Available online at www.sciencedirect.com

ScienceDirect

polymer

ELSEVIER Polymer 47 (2006) 8453—8461

www.elsevier.com/locate/polymer

Synthesis, characterization and hydrolysis of an aliphatic polycarbonate by
terpolymerization of carbon dioxide, propylene oxide and maleic anhydride

Yanfei Liu, Kelong Huang™, Dongming Peng, Hong Wu

Institute of Functional Materials and Chemistry, Central South University, Changsha, Hunan 410083, People’s Republic of China

Received 18 April 2006; received in revised form 19 October 2006; accepted 22 October 2006
Available online 9 November 2006

Abstract

Terpolymerization of propylene oxide (PO), carbon dioxide (CO,) and maleic anhydride (MA) was carried out by using a polymer-supported
bimetallic complex (PBM) as a catalyst. A degradable aliphatic poly(propylene carbonate maleate) (PPCM) was synthesized, and determined by
FT-IR, 'H NMR, '*C NMR, DSC, TGA and WAXD measurements. The influences of various reaction conditions such as molar ratio of the
monomers, reaction time and reaction temperature on the terpolymerization progress were investigated. The results showed that MA was inserted
into the backbone of CO,—PO successfully. The viscosity, glass transition temperature and decomposition temperature of the terpolymers were
much higher than those of poly(propylene carbonate) (PPC). Because of the existence of the MA ester unit, PPCM had stronger degradability
than PPC in a pH 7.4 phosphate-buffered solution. MA offered an ester structural unit that gave the terpolymers remarkable degradability. And

the degradation rate of the backbone increased with the insertion of MA into the terpolymers.

© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Carbon dioxide is currently regarded as an environmental
pollutant that causes the greenhouse effect [1—3]. Thus utiliza-
tion of CO, gradually became a topic of intensive study for the
sake of environmental concerns and use of this potential car-
bon resource. One possible utilization approach is to convert
the abundant, cheap resources to polymer products [4]. Since
the pioneering work of Inoue in 1969 [5], the synthesis of poly-
carbonates from carbon dioxide and epoxides has been a
long-standing interest as a potential way to carbon dioxide
utilization [6—10]. In the past decades, most of the researches
are focused on how to promote the efficiency of polymeriza-
tion and activity of catalysts [11—22]. Recently, the work
about the modification and applications of polycarbonates
has been paid much attention and recognition by researchers
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[23—26]. As well as, increasing attention has been paid to
the design and synthesis of new copolymers with potential
applications as functional materials [27], such as electronic
conducting polymers [28], optical polymers [29], biomimetic
materials [30], biomedical materials [31—33]. Aliphatic poly-
carbonates represent one family of biodegradable materials
used for biomedical applications such as drug carriers and im-
plant materials because of their good biocompatibility, low
toxicity, and biodegradability [34,35]. Synthesis of aliphatic
polycarbonates bearing functional groups including alkyl,
OH, NH,, COOH and COOR, is an attractive subject, because
these functional groups can be used to regulate the hydrophi-
licity/hydrophobicity, permeability and mechanical properties
[36,37]. The thermal properties and degradability of aliphatic
polycarbonates can also be improved by introducing the third
monomer into the copolymerization of carbon dioxide and
propylene oxide. In our work group, two kinds of terpolymers
have been synthesized by terpolymerization, they showed re-
markable degradability than PPC [38—40]. Their application
as drug carriers has also been investigated [40]. In the present
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work, another polycarbonate (PPCM) was successfully synthe-
sized with the third monomer MA, and PBM used as catalyst
to ensure the terpolymerization of CO,, PO and MA. The
ring-opened MA units were found to be linked to the propyl-
ene carbonates directly and no blocked MA was detected, the
copolymers had amorphous structure. The novel aliphatic car-
bonates showed high glass transition temperatures and good
degradability.

