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Abstract

The ATRP copolymerization of 5,6-benzo-2-methylene-1,3-dioxepane (BMDO) with n-butyl acrylate (nBA) was studied by using ethyl 2-
bromoisobutyrate (EBriBu) and N,N,N',N" ,N"-pentamethyldiethylenetriamine (PMDETA)/Cu(I)Br as the initiator and catalyst, respectively. The
reactivity ratios of the monomers in the copolymerization were determined using the Kelen—Tiidds method and were found to be rgypo=0.08 and
7.8a=23.7. The copolymer yield decreased with higher amounts of BMDO in the initial feed. The structure of these copolymers was thoroughly
characterized by 1D and 2D NMR techniques and quantitative ring opening of BMDO in its copolymerization was demonstrated. The hydrolytic

degradation behavior of the BMDO/nBA copolymers was also studied.

© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

A wide variety of biodegradable polymers were developed
and used as biomaterials for drug delivery systems [1],
scaffolds for tissue engineering [2], gene vectors [3], or sutures
[4]. Aliphatic polyesters [5] such as poly(lactic acid),
poly(glycolic acid), and poly(e-caprolactone) are among the
most prevalent biodegradable polymers in those applications.
Polycondensation, ionic and coordination ring-opening
polymerizations were employed as the basic methods for the
preparation of aliphatic esters [6]. However, these methods
suffer from some shortcomings. For polycondensation, high
temperature, long reaction time, removal of reaction by-
products, and a precise stoichiometric balance are needed to
obtain high molecular weight polymers. For ionic or
coordination ring-opening polymerizations, stringent purifi-
cation is required.

Radical ring-opening polymerizations (RROP) [7] have
attracted significant research interest because they overcome
many of the shortcomings described above and could provide a
convenient synthetic route to polymers with cleavable groups
in the backbone. Additionally, the use of ring-opening
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polymerization may minimize the volume shrinkage that
usually occurs during polymerization [8]. Significant research
has been done on RROP of cyclic ketene acetals such as
2-methylene-1,3-dioxepane (MDP) [9], 5,6-benzo-2-methyl-
ene-1,3-dioxepane (BMDO) [10], and 2-methylene-1,3,6-
trioxocane (MTC) [11]. The introduction of ester or ester—
ether linkages in the polymer backbone renders the resulting
polymers hydrolytically, photo- or biodegradable. However,
the polymers obtained by conventional radical polymerization
generally have uncontrolled molecular weight and broad
molecular weight distribution.

By utilizing the recently developed controlled/living radical
polymerization (CRP) techniques [12], the synthesis of
degradable copolymers with controlled molecular weight and
narrow molecular weight distribution through RROP becomes
possible. This was demonstrated by the controlled RROP of
MDP using stable free radical polymerization (SFRP) [13] and
reversible addition-fragmentation transfer polymerization
(RAFT) [14] and BMDO via atom transfer radical polymer-
ization (ATRP) [15].

Due to poor physical properties of the homopolymers of
cyclic acetals, they have not found practical application.
However, copolymerization with other monomers could allow
for the production of materials with desirable properties.

Recent reports on copolymerization of BMDO with styrene
(S) or methyl methacrylate (MMR) through ATRP demon-
strated the possibility to prepare hydrolytically degradable
S/BMDO and MMA/BMDO copolymers with defined
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structures and relatively narrow molecular weight distributions
[15,16]. The introduction of ester groups into the copolymer,
however, was not very efficient since BMDO is much less
reactive than those vinyl monomers. Two strategies have been
attempted to enhance the incorporation of the cyclic monomer
into the copolymers by using either more reactive cyclic
monomer or vinyl comonomer with the higher cross-
propagation tendency.

We previously reported copolymerization of MMA with
5-methylene-2-phenyl-1,3-dioxolan-4-one (MPDO) with effi-
cient incorporation of MPDO via ATRP [17]. The evidence of
ring opening of MPDO in this copolymerization was drawn
solely based on the degradation experiments. However, more
detailed spectroscopic studies indicated that copolymerizations
occurred predominantly through vinyl addition rather than ring
opening [18]. Since BMDO is a nucleophilic monomer,
copolymerization of BMDO with n-butyl acrylate (nBA),
which produces more electrophilic radicals in comparison with
S or MMA, should be more promising.

