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ABSTRACT: The radical ring-opening polymerization of 5,6-benzo-2-methylene-1,3-dioxepane (BMDO) was per-
formed in the presence of 1-(ethoxycarbonyl)prop-1-yl-dithiobenzoate (EPDTB) and dicumyl peroxide (DCP). The com-
pletely ring-opening polymerization of BMDO via reversible addition-fragmentation transfer mechanism was proved to
be controlled by the following experimental evidences: the straight line of ln ([M]0/[M]t) vs. polymerization time; linear
increase of molecular weight with increasing conversion and relatively narrow molecular weight distribution. The mech-
anism of the polymerization was discussed. The complete ring-opened structure of the PBMDO was characterized by 1H
and 13C NMR spectroscopies as well as gel permeation chromatography (GPC).
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Free radical ring-opening polymerization has been
an attractive subject because it produces polymers
with various functional groups (such as ethers, es-
ters, amides, and carbonates) in their backbone.1–14

Addition of unsaturated heterocycles into polymeriza-
tion system of commercial monomers will improve
the properties of the polymers obtained. For ex-
ample, when 2-methylene-4-n-decyl-1,3-dioxolanewas
copolymerized with vinyl chloride, the thermal stabil-
ity and flexibility of the polymer obtained improved.15

However, free radical ring-opening polymerization of
the unsaturated heterocycles yields polymers with low
molecular weight and broad molecular weight distribu-
tion. For instance, the radical ring-opening polymeriza-
tion of 2-methylene-4-phenyl-1,3-dioxolane proceeds
via chain radicals 1 and 2 as shown in Scheme 1.16–18

The chain radicals 1 and 2 are stabilized respectively
by two oxygens and phenyl group. The former radical
is more active than the later one. The low molecular
weight polymer with broad polydispersity index may
be due to the transfer reaction during the polymeriza-
tion.

Recently, significant progress has been made in
the field of living free radical polymerization includ-
ing nitroxide-mediate stable free radical polymeriza-
tion (SFRP);19–23 atom transfer radical polymerization
(ATRP);24–26 and reversible addition-fragmentation
transfer (RAFT) process.27, 28 In these polymerizations,
there is a fast equilibrium between propagating radi-

Scheme 1.

cals and dormant chains, which is prerequisite for the
synthesis of controlled polymers.29 When the methods
apply in the polymerization of unsaturated heterocy-
cles, the termination of propagating radicals must be
affected. To produce polymers with controlled molecu-
lar weights and architectures, Wei et al.30 reported the
study on nitroxide-mediated stable free radical poly-
merization of 2-methylene-1,3-dioxepane, which un-
derwent quantitative ring-opening polymerization to af-
ford a polyester with polydispersity less than 1.5. Jia
et al.31 presented the first example of a controlled
free radical double ring-opening polymerization of 8,9-
benzo-2-methylene-1,4,6-trioxaspiro[4,4]nonane. In
our research program on controlled free radical ring-
opening polymerization of unsaturated cyclic acetals,
cyclic ethers and spiro orthocarbonates, we studied
controlled radical ring-opening polymerization of sev-
eral unsaturated heterocycles and block copolymeriza-
tion of these cyclic compounds with some commer-
cial monomers. In the case of 2-methylene-4-phenyl-
1,3-dioxolane (MPDO), the ATRP of MPDO yielded a
polymer consisted of addition and ring-opening units
with well-controlled molecular weight and narrow
molecular weight distribution,32 which is different from
its conventional free radical polymerization.2 How-
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ever, 5,6-benzo-2-methylene-1,3-dioxepane (BMDO)
underwent complete ring-opening polymerization us-
ing ATRP initiator system, a polyester with well-
controlled molecular weight and narrow polydispersity
was produced.33 We want to clarify whether RAFT
process can be extended to free radical ring-opening
polymerization of unsaturated cyclic acetals. Here,
we report the controlled radical ring-opening polymer-
ization of BMDO with 1-(ethoxycarbonyl)prop-1-yl-
dithiobenzoate (EPDTB) and dicumyl peroxide (DCP)
as transfer agent and initiator respectively.

