
Radical/Cation Transformation Polymerization and Its
Application to the Preparation of Block Copolymers of
p-Methoxystyrene and Cyclohexene Oxide

Hai-Qing Guo, Atsushi Kajiwara, Yotaro Morishima, and
Mikiharu Kamachi*

Department of Macromolecular Science, Faculty of Science, Osaka University,
Toyonaka, Osaka 560, Japan

Received July 27, 1995; Revised Manuscript Received December 11, 1995X

ABSTRACT: p-Methoxystyrene (MOS) and n-butyl vinyl ether (BVE) were polymerized to high polymer
by azo initiators in the presence of Ph2I+PF6

-. The polymer formation shows that the transformation of
propagating radical into propagating cation took place in the polymerization process of MOS and BVE.
ESR study of the model radicals supports the fact that the transformation of the radical to the
corresponding cation occurred in the presence of an electron-transfer reagent. Block copolymers of MOS
and cyclohexene oxide (CHO) were effectively prepared by the radical polymerization of MOS in the
presence of Ph2I+PF6

- and CHO. The block copolymerization is ascribable to the transformation of growing
ends from radical to cationic species during the propagation step.

Introduction
Radical polymerization is the most utilized method

in polymer formation from vinyl and diene compounds
in industry. Accordingly, a lot of papers and patents
have been reported on the radical polymerization of
vinyl and diene compounds, and well-refined system-
atization has been performed on the polymerization
process.1,2 Sequence control and structure control are
the most interesting fields in polymer formation by
radical polymerization.3-5 However, these controls of
polymer chain are much more difficult in radical po-
lymerization than in ionic polymerization because bi-
molecular termination takes place in competition with
the propagation of growing ends in radical polymeriza-
tion. Several methods, such as polymerization with
iniferter,6 living polymerization in the presence of metal
complexes,7 or polymerization with nitroxyl radicals,8
have been found for the sequence control of polymer
chain by radical polymerization.
Reaction control of radical polymerization from other

points is expected to develop new routes in polymer
synthesis. Radical-promoted cationic polymerization
has been reported so far.9 In the course of ESR studies
on the radical end of polymers,10 we also found that
propagating radical is effectively transformed into the
corresponding cation in the polymerization process of
vinyl compounds by radical polymerization in the pres-
ence of an electron-transfer reagent. This transforma-
tion reaction was confirmed by the preparation of block
copolymers of p-methoxystyrene (MOS) and cyclohexene
oxide (CHO) by the polymerization system of AIBN,
MOS, Ph2I+PF6-, and CHO. To our knowledge, how-
ever, no paper on the preparation of block copolymers
by this transformation reaction of propagating radicals
has been reported so far. In this paper, we shall present
clear evidence of the transformation of free radical to
the corresponding cation and its application to block
polymer formation.

Experimental Section
Measurements. 1H-NMR spectra were measured on a

JEOL JNM-GX 270 spectrometer as CDCl3 solutions. ESR

spectra were recorded on a JEOL JES RE2X spectrometer at
X-band utilizing 100 kHz field modulation and a microwave
power of 1 mW.

Number- and weight-average molecular weights (Mn and
Mw) and molecular weight distribution were roughly esti-
mated by gel permeation chromatography (GPC) on a TOSOH
CCP&8010 series high-speed liquid chromatograph system
equipped with a TSK gel column, using tetrahydrofuran as
solvent at a flow rate of 0.8 mL/min. Molecular weights were
calibrated by standard polystyrene. TOSOH UV-8010 and
TOSOH RI-8012 detectors were used.
Materials. 1,1′-Azobis[1,1′-(4-methoxyphenyl)ethane] (AB-

MPE) was synthesized by the method of Schepple and Selt-
zer.11 2,2′-Azobis(2,2′-phenoxypropane) (ABPOP) was obtained
by the method described by Benaring.12 Commercially avail-
able 2,2′-azobis(isobutyronitrile) (AIBN) was purified by re-
crystallization from methanol. Diphenyliodonium hexafluo-
rophosphate (PH2I+PF6

-) was prepared according to the
reported manner.13 Commercially available MOS, CHO, and
n-butyl vinyl ether (BVE) were dried over calcium hydride and
distilled under reduced pressure. Methylene dichloride was
purified by the method described in a reference book.14