This paper explores the copolymerization behavior of
BMDO with nBA as a comonomer using ethyl 2-bromoisobu-
tyrate (EBriBu) and Cu(I)Br/N,N,N',N" N"-pentamethyldiethy-
lenetriamine (PMDETA) as the initiator and catalyst,
respectively. The structural characterization of resulting
copolymers using 1D and 2D NMR spectroscopy and the
hydrolytic degradation of BMDO/nBA copolymers is reported.

2. Experimental section
2.1. Materials

All chemicals were obtained from Aldrich unless otherwise
stated. Tetrahydrofuran (THF) was purified by distillation
over sodium. n-Butyl acrylate (nBA, 99%) was stirred over
CaH, overnight and distilled under reduced pressure.
Dimethyl phthalate (99%), lithium aluminum hydride (95%),
potassium tert-butoxide (95%), sodium carbonate (99.5%),
sodium bicarbonate (99%), anhydrous magnesium sulfate,
p-toluenesulfonic acid monohydrate (98.5%), chloroacetalde-
hyde dimethylacetal (98%), ethyl 2-bromoisobutyrate
(EBriBu, 98%), and sulfuric acid were used as received.
Copper (I) bromide (98%) was purified by stirring in glacial
acetic acid overnight, filtering, and washing with dry ethanol.

Table 1
Copolymerization of BMDO with nBA
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N,N,N',N" N"-Pentamethyldiethylenetriamine (PMDETA,
99%) was purified by passing through a neutral alumina
column before use.

5,6-Benzo-2-methylene-1,3-dioxepane (BMDQO) were syn-
thesized using the methods previously reported [19].

2.2. Homo- and copolymerization of BMDO with nBA

All homo- and copolymerization reactions were carried out
under nitrogen in a Schlenk flask employing ATRP reaction
conditions [20]. In a typical copolymerization reaction (run 4,
Table 1), 1.5 g (9.24 mmol) of BMDO, 1.3 mL (9.24 mmol) of
nBA, 38 pL (0.19 mmol) of PMDETA, and 38 pL (0.19 mmol)
of EBriBu were added to a 10 mL Schlenk flask. After three
freeze-pump-thaw cycles, Cu(I)Br (27.4 mg, 0.19 mmol) was
added under N,. After stirring for 10 min at room temperature
(rt), the flask was placed in a thermostated oil bath at 110 °C.
Samples were taken to analyze the monomer conversion by 'H
NMR spectroscopy and the molecular weight by GPC at
different time intervals during the polymerization. The
polymerization was stopped by cooling to room temperature
and opening the flask to air. The mixture was then diluted with
10 mL THF and passed through a small neutral alumina
column. The final pure product was obtained after precipitating
into hexanes. Various copolymers of BMDO and nBA were
prepared by changing the molar ratio of the two monomers in
the feed under reaction conditions similar to those described
above. Details of the reaction conditions with monomer feed
ratios and results are given in Table 1.

2.3. Hydrolysis of BMDO/mBA copolymer

Fifty milligram of copolymer (entry 6, Table 1) was
dissolved in a solution of THF (3 mL) and 1-butanol (2 mL)
in a 20 mL vial. After adding two drops of concentrated
sulfuric acid, the mixture was heated to 80 °C. After 0.5 h,
1 mL of the mixture was taken and the solvent was removed
under vacuum. The polymer sample was dissolved in chloro-
form. After extraction with a small amount of water, the
organic phase was isolated, and the solvent was removed. The
remaining polymer was analyzed by GPC.

Entries M feed ratio  (mol%) Time (h) Yield (%) M, (theo.) (g/mol) M, (GPC) (g/mol) PDI Composition (mol%) NMR
BMDO nBA BMDO nBA

1 100 0 48 20 3,200 3,800 1.74 100 0

2 80 20 20 31 4,400 5,200 1.84 48 52

3 70 30 18 33 4,600 7,500 1.65 40 60

4 50 50 20 52 7,300 11,300 1.66 28 72

5 30 70 22 67 11,600 15,200 1.54 19 81

6 20 80 22 67 12,000 20,500 1.60 11 89

7 0 100 1.4 87 11,100 12,200 1.18 0 100

[EBriBu]o:[M]o:[Cu(T)Brlo:[PMDETA]o=1:100:1:1, T=110 °C. EBriBu=ethyl 2-bromoisobutyrate, M=monomers, PMDETA =N,N,N'.N" N"-pentamethyl-
diethylenetriamine. The calculation of the polymer composition is based on the integral areas that are attributed to the CH, (6=35.1 ppm) of the BMDO unit and

CH,0 (6=4.0 ppm) of nBA.
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Scheme 1. P(BMDO-co-nBA) synthesis via ATRP.