2. Experimental
2.1. Materials

PO (Shanghai Chemical Reagents Co., A.R. grade) and
toluene (Hengyang Organic Chemical Reagents Plant, A.R.
grade) were dehydrated by 0.4 nm molecular sieves prior to
use. MA (A.R. grade) was purchased from Shantou Xilong
Chemical Factory, Guangdong. CO, and N, (purity more
than 99.5%) were purchased from Hunan Special Gas Factory
(China). All other reagents and solvents were of analytical
grade and used without further purification.

2.2. Preparation of catalyst

The P—Zn[Fe(CN)¢].Cl,_3,(H,0), (PBM) was used as
a catalyst for the copolymerization of CO, and relevant como-
nomers, and was synthesized according to the literature [41].
For example, ZnCl, (2.436 g) and poly(ethylene glycol) (M.,
600) (36.974 g) were mixed in a 500 ml beaker. K3Fe(CN)g
(1.646 g) was dissolved in distilled water. Both reagents
were mixed under vigorous stirring and the precipitate was fil-
tered, collected, washed with distilled water, and dried under
vacuum till constant weight. The resulting fine yellow powder
was then stored until use.

2.3. Preparation and purification of copolymers

The preparations of the copolymers, poly[(propylene ox-
ide)-co-(carbon dioxide)] (PPC) and poly[(propylene oxide)-

co-(carbon dioxide)-co-(maleic anhydride)] (PPCM), were
carried out in a 300 ml stainless steel autoclave equipped
with a magnetic stirrer. They were synthesized in similar
procedure and both reactions are shown in Scheme 1.

The reactor was connected to dry nitrogen and CO, cylin-
der using a three-way valve. Required amount of catalyst, sol-
vents and other solids or liquid reagents was added into the
autoclave in the absence of oxygen. The autoclave was then
pressurized to 3.5—4 MPa with a CO, cylinder. The reaction
mixture was stirred magnetically at desired temperature for
a certain period. When the reaction was finished, the reactor
was cooled to room temperature, and the pressure was re-
leased. The resulting viscous mixture was collected after tolu-
ene and excess PO were evacuated. The mixture was then
washed with C,HsOH, which contained 5% HCI, and three
times with only C;HsOH. The precipitate was dried in a vac-
uum drying oven. For purification, the dried copolymer was
dissolved in CH,Cl,. The product solution was filtered to
remove the residual catalyst. Finally, it was precipitated by
being poured into vigorously stirred methanol. The methanol-
insoluble product was centrifuged, collected and dried under
vacuum at a temperature of 30 °C until a constant weight
was obtained.

2.4. Hydrolytic degradation

These copolymers were insoluble in water; the hydrolysis
tests were carried out to appraise the copolymers’ degradabil-
ity. The copolymers were dissolved in CH,Cl, to make 8 wt%
solutions and formed films of about 1 mm thickness on poly-
tetrafluoroethylene templates after the volatilization of the
solvent. The films were dried under vacuum at 35 °C to a con-
stant weight, then immersed in vials filled with a phosphate-
buffered saline solution (PBS, 0.1 M, pH 7.4), and placed in
a thermostat for various periods at 37 °C. Samples were recov-
ered weekly, the mass loss and the water uptake of the samples
were determined by gravimetric analysis, while changes of
molecular weight were measured. The surface morphological
changes of copolymer films were monitored by scanning
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Scheme 1. (a) Copolymerization of carbon dioxide with propylene oxide. (b) Terpolymerization of carbon dioxide with propylene oxide and maleic anhydride.
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electron microscope. The degradability of the copolymers was
determined through total weight loss of these samples over
a certain time. The type of erosion was evaluated by changes
in molecular weight.