Polymerization. A CH2Cl2 solution of a given amount of
azo initiator (AIBN, ABMPE, or ABPOP), Ph2I+PF6

-, and
monomer (BVE, MOS, CHO, or a mixture of MOS and CHO)
in a glass ampule was degassed by a freeze-thaw method.
Being sealed off under high vacuum, the ampule was kept at
80 °C in the dark for a given period of time. The content of
the ampule was poured into an excess of methanol containing
a small amount of ammonia. Precipitates were filtered, dried
in vacuum, and weighed. Polymers isolated as precipitates
were again dissolved in CH2Cl2 and purified by reprecipitation
with methanol. In the polymerization of a mixture of CHO
and MOS, the polymer was separated into a hexane-insoluble
fraction and a hexane-soluble fraction (polyCHO) with hexane
extraction, and the hexane-insoluble fraction was character-
ized by turbidimetry, thin layer chromatography, and NMR
spectroscopy.
Thin Layer Chromatography. Thin layer chromatogra-

phy was performed on silica gel applied on a plastic sheet with
0.20 mm thickness. Samples for the tests were prepared by
dissolving 40 mg of each sample in 10 mL of chloroform. With
the aid of a microsyringe, a spot of each solution was formed
on the layer. Gradient elutions were performed in the manner
as described by Kotaka et al.15 The first solvent was CCl4,
and the second solvent was tetrahydrofuran. The ratio of CCl4/
THF was 40/18. The sheet was placed into a chamber which
contained iodine, making the position of the polymer as brown
spots.
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Turbidimetry. Turbidimetry was performed by using
transmittance of the polymer solution at 400 nm on a Shi-
madzu UV-2100 spectrometer. The change in turbidity on
addition of ethanol to a 0.1 wt % solution of polymer in benzene
(3)/butanone (1) was followed.

Results and Discussion

Influence of Ph2I+PF6
- on ESR Spectra of Pri-

mary Radicals. The influence of PH2I+PF6- on ESR
spectra of primary radicals obtained by photodecompo-
sition of AIBN and ABPOP is shown in Figure 1. On
addition of Ph2I+PF6-, the ESR spectrum of the primary
radical obtained from AIBN did not change while that
of primary radical produced from ABPOP almost disap-
peared. This result suggests that (CH3)2C•-CN having
an electron-accepting substituent did not perform
an electron-transfer reaction to Ph2I+PF6- and that
(CH3)2C•-(OC6H5) having an electron-donating substitu-
ent underwent the electron-transfer reaction to form the
corresponding carbocation, (CH3)2C+-(OC6H5), whose
formation was confirmed by the fact that vinyl ethers
and CHO, which cannot be polymerized by radical
initiators, were polymerized in high conversion by
ABPOP in the presence of Ph2I+PF6-.
The ESR spectrum of the propagating radical of MOS

was also clearly detected in radical polymerization of
MOS, while it was only very weakly detected in the
presence of Ph2I+PF6-. This finding also shows the
occurrence of electron transfer reaction from propagat-
ing radical of MOS to Ph2I+PF6+. The change in ESR
spectra is shown in Figure 2.
Radical/Cation Transformation Polymerization.

Polymerizations of MOS, BVE, or CHO were performed
with AIBN, ABMPE, and ABPOP. Results shown in
Table 1 indicate that polymer was obtained from MOS
and no polymer was obtained from BVE and CHO in
the absence of Ph2I+PF6-. In the presence of Ph2I+PF6-,
however, high polymer was obtained in much higher

Figure 1. ESR spectra of primary radicals obtained by decomposition of AIBN (a) and ABPOP (b) in the absence and presence
of an acceptor under irradiation of an ultra-high-pressure mercury lamp at 20 °C.

