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Free radical ring-opening polymerization has been
proposed as a useful route for the synthesis of polymers
with various functional groups, such as ester, ether,
ketone, amide, and carbamate, in their backbone.1 The
addition of unsaturated heterocycles to polymerization
of commercial monomers could improve the properties
of the resulting polymers, such as thermal stability, low
volume shrinkage during polymerization, and degrad-
ability.2-4 When conventional radical initiators were
used for such (co)polymerization reactions, the molec-
ular weight of the resulting (co)polymers could not be
controlled, and molecular weight distributions were
quite broad.

Controlled/living radical polymerizations (CRP) pro-
vide well-defined (with predicted molecular weight,
narrow molecular weight distribution, and high degree
of end-functionalization) polymers.5 Among the various
CRP methods, atom transfer radical polymerization
(ATRP) is probably the most robust due to its ability to
copolymerize a broad range of monomers with various
functional groups and its tolerance to solvents of dif-
ferent polarity as well as to impurities often encountered
in industrial systems.6

There have been several reports on the free radical
ring-opening polymerization of cyclic ketene acetals

(Chart 1) using TEMPO (2,2,6,6-tetramethyl-1-piperidi-
nyloxy radical)7 and ATRP.8 Since the cyclic ketene
acetal is a relatively unreactive monomer, its copolym-
erization with conventional vinyl monomers is difficult,
especially with a reactive monomer such as methyl
methacrylate (MMA). The low reactivity of the cyclic
ketene acetal is due to the presence of two electron-
donating substituents which cannot stabilize the result-
ing radical. We considered that it would be interesting
to replace one of them by a carbonyl group and generate
a captodative system.9 Such a monomer has previously
been considered for radical ring-opening polymeriza-
tion.10 Therefore, 5-methylene-2-phenyl-1,3-dioxan-4-
one (MPDO; Chart 1, e) should be a highly reactive
monomer due to the presence of a radical stabilizing
R-ester group. The (co)polymer formed by radical rin-
gopening polymerization of MPDO has a fully ring-
opened structure with R-keto ester groups in the back-
bone providing potential sites for biodegradability and
photodegradability. The high reactivity of MPDO should
enhance the probability for its incorporation into the
backbone in copolymerization reactions with styrene
and (meth)acrylates, and the resulting copolymers with
R-keto ester groups randomly distributed along the
chain should preserve the capability for both biodegrad-
ability and photodegradability.

MDPO was prepared according to the previously
reported method,10a,b with some modification.11 The
atom transfer radical copolymerization of MPDO with
MMA was carried out in anisole using CuBr/CuBr2/
PMDETA (N,N,N′,N′′,N′′-pentamethyldiethylenetriamine)
as a catalyst and ethyl 2-bromoisobutyrate as an initia-
tor, as shown in Scheme 1.12 The reaction conditions
and the results of the copolymerization are listed in
Table 1.
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First, the ATRP copolymerization of MPDO and MMA
([MPDO]:[MMA] ) 1:10) was carried out at 90 °C to
produce poly(MDPO-co-MMA), 1. Conversion of the two
monomers reached ∼90% within 30 min. The number-
average molecular weight of the resulting copolymer 1,
measured by GPC, was Mn ) 15 730 g/mol, which is well
matched with the theoretical value (Mn,th ) 15 760
g/mol), and the polydispersity index was Mw/Mn ) 1.24.

To investigate the “living” nature of the copolymeri-
zation and monomer conversion behavior, copolymeri-
zation ([MPDO]:[MMA] ) 1:10) was also carried out at
70 and 50 °C. Comonomer conversion greater than 80%
was reached within 90 min at 70 °C and required 180
min at 50 °C. As shown in Figure 1, plotting ln[M]0/[M]
against polymerization time afforded straight lines for
both MPDO and MMA, demonstrating the constant
concentration of the growing radicals. The ratio of
monomer consumption for MPDO and MMA is almost
constant regardless of time, as shown in Figure 1. The
linear molecular weight-conversion profile (Figure 2)
indicates that that the molecular weight can be simply
controlled by polymerization time. The number-average
molecular weights of the resulting polymers, 2a and 3,

measured by GPC are close to theoretical values, and
the polydispersity indexes are reasonably narrow (about
1.2). These results confirmed that the copolymerization
of 10 mol % MPDO with MMA is well-controlled under
ATRP conditions.

