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ABSTRACT: The transformations of free radical promoted cationic polymerization to atom transfer radical poly-

merization (ATRP) to form the block copolymers of cyclohexene oxide (CHO) with styrene (St) were performed. In the

first step, bromine terminated poly(CHO)s (PCHO-Br) were prepared by free radical promoted cationic polymerization

of CHO monomer in the presence of 2-oxo-1,2-diphenylethyl-2-bromopropanoate, shortly bromo benzoin, (B-Br) and

an onium salt namely 1-ethoxy-2-methylpyridinium hexafluorophosphate (EMPþSbF6
�) as the initiating system. The

bromine functionalized polymers thus prepared were used as initiators in ATRP of St, in bulk, in conjunction with

CuBr/2,20-bipyridine as catalyst gave well-defined block copolymer of CHO and St. Block copolymer formations were

evidenced by 1H NMR and gel permeation chromatography (GPC) measurements. [DOI 10.1295/polymj.37.700]
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In recent years, there have been various methods
proposed and used for the synthesis of block copoly-
mers. Among them the transformation polymerization
is an alternative method that allows combining vari-
ous polymerization mechanisms. By using this way
many monomers with different chemical structure
can be polymerized to yield block copolymers with
novel properties. In this approach monomer 1 is poly-
merized by a mechanism ‘‘A’’ to produce a polymer
with a functional group F which is capable of initiat-
ing polymerization by a different mode/mechanism
‘‘B’’ as shown in Scheme 1.
Many examples concerning the use of transforma-

tion polymerization reactions for preparing block
copolymers were reported and reviewed by many
authors.1–10

N-alkoxy pyridinium salts are effective initiators for
the cationic polymerization of cyclic ethers such as
cyclohexene oxide and vinyl ethers such as n-butyl
vinyl ether.11 Their photoactivity can be tuned to a
broad wavelength range by the use of free radical
sources,12 charge transfer complexes13 and photosen-
sitizers.14

Photosensitized cationic polymerization has attract-
ed particular interest since the triggering of the initia-
tion may be extended to much longer wavelengths,
where pyridinium salts are transparent and photosensi-
tizers such as benzoin and its derivatives, benzophe-
non, and acylphosphin oxides absorb the light. It
was shown that the oxidation of electron donor radi-
cals to corresponding carbocations may conveniently
be used to promote cationic polymerization of com-

pounds such as epoxides, cyclic ethers, and alkyl vinyl
ethers. The overall process may be presented by the
following reaction (Scheme 2).
This so-called free radical promoted cationic poly-

merization is an elegant and fairly flexible way to
extend the spectral response of onium salts to 300–
400 nm regions.
A variety of controlled/living radical polymeriza-

tion (CRP) techniques, such as stable free radical
polymerization (SFRP), reversible addition-fragmen-
tation chain transfer (RAFT), and atom transfer radi-
cal polymerization (ATRP), have been developed in
recent years.15–27 Among them, ATRP, developed by
Matyjaszewski and co-workers, is one of the most ef-
ficient methods to control radical polymerization and
has been studied extensively because of the broad
range of monomers and the mild polymerization con-
ditions.28

This study focuses on the new approach for prepa-
ration of PCHO-PSt block copolymers by the transfor-
mation of promoted cationic polymerization to ATRP.
Thus bromine terminated PCHO synthesized by the
free radical promoted cationic polymerization was
used as a macroinitiator for the ATRP of styrene to
give the well-defined block copolymers. To the best
of our knowledge, however, there has been no report
on preparing of bromine end-functional polyCHO
and use it a prepolymer for ATRP.
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EXPERIMENTAL

Materials
Cyclohexene oxide (CHO) (Aldrich) and styrene

(St) (Fluka) and solvents were purified by conven-
tional drying and distillation procedures. 2-Oxo-1,2-
diphenylethyl-2-bromopropanoate (B-Br) was pre-
pared as described previously.29,30 1-Ethoxy-2-meth-
ylpyridinium hexafluorophosphate (EMPþSbF6

�)
was prepared according to a procedure described by
Reichard.31 Diphenyliodonium hexafluorophosphate
(Fluka), CuBr (Aldrich), 2,20-bipyridine (Merck) were
used as received.

Free Radical Promoted Cationic Polymerization
Prior to irradiation in a merry-go-round type photo-

reactor equipped with 16 Philips 8W/08 lamps emit-
ting light nominally at 350 nm at room temperature,
argon was bubbled through the solutions of CHO in
bulk containing B-Br and onium salt. At the end of ir-
radiation the solutions were poured into cold metha-
nol. In order to prevent direct absorption by the onium
salt, a phenantrene solution (1� 10�2mol�L�1) was
used as filter throughout the work. The precipitated
bromine terminated poly(cyclohexene oxide) (PCHO-
Br) was filtered off and dried in vacuo.