Figure 2. ESR spectra of propagating radical of p-methoxy-
styrene in the absence and presence of an acceptor under
irradiation of an ultra-high-pressure mercury lamp at 20 °C.
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yield fromMOS and BVE by polymerization with AIBN,
ABPOP, or ABMPE. CHO was polymerized to high
polymer with ABMPE in the presence of Ph2I+PF6- and
did not polymerize with AIBN even in the presence of
Ph2I+PF6-.
Polymerizations of MOS, BVE, and CHO with

Ph2I+PF6- were performed as control experiments,
which indicate that only a few polymers were obtained
by the polymerizations. Since BVE and CHO do not
polymerize to high polymer by radical initiators,16 the
polymer formation from these monomers shows that
cationic polymerizations were performed with ABMPE
in the presence of Ph2I+PF6-. The polymer formation
can be reasonably explained by the polymerization with
carbocation formed by the electron-transfer reaction
from primary radicals having electron-donating sub-
stituents to Ph2I+PF6-. The fact that CHO did not
polymerize with AIBN even in the presence of Ph2I+PF6-

is in agreement with the ESR observation in which no
electron-transfer reaction took place from (CH3)2C•-CN
to Ph2I+PF6-. However, the finding that BVE was
polymerized in high yield by AIBN in the presence of
Ph2I+PF6- is inconsistent with the explanation because
BVE dose not polymerize with radical initiators. The
formation of cationic-initiating species in the presence
of BVE may be reasonably attributed to the electron-
transfer reaction of an initiating radical, which can be
formed by addition reaction of (CH3)2•-CN to BVE, to
Ph2I+PF6-.

MOS was initiated to form high polymer by AIBN and
not by Ph2I+PF6-. When the polymerization of MOS
was performed with AIBN in the presence of Ph2I+PF6-,
the polymer formation from MOS was remarkably
promoted, which indicates that polyMOS radicals initi-
ated by AIBN were transformed into polyMOS cations
by Ph2I+PF6- before they disappeared by the bimolecu-
lar termination such as the coupling reaction. The
transformation of the propagating species from radical
to cation is consistent with change in the ESR spectrum
as shown in Figure 2. The polymerization of MOS with
ABMPE and ABPOP was remarkably promoted in the
presence of Ph2I+PF6-. This is also explained by radical/
cation transformation of initiating radical and/or propa-
gating radical in the propagation process.
Block Copolymers of MOS and CHO. We paid

attention to the findings that MOS is polymerized with
an AIBN/Ph2I+PF6- initiating system and that CHO is
not polymerized with the initiating system. It has been
known that the propagating cation of MOS initiates the
polymerization of CHO and the propagating oxonium
ion of CHO does not initiate the polymerization of
MOS.16 Accordingly, it can be expected that block
copolymers of MOS and CHO can be prepared by the
polymerization of a mixture of CHO and MOS with
AIBN in the presence of Ph2I+PF6- as shown in Scheme
1. Results of the polymerization of the mixture of CHO
and MOS are shown in Table 2 along with those of the
control experiments.

Table 1. Cationic Polymerization of n-Butyl Vinyl Ether (BVE), p-Methoxystyrene (MOS), and Cyclohexene Oxide (CHO)
Promoted by Free Radical Initiatorsa

monomer
radical
initiator concn (M) Ph2I+PF6- (M)

tempb
(°C)

time
(min)

conv
(%) Mw × 10-4

BVE none 0 6 × 10-3 80 80 5 1.08
AIBN 6 × 10-3 0 80 80 0
AIBN 6 × 10-3 6 × 10-3 80 80 62 0.85
ABMPE 6 × 10-3 0 80 80 0
ABMPE 6 × 10-3 6 × 10-3 80 80 68 0.95
ABPOP 6 × 10-3 0 80 80 0
ABPOP 6 × 10-3 6 × 10-3 80 80 63 1.11

MOS none 0 1.2 × 10-2 80 120 4 3.40
AIBN 6 × 10-3 0 80 120 10 2.26
AIBN 6 × 10-3 1.2 × 10-2 80 120 74 4.23
ABMPE 6 × 10-3 0 80 120 4 4.81
ABMPE 6 × 10-3 1.2 × 10-2 80 120 34 3.24
ABPOP 6 × 10-3 0 80 120 2 6.01
ABPOP 6 × 10-3 1.2 × 10-2 80 120 64 4.46

CHO none 0 1.2 × 10-2 80 120 ∼1
AIBN 6 × 10-3 0 80 120 0
AIBN 6 × 10-3 1.2 × 10-2 80 120 ∼1
ABMPE 1.2 × 10-2 0 100 24 (h) 0
ABMPE 1.2 × 10-2 2.4 × 10-2 100 24 (h) 30 1.74
none 0 2.4 × 10-2 100 24 (h) 6 2.52

a Solvent, (CH2)2Cl2; monomer/(CH2)2Cl2 ) 1:3 (vol). b Oil bath temperature.