EXPERIMENTAL

Materials
The monomer BMDO was synthesized according to

the method described in ref 1, 1H NMR (500 MHz,
CDCl3), δ (TMS, ppm), 7.05–7.3 (m, 4H, aromatic Hs),
5.06 (s, 4H, 2OCH2), 3.70 (s, 2H, CH2 = C).

Dicumyl peroxide (DCP analytical grade) was pur-
chased from Shanghai Chemical Reagent Plant and
used as received. All other reagents used were of an-
alytical grade.

Synthesis of EPDTB
The transfer agent EPDTB was prepared as follows:

Magnesium (2 g, 0.083 mol) and 80 mL dry THF were
added into a 250 mL three-necked flask, and then,
15.7 g (0.1 mol) of bromobenzene was dropwise added
into the reaction mixture in 0.5 h. The reaction was
carried out at 40◦C until magnetism was completely
disappeared. Then, carbon disulfide (7.62 g, 0.1 mol)
was dropped in about 20 min. After reaction proceeded
for 4 h at 40◦C 17.5 g (0.09 mol) ethyl α-bromobutyrate
was added. The reaction temperature rose to 80◦C, and
reaction was carried out at this temperature for 80 h.
After the addition of 100 mL ice water into the reac-
tion mixture, the water phase was extracted with carbon
disulfide (3×50 mL). The organic extracts were com-
bined and washed with water, and dried over anhydrous
magnesium sulfate. After removing the solvent by ro-
tating evaporator, the product obtained was purified
through column chromatography, and hexane/diethyl
ether (9–1 v/v) was used as eluents. After the solvent
was removed under reduced pressure, EPDTB was ob-
tained as red oil (9.31 g, yield 43.5%).

1H NMR (500 MHz, CDCl3), δ (TMS, ppm), 0.91(t
3H CHCH2CH3), 1.25(t 3H OCH2CH3), 1.56 (m
2H CHCH2CH3), 4.18(q 2H OCH2CH3), 4.76(t 1H
CHCH2CH3), 7.25(dd 1H p-ArH), 7.35(dd 2H m-
aromatic H), 7.95(d 2H o-ArH).

Polymerization
The general procedures is as follows: Into a

5 mL polymerization tube with magnetic stirring bar,
1 g (6.2 mmol) of BMDO, 27.5 mg (0.103 mmol) of
EPDTB, 2.71 mg (0.01 mmol) of DCP, and 1 mL THF
were added. The mixture was degassed by three freeze-
vacuum-thaw cycles. The tube was sealed under high
vacuum, and then placed in an oil bath preheated at
120◦C while stirring. After a prescribed time, the tube
was put into ice water, cooled to room temperature and
then opened. The polymer was obtained by pouring the
polymer solution in THF into hexane while stirring; and
the precipitate was collected by filtration, and dried at
40◦C in vacuum overnight.

Characterization of Polymers
1H and 13C NMR spectra of the polymers obtained

were recorded on a Bruker DMX-500 nuclear magnetic
resonance spectrometer using CDCl3 as solvent, and
tetramethylsilane (TMS) as internal reference. Molec-
ular weight and polydispersity indexes were deter-
mined on a Waters 150C gel permeation chromatograph
(GPC) equipped with Ultrastyragel columns (500,103,
104Å) using monodisperse polystyrene as calibration
standard. THF was used as an eluent at a flow rate of
1.0 mL min−1.

RESULTS AND DISCUSSION

Free Radical Ring-Opening Polymerization
The free radical ring-opening polymerization of

BMDO was carried out at 120◦C using EPDTB as chain
transfer agent and DCP as initiator. The conditions and
results are listed in Table I. The yield was measured by
gravimetric method, and calculated according to eq 1.

Yield (%) = [Wp/(WI + Wm)] × 100% (1)

Where Wp is the weight of the isolated polymer and
WI and Wm are initial weights of initiator and monomer
respectively.