2.5. Characterization

FT-1IR spectra were recorded on Nicolet AVATAR360 FT-IR
spectrometer. '"H NMR and '>C NMR spectra were recorded at
300 MHz on a Varian Inova-300 spectrometer with CDCl; as
solvent. The molar fractions of CO,, PO and MA were calcu-
lated by integrating the areas. The glass transition temperature
(Ty) of the copolymers was determined by differential scan-
ning calorimetry (DSC) on a TA DSC-Q10 instrument; the
samples were heated in two cycles from —10 °C to 80 °C at
a rate of 10 °C/min in nitrogen atmosphere. T, of the samples
was determined from the second run. The decomposition pro-
cess of the polymers from 50 °C to 500 °C was determined
with a Setaram Labsys thermogravimetric analyzer under
a protective nitrogen atmosphere. The heating rate employed
was 10 °C/min. The surface morphologies of copolymer films
were taken by a scanning electron microscope (KYKY2800,
China). Intrinsic viscosity [n] measurements were carried
out in benzene at 35 £ 0.1 °C using an Ubbelohde suspended
level capillary viscometer. The molecular weight was calcu-
lated from the equation ([n]=1.11 x 10~* [M,]°® (dL/g))
[42]. The wide-angle X-ray diffraction (WXRD) measure-
ments were performed at room temperature using a Rigaku
D/max 2550 VB 18 Kw X-ray diffractometer to analyze
the structure. Elemental analysis was carried out on an
Elementar Vario EL III instrument.

3. Results and discussion
3.1. Expected mechanism of terpolymerization

CO, is highly thermodynamically stable and kinetically
inert, so an increased use of CO, would only be possible if
the relatively inert CO, molecule could be activated [43]. As
a monomer, CO, requires for its copolymerization large
amounts of anionic coordination catalysts [44], such as
ZnEt,/H,0, ZnEt,/multihydric alcohols or carboxylic acids,
zinc glutarate, and metalloporphyrin complexes. Applications
of certain bimetallic combination and some polymeric chelat-
ing ligands were found to be very effective in improving the
catalytic activity. Thus a type of polymer-supported bimetallic
complexes (PBM) in the form of P—Zn[Fe(CN)¢],Cl,—
3a(H20),, were developed, where P is polyether type chelating
agent, @ = 0.5 and b = 0.76. PBM is a yellow powder, does
not dissolve in water and organic solvents, is stable to air,
and can be handled and stored easily. CO, can be activated
to a high extent by using macromolecule—metal complexes,
PBM has been known to be effective catalyst to produce ali-
phatic polycarbonates with a nearly alternating structure
[41]. Terpolymerization of CO, with epoxide and cyclic anhy-
dride belongs to anionic coordination polymerizations. The
accepted mechanism of this reaction is anionic coordinate-

insertion mechanism, similar to the previously reported litera-
ture [21,44]. An anionic mechanism for the terpolymerization
of CO,, PO and MA is proposed here as follows. Zinc is the
active metal center of the complexes for the coupling of
CO, and comonomers. Firstly, CO, is activated by the coordi-
nation to the active sites of Zn(II) centers, and then is inserted
into the M—X bond of catalyst, activating the zinc metal cen-
ter. In the next step, PO and MA interact with the activated
zinc metal center and are inserted into the growing chain, al-
ternately. Then, the copolymerization is considered to proceed
via the alternating repetition of additions of CO,, PO and MA
to the active terminal of the growing polymer, on the other
hand, when the reactions of epoxide take place repeatedly,
ether bonds are formed, in addition to carbonate linkages in
the polymer main chain. As a result, the obtained copolymer
contains both carbonate and ether linkages.

CO; and MA could not homopolymerize nor copolymerize
under the reaction conditions. Thus the terpolymerization in-
volves competitive alternating copolymerization of PO with
CO,, PO with MA, and homopolymerization of PO. As shown
in Scheme 2, there are two possible modes of CO, insertion
into the M—X bond of catalyst; normal insertion leads to the
formation of a carboxylate complex [43]. The ring opening of
epoxide is typically favored at the least-hindered C—O bond,
although cleavage is normally observed at both. As shown in
Scheme 3, propylene oxide has one asymmetric carbon
atom; B opening is accompanied by a opening during the
coupling reaction and the selective incorporation of propylene
oxide monomer is a determining factor to influence the micro-
structure of the copolymer. As shown in Scheme 4, there
usually exist tail-to-tail (T—T), head-to-head (H—H) and
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Scheme 2. The way of carbon dioxide insertion into M—X bond.
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Scheme 3. Bond cleavage of propylene oxide in the copolymerization of CO,
and epoxide.
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head-to-tail (H—T) carbonate groups in the copolymers, H—T
unit is dominant [20,45]. The expected mechanism is illus-
trated in Scheme 5. The proposed structure of the resulting
terpolymer can be seen in Scheme 1.