Scheme 1
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Polymer was scarcely formed by the polymerization
of a mixture of CHO and MOS with Ph2I+PF6-, and
polyMOS was obtained in low yield by the polymeriza-
tion with AIBN. Polymer was isolated in higher yield
by the polymerization of the mixture with AIBN in the
presence of Ph2I+PF6-. The NMR spectrum of the
polymer obtained from a 1:1.3 mixture of monomers has
both MOS and CHO units whose ratio is 1:0.8.
In order to understand the block copolymer formation,

cationic polymerizations of MOS, CHO, and their mix-
tures were performed using SnCl4 as an initiator (Table
3). MOS polymerized to high polymer very rapidly in
the absence of CHO, but the polymerization of MOS was
retarded in the presence of CHO. MOS was hardly
polymerized to high polymer at the ratio of 7:1 MOS to
CHO. When the monomer ratio was 1:1, most of the
obtained polymer was the homopolymer of CHO. These
results indicate that the initiating and propagating
cations preferably attack CHO rather than MOS. The
preparation of block polymer, which has a long MOS
sequence, is quite difficult from typical cationic polym-
erization of a mixture of MOS and CHO. Accordingly,
it can be concluded that the MOS sequence in the block
copolymers obtained from the mixture of MOS and CHO
with AIBN in the presence of PH2I+PF6- is mainly due
to the radical polymerization as shown in Scheme 1.
Characterization of Block Copolymer. In the

transformation polymerization, a considerable amount
of homopolymers is expected to be produced by proton-
transfer reaction in the course of the polymerization
along with the formation of the block copolymer. Poly-
CHO was able to be separated from block copolymer by
hexane extraction using a Soxhlet extractor. The
extraction time was determined by control experiments
using a mixture of polyCHO and polyMOS. About 20%
of the polymer was separated by the extraction as a

hexane-soluble part. NMR spectrum of the hexane
soluble part was almost the same as that of polyCHO,
and only 5% of the MOS unit was included in the
fraction. Separation of polyMOS from the hexane-
insoluble fraction was attempted by organic solvents
such as n-butanone18 which dissolve polyMOS and not
polyCHO. However the separation was not successful
because the solubility of polyMOS and poly(MOS-b-
CHO) in these solvents is very similar. The hexane-
insoluble fraction was used for the characterization of
the formation of block copolymer. NMR spectrum of the
hexane-insoluble part is shown in Figure 3, which shows
that the unit ratio of MOS to CHO in the purified
polymer is 1:0.32. This result along with other ex-
amples is shown in Table 4. The yield and composition
of block copolymers of MOS and CHO could be adjusted
by selection of polymerization conditions, such as the
monomer ratio, concentrations of radical initiator, ac-
ceptor, and/or monomers, and so on.
In order to get more information on the block copoly-

mer formation, characterization of the hexane-insoluble
part (80%) was performed using turbidimetric titration19
and thin layer chromatography (TLC).15 The turbidi-
metric titration curves of the hexane-insoluble fraction
(no. 1 of Table 4), polyCHO, polyMOS, and a mixture
of these homopolymers having the same composition as
the hexane-insoluble fraction are shown in Figure 4. The
turbidity appeared much sooner in polyCHO than in
polyMOS in the solvent-precipitant system. The tur-
bidimetric curve of the hexane-insoluble part is between
the curves of the homopolymers, and the shape of the
curve is similar to those of homopolymers. The turbi-
dimetric behavior of the mixture of homopolymers
gradually increased in two steps, which is quite different
from that of the hexane-insoluble fraction. These find-
ings support that the hexane-insoluble fraction is
mainly composed of a block copolymer of MOS and CHO
and that the amount of polyMOS homopolymers in the
hexane-insoluble fraction is too little to be detected by
the turbidimetric titration. This result is concordant
with other solubility experiments in butanone, in which
the block copolymer showed a blue turbid, and the blend