Preparation of Block Copolymers by Atom Transfer
Radical Polymerization
A schlenk tube equipped with magnetic stirrer was

used. The system was vacuumed and back-filled with
argon several times. Catalyst (CuBr), ligand bipyri-
dine (bpy), initiator (PCHO-Br), and monomer (St)
were introduced under inert atmosphere. The tube
was placed in an oil bath warmed at 110 �C and stirred
at that temperature. After a given time, the mixture
was diluted with CH2Cl2 and poured into ten-fold
methanol. The solid was collected after filtration and
drying at 40 �C in vacuum overnight. In order to
remove the complex salts from the block polymers
they were re-dissolved in THF and passed through
an alumina column followed by precipitation in
methanol.

Characterizations
1H NMR spectra were recorded on a Bruker

250MHz spectrometer with CDCl3 as the solvent
and tetramethylsilane as the internal standard. IR
spectra were recorded on a Perkin-Elmer spectrum
RXI FT-IR spectrophotometer. UV–vis spectra were
recorded on a Shimadzu 1601 spectrophotometer. Gel
permeation chromatography (GPC) analyses were per-
formed with a set up consisting of an Agilent 1100 RI
apparatus equipped with three Waters ultrastyragel
columns (HR series 4, 3, 2 narrow bore), with THF
as the eluent at a flow rate of 0.3mL/min and a refrac-
tive index detector. Molecular weights of Polymers
were calculated by using of polystyrene standards.

RESULTS AND DISCUSSION

Figure 1 shows UV absorption spectra of B-Br and
EMPþSbF6

�. As can be seen from this figure, pyridi-
nium salt does not absorb at 350 nm, the light is
absorbed only by B-Br.
Free radical promoted cationic polymerization of

CHO was performed by using bromo benzoin (B-Br)
and onium salts. The photochemically generated bro-
mo benzyl radicals reduce the pyridinium salt to yield
corresponding carbocations capable of initiating cat-
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Figure 1. UV absorption spectra of B-Br and EMPþPF6
� at
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ionic polymerization of CHO as shown in Scheme 3.
The benzoyl radicals formed concomitantly can not
initiate the polymerization of cationic polymerizable
monomers such as CHO. The influence of factors, such
as light intensity, onium salt concentration or the type
of radical source onto the rate of radical induced
cationic polymerization with benzoin derivative/
onium salt systems has been carefully investigated.32

As can be seen from Table I, CHO was polymer-
ized quite effectively by using EMPþ as an oxidizing
agent. It is assumed that in the system under consider-
ation the alkoxyalkyl radical, which was formed upon
irradiation according to Scheme 4, acts as a fairly
powerful reducing agent.33

The pyridinyl radical formed in this way is very
short lived.12 Its decomposition according to follow-
ing reaction occurs very rapidly.
On this basis, EMPþ was expected to be quite ap-

propriate for the generation of carbocations via reac-
tion with electron-donating radicals, because the oc-
currence of back reaction in this process can be
excluded.

In the case of iodonium salt higher polymer yields
are obtained and it is appeared to be the most efficient
onium salt. This behavior may be attributed to the tail
absorption of the iodonium salt. Under these condi-
tions direct initiation by the iodonium salt to same
extent can not be prevented. A different situation
was encountered in the case of the triphenylsulfonium
salt. This salt is not capable of initiating the free radi-
cal promoted cationic polymerization; this can be ex-
plained in terms of the quite different redox potentials
(relative to SEC) of the three salts: �1:2V (Ph3S

þ),34

�0:2V (Ph2I
þ),35 and �0:7V (EMPþ).12

Bromine-terminated poly(cyclohexene oxide) was
characterized in detail by IR and 1H NMR spectral
measurement. The IR spectrum of PCHO-Br contains
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characteristic CO ester band and ether group of PCHO
at 1733 and 1086 cm�1, respectively. The 1H NMR
spectra recorded in CDCl3 in Figure 2 evidenced res-
onance signals of protons of relative intensities corre-
sponding to the number and type of protons. The com-
plete functionalization of PCHO is expected because
of the explained reasons and purification of block
copolymer given following.
The ATRP of St was carried out by using PCHO-Br

as macroinitiator and CuBr/2,20-bipyridine as catalyst
in bulk at 110 �C. Table II shows experimental condi-
tions and characterization data of the block copoly-
mers of cyclohexene oxide with styrene generated
from ATRP. The conversions were determined gravi-
metrically. In order to know whether there is unfunc-
tionalized PCHO or not, the block copolymers was
boiled in n-hexane, since n-hexane is a solvent for
PCHO. In all cases, homopolymer (PCHO) formation
was found about 1–2%. We assume that the precipitat-

ed homo PCHO comes from unfunctionalized PCHO
and fucntionaliztion of PCHO is completed. The com-
position of the copolymers was estimated from
1H NMR data by using the ratio of the peak intensities
at 3.41 ppm (f protons of PCHO segment in Figure 2)
to that appearing at 6.56–7.06 ppm (aromatic protons
of PSt segment) (Figure 4).
The measured and calculated Mn values are in good

agreement indicating that well-defined block copoly-
mers were obtained. For example in Table II Run 7,
15% conversion was reached after 3 h and the co-
polymer with Mn,GPC ¼ 13200 and polydispersity of
1.33 was obtained. The theoretical molecular weight
(Mn,th ¼ 12500) and molecular weight calculated
from 1H NMR spectrum (Mn,HNMR ¼ 13700) are close
to that obtained from GPC measurements.
The theoretical molecular weights (Mn,th) were cal-

culated by using the following equation with the as-
sumption that all of the PCHO-Br molecules initiate

EMP+
+ C EMP + C+

(9)

Scheme 6.