3.2. Structural characterization of copolymers

PPC and PPCMS53 were used as samples for the FI-IR,
WXRD, 'H NMR and "*C NMR characterization.

The FT-IR spectra of PPC and PPCM53 are shown in
Fig. 1. The copolymer of PPCM had characteristic FT-IR
absorptions at 1740 cm ! (s, C=0), 1236 cm”! (s, C—=0),
788 cm~ ! and 1070 cm ™! (s, C—0—C), and they were similar
to those of PPC. Otherwise, the asterisk-marked peak in the
FT-IR spectra of PPCM at 1645 cm ™' was found to be respon-
sible for the C=C vibration, indicating that MA was inserted
into copolymer chain.

The '"H NMR spectra of PPC are shown in Fig. 2(a). The 'H
NMR spectra confirmed the existence of carbonate link: 'H
NMR (6, CDCl3), 6 1.34 (d, CH3), 5.0 (m, CH(COs5)), 4.2
(m, CH,(COy)). The signals at 3.5 ppm and 1.2 ppm were as-
signed to the hydrogen in ether linkage of propylene oxide.
The signal at 7.26 ppm was assigned to CDCl;. The character-
istic proton chemical shifts of carbonate link and ether link
of propylene oxide were also observed in the "H NMR spectra
of PPCM (Fig. 3(a)): 6 1.34 [3H, CHs(a)], 5.0 [1H,
CH(CO3)(b)], 4.2 [2H, CH,(CO3)(¢c)], 1.2 [3H, CH3(a")], 3.5
[3H, CH,CH(b',c")]; there was another proton chemical shift
at 0 6.3 [2H, CH=CH(d,e)], indicating that the content of the
MA unit, which was inserted into the backbone of CO,—PO.

The '*C NMR spectra of PPC and PPCM53 are shown in
Figs. 2(b) and 3(b), respectively. The main signals for PPC
were assigned as follows: 6 153—155 (CO3), 72.3 (CH—O0),
70.5 (CH,), 16.2 (CH3), and 77.0 (CDCl3). The signals for
PPCM53 were assigned as follows: 6 153—155 [OCOO(A)],
72.3 [CH(B)], 70.5 [CH,(C)], 16.0 [CH3(D)], 128—130
[CH=CH(E,F)], 165 [COO(G)], and 73.7 [CH(B')], 72.1
[CH,(C)], 16.3 [CH3(D')]. According to the literatures re-
ported previously [46,47], T—T, H—T, and H—H carbonate

PPC

PPCM53

o

T T T T T T T T T T T
3500 3000 2500 2000 1500 1000
Wavenumber (cm™)

Fig. 1. FT-IR spectra of PPC and PPCM53.

groups correspond to the signals located at 154.8 ppm,
154.2 ppm and 153.6—153.8 ppm in the '*C NMR spectra,
respectively. Carbonate carbon signals of PPC and PPCM
were magnified and shown in Figs. 2(b) and 3(b), the values
reveal that H—T junctions are predominant in both PPC and
PPCM.

The FT-IR, '"H NMR and '>C NMR spectra confirmed that
MA was ring-opened and inserted into the backbone of CO,—
PO successfully.

According to the integration of the "H NMR spectra of the
copolymers, the composition of copolymer was calculated by
the following equations:

fro=(Aso+Asr+A35)/[2(Aso +Asz) + Ass)
3
fma = §A6.3/[2(A5<0 +A40) +Ass]

fco, =1 —fro —fua

As shown in Table 1, the molar fractions of CO, (fco,) in
PPC were 42.67%, while fco, in PPCM terpolymers were
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Scheme 5. The expected mechanism of CO,—PO—MA copolymerization. M;

=7Zn, M, =Fe, X=CL
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Fig. 2. '"H NMR (a) and '*C NMR (b) spectra of PPC.