2.4. Analysis

Molecular weights were analyzed using GPC (Waters 717
Plus autosampler, four Polymer Standard Service columns in
series (guard, 10° s 103, 100 A) and a Waters 410 differential
refractometer). Toluene was used as the internal standard, and
the molecular weights of copolymers were determined using
linear polystyrene standards.

The NMR spectroscopy experiments were recorded on a
Bruker Avance DMX-500 spectrometer operating at
500.13 MHz ('H) and 127.76 MHz (**C). The 1D 'H and 2D
"H-13C correlation experiments (edited-HSQC and HMBC)
were acquired in a 5 mm z-gradient Broad Band Inverse probe
using Bruker standard pulse sequences provided with the
XWIN-NMR 3.5 software package. The edited-HSQC exper-
iment was recorded in echo—antiecho mode using the
hsqcedetgp pulse program optimized for a C-H coupling
constant of 145 Hz. Delay d21 was set to 1/(2Jcy)=3.5 ms for
multiplicity selection: CH;, CH positive, and CH, negative.
The HMBC experiment was acquired in quadrate forward
mode using the hmbcgplpndqf pulse program, with a low-pass
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Fig. 1. The plot of the first-order monomer consumption vs. time
for copolymerization at the molar ratio of BMDO:nBA=1:1 (entry 4,
Table 1). [EBriBu]o:[Mpmpolo:[M,salo:[Cu(l)Br]o:[PMDETA]y=1:50:50:1:
1, T=110°C.

filter of 145 Hz to suppress one-bond correlations, optimized
for a long-range coupling of 8 Hz, and no decoupling during
acquisition. 2D NMR spectroscopy data were acquired with
2048 points in t2, and the number of increments for t1 was 256.
A relaxation delay of 1 s was used for all 1D experiments and
2 s for all 2D experiments. The 1D '>C NMR spectra were
acquired in Bruker Avance AV-300 operating at 300.13 MHz
(IH) and 75.47 MHz (13C) using a S mm z-gradient Broad
Band Observe probe. All NMR spectroscopy experiments were
processed and plotted using the XWIN NMR software.

3. Results and discussion
3.1. Simultaneous copolymerization
Copolymerization of BMDO and nBA was carried out under

ATRP reaction conditions employing the EBriBu/Cu(I)
Br/PMDETA initiating system (Scheme 1).

—— 6,400 g/mol, 1.42 120 min
— — 7,100 g/mol, 1.64 240 min
8,900 g/mol, 1.59 460 min
—-— 11,300 g/mol, 1.66 1180 min
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Fig. 2. GPC traces of copolymer samples taken during the copolymerization of
BMDO with nBA (entry 4, Table 1). [EBriBu]o:[M]o:[Cu(I)Br]y:[PMDETA].
=1:100:1:1, T=110 °C.
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Fig. 3. The plot of instantaneous fraction of nBA vs. DP,, for copolymerization
of BMDO and nBA (entry 4, Table 1). [EBriBulp:[Mgmpolo:[M,salo:[Cu(l)
Br]y:[PMDETA]y=1:50:50:1:1, T=110 °C.

The general copolymerization behavior can be illustrated by
areaction where the initial feed ratio of comonomers was 50:50
(entry 4, Table 1). The plot of the first-order monomer
consumption vs. time (Fig. 1) shows that nBA was consumed
faster than BMDO in the copolymerization, indicating that
nBA is more reactive than BMDO. The difference in their
reactivities is attributed to their different molecular structures.
BMDO is a vinyl acetal while nBA is an acrylate with a double
bond conjugated with a carbonyl group. The downward trend
of the first-order plot at the higher conversion could indicate
that some termination occurred during the polymerization,
leading to a decrease in the concentration of propagating
polymeric radicals and consequently, the polymerization rate.
Alternatively, rate could decrease due to equilibrium shifting
towards less active growing species.

