl group in the copolymer is
equal to that of MTEMPO to BPO used in the co-
polymerization, based on previous results.!®3° These
ratios were closely in agreement: the former was 1.21,
estimated using the integral intensity of the signals at
7.86 and 3.27 ppm, and the later, 1.18. The unit ratio of
St to MSt in the copolymer was equal to their conversion
ratio. The unit ratio was estimated to be 0.988, and
conversion ratio, 0.929. The same results were obtained
for BSt, using the copolymer with molecular weight of
7700. Random copolymers with molecular weights con-
trolled and with unit ratios desired were attained.

The copolymers obtained could initiate random block
copolymerization of St with comonomers in quantita-
tive efficiency, since the copolymerizations proceed in
accordance with a living mechanism. Block copolymer-
ization was carried out at 125°C for 12h (Scheme 2).

Polym. J., Vol. 31, No. 5. 1999
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Scheme 4.

The results are listed in Table III. Poly(St-ran-MSt)
initiated the copolymerization of St with BSt, giving a
block copolymer comprising poly(St-ran-MSt) and
poly(St-ran-BSt), and vice versa. Quantitative forma-
tion of these block copolymers was attained, based on
GPC analysis. Figure 5 shows GPC profiles of the
block copolymer obtained from poly(St-ran-BSt) and
of the prepolymer. The block copolymer showed
unimodal GPC, and the peak of the prepolymer was
hardly observed in GPC of the resulting copolymer. The
synthesis of well-defined random block copolymers
comprising poly(St-ran-MSt) and poly(St-ran-BSt)
should thus be possible by living radical polymerization
using MTEMPO. The random copolymers obtained in
high conversions were used as initiators for block
copolymerization, giving random block copolymers
without quantitative efficiency. This is based on the fact
that the peak of prepolymer partly remained, after the
block copolymerization. This implies that decomposition
based on disproportionation of the growing chain end
is involved in a latter stage of polymerization.

The t-butoxy groups of BSt can be hydrolyzed to
phenolic hydroxy moieties without any harm to methoxy
moieties of MSt units. Hydrolysis of the block copoly-
mers obtained was performed at —5°C in a mixture of
toluene and trifluoroethanol by trifluoromethanesulfonic
acid as a catalyst (Scheme 3). The block copolymer
obtained from the prepolymer of poly(St-ran-MSt) was
hydrolyzed to a polymer which dissolved neither in water
nor in organic solvents. The block copolymer produced
from poly(St-ran-BSt) gave an insoluble polymer. This
product swelled in chloroform. Figure 6 shows 'H NMR
spectra of this block copolymer before and after hy-
drolysis. In the spectrum of the resulting polymer, no
observation of a signal was made at 1.30 ppm due to the
t-butoxy groups. The reaction did no harm to MSt units
because there was no change of ratio of the methoxy
protons of MSt to the aromatic ones. The sharp signal
at 1.70 ppm originated from water remaining in the
resulting polymer, based on the fact that the signal was
shifted to low magnetic field side by the addition of
CF;COOH. These results indicate that -butoxy groups
in the copolymer are selectively hydrolyzed to hydroxy
groups, with the result of formation of a random block
copolymer including vinyl phenol units.

CONCLUSIONS

The synthesis of random block copolymers comprising
poly(St-ran-MSt) and poly(St-ran-BSt) was attained by
the radical polymerization using MTEMPO. The po-
lymerization of St with MSt and with BSt proceeded
in accordance with a living mechanism, giving random
copolymers with molecular weights controlled and the
desired monomer unit ratios. The random copolymers
obtained efficiently initiated block copolymerization to

Polym. J., Vol. 31, No. 5. 1999

give block copolymers consisting of two different random
copolymers. BSt units were selectively hydrolyzed to
vinyl phenol ones, with formation of a random block
copolymer comprising poly(St-ran-vinyl phenol) and
poly(St-ran-MSt). These random block copolymers had
unique structures where comonomers ‘‘indirectly”
formed a block copolymer in a matrix of styrene units
(Scheme 4). The copolymers should show different
properties and behavior from those based on blends of
the respective random copolymers and of their simple
block copolymers. This is because the matrix of styrene
units disturbs or weakens interaction between the re-
spective copolymer units. Such random block copoly-
mers may be useful for creating novel unique materials.
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