Table I. Synthesis of bromine-terminated PCHO by free radical promoted cationic polymerization

at room temperature in bulk

Run
Initiator (B-Br)

(mmol/L)
EMPþ

(mmol/L)
Ph2I

þ

(mmol/L)
Irradiation Time

(min)
Conversion

(%)
Mn

a Mw=Mn

1 5 5 — 30 22 6550 1.17

2 10 10 — 15 46 5100 2.23

3 5 — 5 20 49 7750 2.18

4 10 — 10 15 87 3500 2.16

5b 5 — — 60 0 — —

[CHO]o ¼ 9:91mol/L (in bulk), �inc ¼ 350 nm, aDetermined by GPC according PSt standards, bPh3S
þ was used

as onium salt.

Figure 2. 1H NMR spectra of PCHO-Br (Table I, Run 2) in CDCl3.
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the polymerization and no termination by coupling
occurred:

�MMn,th ¼
½ �MMo�
½Io�

� ðMw,StÞ � ðConversionÞ þ �MMn,PCHO-Br

whereM0 and I0 are the initial molar concentrations of
monomer, St and initiator, PCHO-Br, respectively,
and Mw,St and Mn,PCHO-Br are the molecular weight
of the monomer and prepolymer, respectively.
Figure 3 illustrated the GPC curves of the precursor

brominated poly(cyclohexene oxide), and the PCHO-
PSt block copolymer, respectively. The peak at a
higher molecular weight is ascribed to the block
copolymer. The molecular weight distributions of
the products after ATRP reactions were relatively nar-
row (Mw=Mn � 1:3). The GPC profiles shifted toward
higher molecular weight and no signal shoulder attrib-
uted to the starting brominated poly(cyclohexene
oxide) was detected. These indicated that pure block
copolymers of poly(cyclohexene oxide)/styrene were
synthesized with PCHO-Br in conjunction with CuBr
and bpy. The efficient blocking is ascribed to the high
initiating reactivity of bromine terminated poly(cyclo-
hexene oxide).
The molecular weight distributions after ATRP

reactions are lower than those starting polymer
(PCHO-Br) and GPC traces of block copolymers are
very narrow in comparison with PCHO-Br. This is
due to the well-control polymerization techniques
(ATRP) applied.
The structures of the copolymers were then ana-

lyzed by 1H NMR spectroscopy. Figure 4 shows
1H NMR spectrum of the block copolymer of cyclo-
hexene oxide with styrene (Table II, Run 6). In addi-
tion to the absorption of –O–CH–CH–O– protons (k)
from the brominated poly(CHO) at 3,41 ppm, there
appeared the absorptions of the phenyl group of sty-
rene repeat units at 6.56–7.06 ppm. 1H NMR results
further demonstrated the formation of the well-defined
block copolymer of cyclohexene oxide and styrene.
The GPC results, along with the 1H NMR spectral

analysis, suggested that the ATRP blocking of styrene
initiated with brominated poly(cyclohexene oxide)
was in living fashion and gave the desired poly(cyclo-
hexene oxide)-block-polystyrene.
In conclusion, we report the method for the synthe-
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Table II. Block copolymerization of styrenea by ATRP

initiated by bromine-terminated PCHOb in the presence

of CuCl2/bpy
c at 110 �C

Run
Time
(h)

Conversion
(%)

Mntheo. MnGPC Mw=Mn MnH-NMR

6 2 11 10200 9800 1.21 10100

7 3 15 12500 13200 1.33 13700

8 5 22 15300 15700 1.35 16100

9 7 30 19000 20200 1.28 22000

a[St] ¼ 8:73mol/L (in bulk), bMn ¼ 5100, and 100 g/L

(Table I, Run 2), cInit./[CuCl2]/[bpy] (mol ratio = 1/1/3).

Figure 3. GPC traces of PCHO-Br (Table I, Run 2) (a) and

PCHO-PSt block copolymer (Table II, Run 7) (b).
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sis of block copolymers of cyclohexene oxide with
styrene by the transformation of free radical promoted
cationic polymerization to ATRP. Cyclohexene oxide
polymer carrying bromine-end functional (PCHO-Br)
was prepared by free radical promoted cationic poly-
merization method using B-Br and onium salts. The
obtained PCHO-Br can be used as an efficient macro-
initiator in the ATRP of styrene in the presence of
CuBr and bpy to give block copolymer of cyclohex-
ene oxide and styrene with predetermined molecular
weight and narrow molecular weight distribution.
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