lower than that. The decrease of fco, was due to the introduc-
tion of the third monomer into the backbone. As the amount of
MA fed into the reactions increased, the molar fractions of
MA (fma) increased. The value of fya was 27.82% when
PO:CL ratio reached 5:3. However, as the PO:MA ratio went
beyond 5:3, fyia increased very slightly tending to remain con-
stant. It was considered that the transformation efficiency was
high when the amount of MA fed into the reactions was not
very large. But as the MA content went on increasing, the
amount of dissociative MA increased, excess MA would

Da
o] CHjy

(0] (0]
AR O—Q—O—lH—CH2+O—!‘!—CH:CH—!‘!—O—(LH—CH%—[—O——-CllH—CH2 ~:|>
A Bb Cc’'® G Ed Fe m B'b C¢c n

surround the active centers and prevent PO from contacting
with the active centers. In addition, MA and CO, could not co-
polymerize under the reaction conditions. Thus, excess MA
hampered the reactions and resulted in the slight increase of
Jfma. The elemental analysis data for PPC and PPCM are listed
in Table 1. The results revealed that the calculated data of el-
emental contents were close to the found data; the differences
were not significant.

The wide-angle X-ray diffraction spectra (Fig. 4) indicate
that the terpolymers were amorphous, and there was no MA

D'a'
CHy CH,

Fig. 3. "H NMR (a) and "*C NMR (b) spectra of PPCM53.
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Table 1

Influence of PO:MA molar ratio on composition of the copolymers

Y. Liu et al. | Polymer 47 (2006) 8453—8461

Copolymer PO:MA Composition” (molar fraction in %) Elemental analysis (%)
(molar ratio) feo, fo fuin C H o
PPC 5:0 42.67 57.33 0.00 Calcd 49.5 6.6 439
Found 48.7 6.6 44.7
PPCMS51 5:1 33.15 55.39 11.46 Calcd 50.8 6.1 43.1
Found 50.6 6.4 43.0
PPCMS52 5:2 2591 53.60 20.49 Calcd 51.5 5.8 42.7
Found 51.2 6.1 42.7
PPCMS53 5:3 19.39 52.79 27.82 Calcd 51.9 5.6 425
Found 51.7 5.9 424
PPCM54 5:4 19.08 52.14 28.78 Caled 522 5.5 423
Found 52.2 5.7 42.1
PPCMS5 5:5 18.69 51.86 29.45 Calcd 52.2 5.5 423
Found 52.4 5.5 42.1
Reaction conditions: 7= 60 °C; t =24 h.
* The molar fractions of CO,, PO and MA calculated by integrating areas of "H NMR spectra of PPC and PPCM.
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2-Theta Fig. 6. DSC curves of terpolymers prepared from different reaction times.

Fig. 4. The wide-angle X-ray diffraction spectra of PPCM53.

homopolymer or blocked MA in the products. The DSC curves
of PPCM polymers (Figs. 5 and 6) revealed only a single T,
and no crystalline melting point also confirmed that.

(b)

(c)

Heat Flow (W/g)

0 20 40 60 80
Temperature (°C)

Fig. 5. DSC curves of terpolymers prepared from different PO:MA molar ratio.
(a) PPC; (b) PPCMS51; (c) PPCMS2; (d) PPCMS53; (e) PPCMS54; (f) PPCMSS.

(a) 24 h; (b) 36 h; (c) 48 h; (d) 60 h.

All of the experimental results, such as microstructural
analysis, are in agreement with the expected mechanism.

3.3. Influence of PO:MA molar ratio

Table 2 shows the influence of PO:MA molar ratio on the
properties of the terpolymers. The [n] and M, are all related
to the structure and components of the terpolymers, they in-
creased with increasing MA content. The T, of the PPCM

Table 2

Influence of PO:MA molar ratio on terpolymerization

Copolymer PO:MA Yield?® [n] M, T,
(mol:mol) (g/g of cata.) (dL/g) (x 10% “C)

PPC 5:0 36.02 0.515 3.83 29.1

PPCMS51 5:1 36.93 0.590 4.54 43.6

PPCMS52 5:2 44.18 0.683 5.45 45.7

PPCMS53 5:3 49.38 0.772 6.35 49.8

PPCM54 5:4 41.66 0.826 6.91 50.7

PPCMS5 5:5 40.15 0.855 7.22 51.6

Reaction conditions: 7= 60 °C; t =24 h; 0.5 mol PO; 1.0 g catalyst.
* Yield of copolymer insoluble in methanol.
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terpolymers was higher than that of PPC, and increased with
increasing M.