The GPC profiles show a progressive increase of the mole-
cular weight during the polymerization (Fig. 2), demonstrating

Monomer Conversion (%)

0F——
0 5

LA I L B R R R IR L R R |
10 15 20 25 30 35 40 45 50
Time (h)
Fig. 4. The plot of total monomer conversion vs. time for copolymerization of

BMDO with nBA at different feed ratios (BMDO mol%): 100 (V¥ ), 80 (@), 50
(A),20 (W). [EBriBu]y:[M]p:[Cu()Br]y:[PMDETA],=1:100:1:1, =110 °C.
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Table 2
Calculation of monomer reactivity ratios
Entries F=M\/M, f=m/m, Ff 7 4
1 4 0.65 24.6 —0.07 0.83
2 0.25 0.064 0.98 —0.62 0.17
3 1 0.25 4 —0.34 0.45

M, mole fraction of BMDO in feed; M», mole fraction of nBA in feed, m,,
mole fraction of BMDO in copolymer; m,, mole fraction of nBA in

copolymer,  a=/(F/fin(F*/Nmaxs 1= (FINS — D a+ F*f)),
E=(FIN)(a+ (F2If)).

relatively fast initiation and insignificant transfer. The relatively
higher polydispersity (PDI) was probably due to the termination
occurring in the copolymerization.

The plot of the instantaneous fraction of nBA in the
copolymer with respect to the degree of polymerization (Fig. 3)
shows a gradient in fraction of nBA in the polymer chain.
These results indicate that at the early stage of polymerization,
the BMDO radicals have a much greater tendency to react with
a nBA monomer rather than another BMDO monomer, while
nBA radicals also prefer to react with a nBA monomer. This
leads to BMDO-nBA, nBA-BMDO and nBA-nBA sequences
in the polymer chain with isolated BMDO units. As the
polymerization progressed, the nBA concentration in the
monomer mixture decreased and resulted in an increase in
the instantaneous incorporation of BMDO. As a result, the
possibility of formation of BMDO repetitive sequence in the
polymer chain was enhanced. Therefore, the nBA-BMDO,
BMDO-nBA, (nBA),,, and (BMDO),, structures should coexist
in the final copolymer product. This was verified using NMR
spectroscopy described in the structural characterization
section.

r r
n= [rBMDo+7&BA }E—f&BA

N=0.83&-0.75 0 =49
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Fig. 5. Kelen-Tiidos plot for copolymerization of BMDO with nBA. F=
Mgmpo/M,sa (monomer feed ratio); f=mpmpo/Mm,.sa (copolymer compo-

sition); a= /(P min(F?If ) n=((FIF)f — D) (a+ (Ff)),
£=(FHla+ (FXP).
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Fig. 6. Plots of instantaneous fraction of nBA vs. norm. chain length for
copolymerization of BMDO and nBA at different monomer feed ratios.
[Mgmpolo: [M,uBalo=20:80 (V¥), [Mgmpolo: [M,salo=50:50 (W),
[Mempolo: [M,alo=70:30 (@), theoretical prediction using rgppo=0.08
and r,go =3.7 (solid line). Normalized chain length=DP/DPy,,,;; DP,=DP of
the polymer obtained at different time intervals during the polymerization
(based on 'H NMR); DPg,,.;=DP of the targeted polymer.
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3.2. Variation in comonomer ratios

Various BMDO/nBA copolymers were synthesized by
changing the molar ratio of these two monomers in the initial
feed (Table 1). The effects of BMDO on the rate of the
polymerization have been clearly observed. The polymer-
ization rate decreased and lower monomer conversion was
reached with increasing the amount of BMDO in the initial
feed and (Fig. 4 and Table 1).

For each copolymerization at different monomer feed ratio
(BMDO:nBA =20:80, 50:50, 80:20), one copolymer sample
was taken at low monomer conversion (<10%). The
composition of those samples were determined by 'H NMR
and used for calculating the monomer reactivity ratios
according to the Kelen—Tiidos method [21]. The calculation
results and the notation descriptions are summarized in
Table 2. The plot of n vs. £ is shown in Fig. 5. From the
slope and intercept of the linear best fit line, the monomer
reactivity ratios of BMDO and nBA were determined to be
rempo=0.08 and r,go=3.7. Apparently, the values of
monomer reactivity ratios indicate that growing radicals with
nBA end were added to the nBA monomer with higher
preference, while radicals with BMDO end also preferred to be
added to the nBA monomer.