The copolymerization reaction was also carried out
with different ratios of MPDO and MMA. Conversion
reached over 80% within 90 min at 70 °C regardless of
the monomer ratio ([MPDO]:[MMA] ) 1:5 (2b) and 1:3
(2c)). The number-average molecular weights of the
resulting polymers were measured by GPC and were
well matched with theoretical values, and the polydis-
persity indexes were in the range 1.2-1.3. The linear
kinetic plots for consumption of monomers indicated a
constant concentration of growing radicals, and the
monomer consumption ratio of MPDO and MMA was
similar regardless of the initial ratio of MPDO to MMA.

The structure of the copolymer was examined by 1H
NMR spectroscopy (Figure 3). The 1H NMR spectrum
of MPDO monomer shows a peak at 6.6 ppm, corre-
sponding to the acetal proton, but this peak entirely
shifts to 5.9 ppm, corresponding to a methine proton
next to the ester oxygen of the ring-opened unit in the

Scheme 1

Table 1. Conditions and Results for Copolymerization of MPDO and MMA

temp (°C)
feed ratio

[MPDO]:[MMA]
time
(min) conv of MMA (%)d conv of MPDO (%)d Mn,th

e Mn(GPC)f PDIg

1a 90 1:10 30 88 89 15 760 15 730 1.24
2aa 70 1:10 90 85 91 15 360 15 420 1.21
2bb 70 1:5 90 83 88 14 260 13 930 1.28
2cc 70 1:3 90 81 86 15 790 16 810 1.31
3a 50 1:10 180 83 88 14 980 15 070 1.22

a Reaction conditions: [I]0/[CuBr]0/[CuBr2]0/[PMDETA]0/[MPDO]0/[MMA]0 ) 1/1/0.05/1.05/15/150. b [I]0/[CuBr]0/[CuBr2]0/[PMDETA]0/
[MPDO]0/[MMA]0 ) 1/1/0.05/1.05/25/125. c [I]0/[CuBr]0/[CuBr2]0/[PMDETA]0/[MPDO]0/[MMA]0 ) 1/1/0.05/1.05/40/120. d Measured by gas
chromatography. e Theoretical number-average molecular weight was calculated from the conversion of the monomers. f Determined by
GPC using tetrahydrofuran as eluent with poly(methyl methacrylate) standards. g Polydispersity index ) Mw/Mn.

Figure 1. Relationship of ln[M]0/[M] and conversion with
polymerization time in the copolymerization of MPDO with
MMA ([MPDO]:[MMA] ) 1:10).

Figure 2. Dependence of Mn and Mw/Mn on conversion in the
copolymerization of MPDO with MMA ([MPDO]:[MMA] )
1:10).
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spectrum of the corresponding polymer, which indicates
essentially complete ring opening of MPDO during the
reaction. The 1H NMR spectrum of the polymer shows
peaks at 7.4 and 2.0-2.7 ppm, corresponding to aro-
matic and aliphatic protons of the MPDO units, respec-
tively. Also, it shows all of the peaks corresponding to
the protons of MMA units. From the 1H NMR measure-
ment, it is confirmed that MPDO is successfully incor-
porated to the copolymer with a ring-opened structure.

Additional evidence for the random incorporation of
MPDO by ring-opening copolymerization is obtained by
hydrolysis and photolysis of the polymer. To examine
the copolymerization behavior and degradability of the
copolymer, hydrolysis was carried out under basic
conditions13 and photolysis by photoirradiation,14 as
shown in Scheme 2. After hydrolysis the molecular
weight of copolymer 1 was reduced to Mn ) 1620 g/mol
(about 10 times lower than the original polymer), with
polydispersity index Mw/Mn ) 1.89; after photolysis, Mn
) 1480 g/mol and the polydispersity was 1.96 (Figure

4). This means that MPDO with a ring-opened structure
was randomly incorporated into the PMMA chain.

In conclusion, a photodegradable and hydrolytic (i.e.,
also biodegradable) degradable PMMA with low poly-
dispersity index were synthesized by copolymerization
of MMA and MPDO by ATRP. The rate of incorporation
of MPDO and MMA into the copolymer was the same
regardless of the polymerization temperature and mono-
mer feed ratio under typical ATRP conditions.
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