Table 2. Block Copolymerization of p-Methoxystyrene
(MOS) and Cyclohexene Oxide (CHO) Initiated by

AIBN and Ph2I+PF6
- a

MOS
(M)

CHO
(M)

AIBN
(M)

Ph2I+PF6
-

(M)
conv
(%) Mw × 10-4

PMOS/PCHO
(molar ratio, unit)

1.9 0 6 × 10-3 0 10 2.26
1.9 0 0 1.2 × 10-2 4 3.40
1.9 0 6 × 10-3 1.2 × 10-2 74 4.23
1.9 2.5 6 × 10-3 1.2 × 10-2 24 1.75 1:0.8
0 2.5 6 × 10-3 1.2 × 10-2 1
1.9 2.5 0 1.2 × 10-2 ∼1
a Solvent, CH2Cl2; polymerization temperature, 80 °C; polym-

erization time, 2 h.

Table 3. Cationic Copolymerization of 4-Methoxystyrene
(MOS) and Cyclohexene Oxide (CHO) Initiated by SnCl4a

MOS/CHO
(molar ratio)

time
(min)

yield
(%)

PMOS/PCHO
(molar ratio, unit) Mw × 10-4

1:0 10 100 1:0 28.0
7:1 140 4 1:8 1.29
1:1 140 20 0:1 1.85

a Solvent, dichloroethane; [SnCl4] ) 6 × 10-3 (M); [MOS] +
[CHO] ) 2.0 (M); polymerization temperature, 0 °C.

Table 4. Block Copolymerization of p-Methoxystyrene (MOS) and Cyclohexene Oxide (CHO) Initiated by AIBN and
Ph2I+PF6

-sEffects of Polymerization Conditionsa

no.
MOS/CHO
(molar ratio) [M0] (M)

AIBN
(mM) Ph2I+ (mM) time (h) conv (%) Mw × 10-4

PMOS/PCHO
(molar ratio, unit)

1 1:1.3 2.0 6 12 2 24 1.28 (1.58) 1:0.8 (1:0.32)
2 1:1.0 5.7 12 24 13 40 1.59 (1.85) 1:0.9 (1:0.40)
3 1:0.5 neat 24 72 13 84 1.25 (1.61) 1:0.6 (1:0.27)
a Solvent, CH2Cl2; polymerization temperature, 80 °C; data in parentheses, after extraction separation with n-hexane; [M0] ) [MOS]

+ [CHO].

Figure 3. 1H-NMR spectrum of poly(MOS-b-CHO) after
extraction with hexane.
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sample of homopolymer whose molecular weight is
almost the same as the hexane-insoluble fraction showed
a phase separation with the liquid phase transparent.
TLC was used to get further information on the

preparation of block copolymer.15 The chromatographic
behavior of the hexane-insoluble fraction (no. 1 of Table
4) is shown in Figure 5 along with those of polyCHO,
polyMOS, and a mixture of the homopolymers. It is
concluded from comparison of all data for the hexane-
insoluble fraction with those for polyCHO, polyMOS
homopolymers, and their blend that the hexane-
insoluble fraction is mostly block copolymer. The reason
why polyMOS is negligibly small in yield is probably
due to the fact that the rate of the electron-transfer
reaction is much faster than the bimolecular termina-
tion rate.
In conclusion, we have found a new method for the

radical/cation transformation polymerization and suc-
ceeded in preparation of block copolymers by the
transformation reaction from a free radical to a cationic
mechanism.
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Figure 4. Turbidity plots of the solutions of block copolymer,
homopolymers, and blend of homopolymers, detected at 400
nm: polymer concentration, 0.1% (wt); solvent, 75% (vol)
benzene + 25% (vol) butanone; nonsolvent, ethanol; mole ratio
of polyMOS vs polyCHO of the block copolymer and the blend
sample, 1:0.3; (0) polyCHO, (b) polyMOS, (O) polyMOS-
blend-polyCHO, and (9) poly(MOS-b-CHO).

Figure 5. Thin-layer chromatogram obtained for (a) ho-
mopolymer, block copolymer, and their blend sample of CHO
and MOS and (b) homopolymers of MOS with different
molecular weights: no. 1, 2.06 × 104; no. 2, 1.39 × 104; and
no. 3, 0.38 × 104.
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