(BMDO),

80 75 70 65 60 55 50 45

40 35 30 25 20 15 10
ppm

Fig. 7. "H NMR spectrum of BMDO/nBA copolymer in CDCl; (entry 2, Table 1). 6; = 6y = 6yr, 065 = 0y = dyr, 019 = Oy¢y-
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The plots of the instantaneous fraction of nBA in the
copolymer with respect to normalized chain length in
polymerizations at different initial feed ratios of comonomers
(Fig. 6) show a similar trend. The instantaneous incorporation
of nBA into the copolymer chain decreased with progress of
polymerization. All the contours of the obtained gradient
copolymers followed the predicted drift simulated using the
ProCop program [22] when assuming rgypo = 0.08 and 7,5 =
3.7. However, for the copolymerization at the initial feed ratio
of BMDO:nBA=20:80, the predicted sharp composition
change varying from 0.9 to 0 was not observed in the
experiment since high monomer conversion was not reached.

! A9
3~=0 3010
O
4 4
5
62
;

6

(nBA),

nBA-BMDO-nBA
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3.3. Structural characterization

The structural characterization of BMDO/nBA copolymers
was performed using NMR spectroscopic techniques. The
representative '"H NMR spectrum of one copolymer sample
(BMDO:nBA =80:20 (initial feed ratio), entry 2, Table 1) is
shown in Fig. 7, where the characteristic proton signals of both
nBA and BMDO units are present and marked. More
information about the copolymer structure was obtained
through 2D NMR spectroscopy techniques. The COSY
experiment (not shown) led to unambiguous assignment of
the spin system corresponding to the butyl side chain protons 4,

11 4
D1
10 13
0

(BMDO),

ppm

28 E\i?.—%:”

30—

32+

34~

36

38+

40—

42-

T T T
3.0 29 28

I [
2.7 26 25 ppm

Fig. 8. Partially edited-"H, '*C HSQC NMR spectrum of the BMDO/nBA copolymer in CDCI; (entry 2, Table 1). Cross peaks of CH, (dotted line), CH (solid line).
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5,6, and 7 of nBA unit. The edited-'H, 3¢ HSQC provides not
only one-bond proton-carbon correlations, but also information
about the multiplicity of the carbon signal. Cross-peaks
involving CH; and CH groups have positive phase (solid
line), while cross-peaks from CH, groups have negative phase
(dotted line). This is similar to having an HSQC and a DEPT-
135 combined in a single experiment. The experiment (Fig. 8)
showed a set of cross-peaks in the proton range of 2.4-3.1 ppm
and the carbon range 2643 ppm. The cross-peaks A, C, D and
E showed negative phase (CH,), while the cross-peak B
showed positive phase (CH). The cross-peak A corresponds to
the correlation of the proton at 2.98 ppm and carbon at
27.77 ppm, and was assigned to proton 13. Cross-peak B
represents the correlation of protons 2, 2/, and 2" at 2.92 ppm
with their carbons at 41.7 ppm. Cross-peaks C are from the
correlation of two nonequivalent protons 8 with their carbons at

J. Huang et al. / Polymer 46 (2005) 11698-11706

36.5 ppm. The cross-peaks D and E are from the correlation of
the protons at 2.65 ppm and carbons at 30.5 and 35.5 ppm,
assigned to protons 11 and 14. Signals C are much stronger
than A and E, indicating that BMDO units is preferentially
surrounded by two nBA units.

The peak assignment was further confirmed by the 2D
"H-"C HMBC spectrum (Fig. 9), which provides long-range
(two- and three-bond) proton—carbon correlations. In Fig. 9(a)
the cross-correlation peaks between proton 13 and three
aromatic carbon signals at 129, 133, 137 ppm, one carbonyl
carbon (12) at 173 ppm, and one methylene carbon (14) at
35.5 ppm were clearly observed. The correlation between
protons 2, 2’, and 2” with carbons at 35.7 (8), 33.7 (1,1,1"),
and 29.9 (11) ppm and two carbonyl carbons at 171 (9) and
175 ppm (3) was also observed, but it is very difficult
to differentiate between them because the signals overlap.