3.4. Influences of reaction time

The influence of reaction time on Ty, [n] and M, is shown
in Table 3. The longer the reaction time was, the higher the
[n], M, and T, of the terpolymers was. However, when the re-
action time was prolonged to 60 h, both [#] and T, declined. It
was found that the relation between the molecular weight and
reaction time accorded with the mechanism of anionic coordi-
nation polymerization. It was explained as that the terpolyme-
rization had a certain induction period. The velocity of the
reaction was speeded up after the induction period. At the
same time the heat was released and the molecular weight
reached a maximum value. However, as the reaction time
was over-prolonged, the velocities of chain transfer and de-
composition would go beyond the normal value, and resulted
in the decline of [n] and M,,.

3.5. Influences of reaction temperature

The influence of reaction temperature on the terpolymeriza-
tion was investigated with temperature change from 50 °C to
80 °C. The results are summarized in Table 4. At 50 °C, the
[n] of the resulting polymer was only 0.567 dL/g. The intrinsic
viscosity increased as the reaction temperature changed from
50°C to 70 °C and it had maximum value at 70 °C. Then
the intrinsic viscosity dropped rapidly when the temperature
was increased from 70 °C to 80 °C. That is because higher
temperature was a benefit to reduce the induction period and
accelerate the reaction speed. However, when the temperature
was higher than 70 °C, increasing the reaction temperature
accelerated the copolymerization as well as the chain transfer

Table 3

Influence of reaction time on terpolymerization

Copolymer Reaction Yield* [n] M, T,
time (h) (g/g of cata.) (dL/g) (x10% [{©)

PPCM24 24 49.38 0.722 6.35 49.8

PPCM36 36 49.89 0.861 7.28 52.1

PPCM48 48 50.64 0.911 7.81 534

PPCM60 60 47.81 0.838 7.04 51.5

Reaction conditions: T=60°C; 0.5 mol PO; PO:MA ratio=5:3; 1.0g

catalyst.

* Yield of copolymer insoluble in methanol.

Table 4

Influence of reaction temperature on terpolymerization

Copolymer Reaction Yield* [n] M,
temperature (°C) (g/g of cata.) (dL/g) (x 10%

PPCM (a) 50 32.08 0.567 4.32

PPCM (b) 60 49.38 0.772 6.35

PPCM (c) 70 50.08 0.787 6.51

PPCM (d) 80 42.21 0.364 2.48

Reaction conditions: =24 h; 0.5 mol PO; PO:MA ratio =5:3; 1.0 g catalyst.

* Yield of copolymer insoluble in methanol.
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and depolymerization, thus resulting in the decline of intrinsic
viscosity and molecular weight. The optimal terpolymeriza-
tion temperature was between 60 °C and 70 °C.