As we know, BMDO underwent complete ring-
opening polymerization using conventional free radical
initiator.1 To clarify whether RAFT process of BMDO
proceeds via complete ring-opening polymerization,
1H and 13C NMR spectra of the polymer obtained are
shown in Figures 1 and 2. The signal at δ 5.06 due to the
identical methylene protons in the BMDO ring is split
into two peaks at 5.10 and 2.91–2.96 (see Figure 1) cor-
responding to the two different methylene groups in the
polyester. The former is the proton i between the ester
oxygen and the benzene ring, while the latter is the pro-
ton f at the ortho position of the proton i. The signal at
2.56–2.60 ppm corresponds the proton d of methylene
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Figure 1. 1H NMR spectra of PBMDO (No.2 in Table I).

Figure 2. 13C NMR spectra of PBMDO (No.2 in Table I).

group next to carboxylate group, which results from the
ring-opening of 1,3-dioxepane ring. The integration ra-
tio of i: f: d = 1:1:1 indicates that the polymer obtained
is consisted of only ring-opened unit, so polyester was
produced. Another evidences of complete ring-opening
polymerization of BMDO lies in the facts that no acetal
carbon signal at 95–120 ppm and ester carbon signal at
172.8 ppm appear in Figure 2.

Except the characteristic signals from PBMDO, sev-
eral small peaks from transfer agent of EPDTB can be
found in Figure 1. The signals at δ 0.91 and 1.25 belong
to the protons a and b of two methyl groaps in ethyl bu-
tyrate. The signals at δ 1.57 and 4.18 are ascribed to
methylene protons c adjacent methine group and g next
to ester oxygen. The signal at δ 4.76 of methine pro-
ton next to surfur in EPDTB is shifted to δ 2.74 ppm (e)
in Figure 1, and a new signal at δ 4.80 correspondeol
methylene protons next to surfur, indicating that ethyl
butyrate and dithio benzoate are separately situated at
the both end of the polymer chain.

Based on the above facts and general RAFT mech-

anism, we proposed the free radical ring-opening
polymerization mechanism of BMDO as shown in
Scheme 2. Primary radical can initiate the polymer-
ization of BMDO, or reacts with EPDTB to produce a
new radical, butyrate radical, which initiates monomer
to polymerize. Thus, we should observe a small amount
of Ph(CH3)2CO groups stood at the end of polymer
chain. Based on the 1H NMR spectrum of DCP, the
two methyl protons of Ph(CH3)3CO group appear at δ
1.60, which is overlapped with methylene protons sig-
nal of butyrate group. This can be confirmed by the
integration ratio (1:1.2) of the signal at 7.95 ppm to that
at 1.56 ppm, because the ratio of ortho aromatic protons
to methylene protons of butyrate should be 2:2.

As we know, in RAFT process, the controlled be-
havior of the polymerization is maintained through
the reversible addition fragmentation sequence between
propagating chain radicals and dormant species with
−SC(S)-Ph moiety. Comparison with conventional free
radical ring-opening polymerization of BMDO initi-
ated by DTBP at 120◦C for 48 h, polymerization in
presence of EPDTB produced polyester in high yield,
and with higher molecular weight as well as narrow
polydispersity index (see Table I). The conventional
radical polymerization of BMDO involves the propaga-
tion reaction via the reaction of chain radical with vinyl
group of BMDO. It should be considered that the chain
transfer reaction of chain radicals with methylene group
of BMDO forms benzyl radical stabilized by benzene
ring and oxygen. From filtration, we can obtain low
molecular weight oligomers which may be an evidence
of chain transfer reactions. As a result, after precip-
itation, the polyester with low yield and broad poly-
dispersity was obtained. The fast reversible addition-
fragmentation reaction between propagating radicals
and dormant polymer chain will reduce the concentra-
tion of propagating radicals, also lowered the possibil-
ity of chain transfer reaction. Since transfer reaction
constant of chain radical with dithiobenzoate is larger
than that with BMDO. This is the reason for the better-
controlled natures of the polymerization, which will be
discussed later.