(a)
(nBA), nBA-BMDO-nBA (BMDO),
ppm -ea
.. s T —— = =
40 — b e o — — S
60 —
80
100
120 —
o= o B s
140 — adh L e
160 —
—=== === ..- - == .
AR LA [T | RARRARREN | AR | AR | AR
3.0 2.9 2.8 2.7 2.6 2.5 ppm

Fig. 9. Partial 'H-'3C HMBC NMR spectrum of the BMDO/nBA copolymer in CDCl3, (a) 2.4-3.1 ppm; (b) 3.8-5.5 ppm (entry 2, Table 1).
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4.6 44 4.2 ppm
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Fig. 9 (continued)

The protons centered at 2.5 and 2.8 ppm show no correlation
with the aromatic carbons but do show correlation with two
carbonyl groups, and were assigned to proton 8. The chemical
shift of protons 11 and 14 are overlapping at the region around
2.65 ppm. The correlation with carbons at 27.1 ppm (13) and
173 ppm (12) indicates that the proton at the corresponding
chemical shift was proton 14 from the BMDO segment. Other
correlations at this region are from proton 11 with its
corresponding carbons. Fig. 9(b) shows correlations of protons
10, 10’ at 5.1 ppm with three aromatic carbons and the carbonyl
signal at 171 ppm, while proton 4 at 4.0 ppm shows
correlations with two CH, carbon signals (5 and 6) and the
carbonyl signal (3) from the butyl side chain at 175 ppm. These
correlations permitted unambiguously differentiation between
the carbon resonances of the carbonyl group in the side chains
(175 pmm) from those of the main chain. The absence of

signals between 100 and 110 ppm in the NMR spectra implies
the absence of polyacetal linkages, indicating essentially
quantitative ring opening of BMDO in this copolymerization.

3.4. Hydrolysis of BMDO/nBA copolymers

A study of the hydrolytic degradation was carried out
under acidic condition. All BMDO/nBA copolymers were
hydrolytically degradable, as revealed by a decrease in the
molecular weight during hydrolysis. Degradation is illus-
trated in Fig. 10, showing the shift of GPC traces of the
polymer samples during the hydrolysis of BMDO/nBA
copolymer with 11 mol% BMDO (BDMO:nBA=20:80
(initial feed ratio), entry 6, Table 1). After 0.5h, the
molecular weight of the copolymer decreased from
M,=20,500 g/mol to M,=3100 g/mol. This demonstrates
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Fig. 10. GPC traces of BMDO/nBA copolymers (entry 6, Table 1) : (a) before
hydrolysis; (b) after hydrolysis for 0.5h; (c) after hydrolysis for 8 h.
Copolymer: THF: 1-BuOH: H,SO,=50 mg: 3 mL: 2 mL: 2 drops, 7=80 °C.

the successful introduction of hydrolytically degradable ester
groups in the polymer main chain. With an increase of the
hydrolysis time, the molecular weight of the copolymer
continued decreasing and finally reached 2100 g/mol. The
theoretical number average molecular weight of the final
degraded product is expected to be 1400 g/mol for the
copolymer at this composition (M, fina =M, 5 Xthe amount
of nBA units/the amount of BMDO units+ Mgypo X the
amount of BMDO units). The amount of BMDO and nBA
units in the copolymer was calculated based on the ratio of
initiator to monomer and monomer conversion (not shown).
Actual degraded product with higher molecular weight is
probably due to the formation of some oligomers with low
molecular weight, which cannot be detected by GPC.

4. Conclusions

The copolymerization of BMDO with nBA was successful
under ATRP conditions. The reactivity ratios for the
copolymerization of BMDO with nBA were determined
using the Kelen-Tiidos method and were found to be
rempo=0.08 and r,gr=3.7. The quantitative ring opening
of BMDO in the copolymerization was determined by 1D and
2D NMR spectroscopy techniques. The successful introduc-
tion of ester groups into the copolymer of BMDO/nBA by
ring opening of BMDO was confirmed by hydrolytic
degradation. Biodegradation studies of these copolymers are
under way.
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