3.6. Hydrolytic degradation

Hydrolytic degradation is caused by the reaction of water
with labile bonds, typically ester bonds, in the polymer chain
[48]. Polymer erosion was monitored by following mass loss,
water uptake, molecular weight changes, and surface morphol-
ogy. The degradability of the terpolymers synthesized from
various PO:MA ratios was determined in order to discover
the influence of MA on degradability. It can be seen from
Fig. 7 that PPCM55 had the best degradability which con-
tained the most molar fraction of MA (29.45%). The higher
the molar fraction of MA, the higher the hydrolytic activity
was. However, the hydrolytic rate did not obviously increase
when the molar ratio of PO:MA was up to 5:3. This may be
interpreted as follows: although the MA content in the feed in-
creased sequentially when the ratio of PO:MA reached 5:3, the
molar ratio of PO and MA monomers in the resulting copoly-
mers still remained at about 5:3. Therefore, the redundant MA
was not to be added to the polymerization. This was in accor-
dance with the elemental analysis and the structural unit molar
fractions of the copolymers listed in Table 1. The data indicate
that the hydrolytic activity of PPCM is much stronger than
PPC. This could be due to the introduction of the hydrolytic
ester units that are in MA. The water uptake of the samples
at various degradation stages was low, that of PPC did not ex-
ceed 4%, and of PPCM was less than 8%. During degradation,
the molecular weight of the recovered samples decreased very
slightly with degradation time. As shown in Fig. 8, after deg-
radation for 8 weeks, M, of PPCM53 was decreased 14.65% of
its initial molecular weight, and PPC was decreased 7.83%. It
is well known that the morphological changes of polymer sur-
face can provide direct information for their degradation char-
acteristics. As shown in Fig. 9, the surface of PPCM53 before

30
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26 1 —+— PPCM51 L —1
24 1 —v— PPCM52 — 1 —3
22 ] —e— PPCMS53 I
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Fig. 7. Influence of PO:MA ratio on the degradability of PPCM. Results given
are the mean £ SD of three independent experiments.
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Fig. 8. Molecular weight variation of PPC and PPCM53 during degradation.
Error bars indicate standard deviation.

degradation was smooth, and after degradation in the buffer
solution for 6 weeks, number of micropores can be observed
in the samples, evincing that the degradation begins from
the surface, and where degradation favors further degradation,
therefore, produces micropores in the surface of films.

The degradation and erosion of polymers are complicated;
we supposed that the process of PPCM was as follows: water

20 KV 5.00KX
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penetrated into the polymer matrix, and hydrolytic degradation
was caused by the reaction of water with ester bonds in the
polymer chain, which induced chain scission to form oligo-
mers and monomers. Progressive degradation changed the mi-
crostructure of the bulk through the formation of pores, via
which oligomers and monomers were released, leading to
the weight loss of polymer films. The water uptake of the co-
polymers was low, thus the water penetration was slow com-
pared to the erosion process, and mass loss was confined to
the surface layers of the samples. The degradation products
were diffused to the degradation medium before measuring
the molecular weight, so the molecular weight of the copoly-
mers changed slightly. Therefore, we infer that the degradation
mainly occurs on the surface of PPCM.

3.7. Thermal degradation

The decomposition temperature (Ty) was determined by
thermogravimetric analysis. Fig. 10(a) and (b) shows the
TGA—DTG curves of PPC and PPCM53, respectively. The
5% weight-loss temperatures (T4sq,) and the maximum
weight-loss temperatures (Tgmax) of PPC are 200 °C and
238 °C, and those of PPCM are 216 °C and 312 °C, respec-
tively. The results indicated that the introduction of MA into
copolymerization can improve the thermal properties, PPCM
was found to be more thermally stable than PPC.

5.00KX 10um KYKY-2800

Fig. 9. SEM micrographs of PPCMS53 films: (a) before degradation; (b) after hydrolytic degradation in PBS (pH = 7.4) for 6 weeks.
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Fig. 10. The TGA—DTG curves of (a) PPC and (b) PPCMS53.
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4. Conclusion

PPCM terpolymerized from CO,, PO and MA was success-
fully synthesized using polymer-supported bimetallic complex
(PBM) as a catalyst. As the third monomer, MA had a positive
influence on improving the [n] and M,. The thermal properties
of PPC were improved via introduction of MA during copoly-
merization. Tysq of PPCMS53 was 200 °C, that of PPC was
216 °C. The T, of PPCM48 was as high as 53.4 °C, while
that of PPC was only 29.1 °C. The PPCM terpolymers showed
remarkable degradability. The weight loss of PPCMS55 was
26.78% after degradation in PBS (pH =7.4) for 8 weeks. In
contrast, PPC itself exhibited a very tiny weight loss. These
results indicate that the terpolymerization is an effective
means to generate a copolymer with the desired degradability
and thermal properties; the terpolymer PPCM is a potential
material for controlled drug delivery and in other fields requir-
ing degradable materials.
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