Generally, free radical ring-opening polymerization
requires higher reaction temperature. The polymer-
ization of BMDO in the presence of EPDTB at 90◦C
produced polyester in very low yield (see No.6 in Ta-
ble I). When the polymerization was performed in bulk,
the polyester with broader molecular weight distribu-
tion (Mw/Mn = 1.53–1.76) were obtained. Linear re-
lationship between molecular weight and conversion,
and first order kinetic of polymerization were not ob-
served. The possible reason may be explained as fol-
lows: after the polymerization was performed in bulk
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Scheme 2.

for a period of time, most of transfer agent EPDTB
might be situated at the end of polymer chain, and the
system viscosity increased, the possibility of encounter
between PBMDO–SC(S)Ph and the chain radicals re-
duced. However, the chain transfer between the chain
radical and BMDO did not affect very much. In these
two competition reactions, the latter cannot be negli-
gible. As a result, polymers with broad polydisper-
sity index were obtained, and the increase of molecular
weight with the conversion was not in accordance with
a linear relationship.

Controlled Characteristics of Polymerization
To prove whether RAFT process of BMDO is a

“living” polymerization, polymerizations in the differ-
ent tubes were stopped at prescribed time intervals,
and their conversions were measured. A plot of ln
[M0]/[M] against polymerization time is shown in Fig-
ure 3. The straight line supports the constant concentra-
tion of propagating radicals during the polymerization
until conversion reaches to 66%, and termination of the
radicals can be neglected.

Another evidence for the controlled polymerization
is the linear relationship between Mn,GPC and conver-
sion as shown in Figure 4. Although monodisperse
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Table I. Conditions and experiment results of radical ring-opening polymerization of BMDO based on the RAFT methoda

No. Initiatorb Transfer
agentc

Solvent
Time

h
Temp.
◦C

Yield
%

Mn,GPC
d/10−3 Mw/Mn

d

1 DCP EPDTB THF 10 120 16 1.8 1.32
2 DCP EPDTB THF 22 120 33 3.6 1.34
3 DCP EPDTB THF 32 120 48 5.0 1.30
4 DCP EPDTB THF 42 120 60 6.4 1.29
5 DCP EPDTB THF 52 120 66 7.0 1.27
6 DCP EPDTB THF 32 90 − − −
7 DCP EPDTB − 24 120 45 4.4 1.53
8 DCP EPDTB − 45 120 50 5.3 1.57
9 DCP EPDTB − 60 120 53 5.8 1.76

10 DTBP − − 48 120 39 2.2 4.90
aPolymerization conditions: BMDO: 1 g (6.2 mmol), EPDTB: 27.5 mg (0.103 mmol), DCP: 2.71 mg

(0.01 mmol), THF: 1 mL. bDTBP: di-tert-butyl peroxide, DCP: dicumy peroxide. cEPDTB: 1-
(ethoxycarbonyl)prop-1-yl-dithiobenzoate. dEstimated by GPC (polystyrene calibration).

Figure 3. Relationship between ln([M0]/[M]) and polymeriza-
tion time for solution polymerization of BMDO in THF at 120◦C.

Figure 4. Dependence of Mn,GPC and Mw/Mn of conversion in
the polymerization of BMDO in THF solution at 120◦C.

polystyrene standard was used in the calibration of
molecular weight of PBMDO, Mn,GPC does not affect
the linear relation. Thus, the molecular weight of the
polyester can be simply controlled by polymerization
time. Further evidences for the controlled radical poly-
merization are the low polydispersity indexes (1.27–
1.34) and the symmetric GPC curves as shown in Fig-
ure 5.

Figure 5. GPC curves of PBMDO of polymerization in THF
solution at 1200C (No.1 and No.5 in Table I).

CONCLUSION

In the presence of EPDTB and DCP, BMDO under-
went completely free radical ring-opening polymeriza-
tion to produce polyester. The controlled radical poly-
merization of BMDO was supported by the following
evidences: constant concentration of propagating chain
radicals, linear relationship between molecular weight
and conversion, lower polydispersity indexes (Mw/Mn

= 1.27–1.34) and control of molecular weight by mo-
lar ratio of monomer to EPDTB or by polymerization
time at molar ratio of EPDTB/DCP > 10. Comparison
with conventional radical polymerization of BMDO,
this radical polymerization had high yield, and pro-
duced polyester with narrow molecular weight distri-
bution, and well-controlled molecular weight.
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