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Introduction. CO; is considered the major green-
house gas responsible for global warming, which may
contribute to climate change.! Thus, the reduction of
CO; emissions is a high priority, and CO, capture and
utilization (or disposal) are currently being actively
investigated. In fact, CO, is the cheapest and most
abundant raw material source of carbon. One possible
utilization of CO; is in the production of polymeric
materials that can be used in industry. A good example
of such polymeric materials is poly(alkylene carbonate),
which can be produced by the copolymerization of CO,
with oxirane.2~* However, the major drawback of this
approach is the relatively high stability of CO,, which
means that its copolymerization with alkylene oxide
requires a highly active catalyst. Among the various
catalysts reported to date, zinc glutarate (ZnGA), which
is prepared from zinc oxide and glutaric acid, is thought
to be the most effective catalyst for the production of
poly(propylene carbonate) (PPC) with high molecular
weight from CO; and propylene oxide (PO).2~ Recently,
we reported a highly efficient process for the copolym-
erization of CO, and PO using a ZnGA catalyst that can
produce PPC in a high yield.#2 In this new copolymer-
ization process, PO is used both as a comonomer and
as the reaction medium; thus, no organic solvent is
involved in the copolymerization, and the process does
not produce organic solvent waste.*2 On the other hand,
aliphatic polyesters are presently thought to be the most
attractive class of artificial polymers from the environ-
mental standpoint, in that they degrade in contact with
living tissues and in outdoor conditions.® In particular,
poly(e-caprolactone) (PCL) is biodegradable and of com-
mercial interest because of its remarkable compatibility
with a number of polymers.>

Results and Discussion. In the present study, we
first successfully carried out the zinc glutarate-catalyzed
terpolymerization of CO, with PO and e-caprolactone
(CL), producing aliphatic carbonate—ester terpolymers
with the improved biodegradability that is essential for
biomedical and environmental applications. The ZnGA
catalyst used here was synthesized from zinc oxide and
glutaric acid, as described elsewhere.* PO and CL were
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Scheme 1. Terpolymerization of Carbon Dioxide with
Propylene Oxide and e-Caprolactone, Producing
Poly(propylene carbonate-co-e-caprolactone) (PPCCL)
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used as comonomers as well as reaction media, so no
additional organic solvent was used in the terpolymer-
ization, resulting in no organic solvent waste. The
polymer products of this terpolymerization process were
found to be highly soluble in PO and CL, confirming
the appropriateness of the use of PO and CL as both
comonomers and reaction media. The use of an excess
of PO and CL as the reaction solvent plays an important
role in this terpolymerization because it ensures the
efficient mixing of the reactants during the reaction.
After the terpolymerization is complete, the excess
amounts of PO and CL are easily recovered and reused
in the next terpolymerization batch. The terpolymer-
izations of CO,, PO, and CL in various compositions
were conducted in an autoclave reactor at 60 °C for 40
h (Scheme 1), where the reactor was pressurized to 400
psi with CO,. The results of the terpolymerizations are
summarized in Table 1.

As shown in Table 1, the polymer products were
synthesized with reasonably highly molecular weights;
their yields ranged from 0 to 59.8 g per gram of catalyst,
depending on the molar feed ratio of PO and CL. In
particular, the product yield decreased when the CL is
loaded more than 50 mol % with respect to the total
moles of PO and CL. Further, there was no homopo-
lymerization of CL. This indicates that the ZnGA
catalyst does not have any catalytic activity for the
polymerization of CL monomer alone.

It is known that the copolymerization of CO, and PO
is accompanied by the formation of cyclic propylene
carbonate as a byproduct.234b However, the character-
istic chemical shifts of such cyclization byproducts were
not detected in any of the nuclear magnetic resonance
(NMR) spectra obtained from the terpolymerizations
conducted in the present study. Further, for each
terpolymerization, the total yield of polymer product
that was insoluble in methanol was >99%. In contrast,
the methanol-soluble product, which contains ether
linkages on the polymer backbone, was obtained only
in very small quantities.

The chemical compositions of the methanol-insoluble
polymer products were characterized by proton (*H) and
carbon (*3C) NMR spectroscopy. Figure 1 shows repre-
sentative NMR spectra which were obtained from the
polymer products obtained by the terpolymerization of
CO; with PO and CL with a 5:5 molar feed ratio. The
NMR peaks were assigned as shown in Figure 1 and as
summarized in ref 6. In the 'H NMR spectrum, a
number of additional weak peaks (marked by asterisks)
also appear, while in the 13C NMR spectrum each carbon
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Table 1. Terpolymerization of CO», Propylene Oxide
(PO), and e-Caprolactone (CL) Using Zinc Glutarate
Catalyst?

PO:CL" yield®
(molar PO:CL (g/g of
ratio) (mL) cat.)

_ [n]® To/Tm'
M/M/PDIY  (dLig)  (°C)

10/0 100:0 50.3
713 60:40 47.7
6/4 49:51 59.8
5/5 39:61 47.0
4/6 30:60 38.7

226K/673K/2.97 0.992 38.6/—
137K/381K/2.79 0.903 17.7/51.0
215K/363K/1.69 0.921 16.6/52.5
243K/369K/1.52 0.936 17.6/51.1
275K/423K/1.54 0.988 19.2/50.6
3/7 21:79 33.0 180K/271K/1.50 0.877 5.9/52.1
2/8 14:86 20.2  17K/69K/4.08 0.674 5.4/57.2
0/10 0:100 0 g g g

a Polymerization was conducted at 60 °C under 400 psi (27.2
atm) CO, pressure using 1.00 g of catalyst. ® Feed molar ratio.
¢ Yield of polymer product insoluble in methanol. 9 Measured by
gel permeation chromatography (GPC) calibrated with polystyrene

standards: M, =number-average molecular weight; M,, = weight-
average molecular weight; PDI = polydispersity. © Intrinsic viscos-
ity was measured in tetrahydrofuran (THF) at 25.0 °C. f Measured
with a heating rate of 10.0 °C/min under nitrogen atmosphere by
differential scanning calorimetry (DSC). ¢ No product (polymer or
oligomer or cyclic compound) was synthesized.
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Figure 1. *H NMR (top) and 3C NMR (bottom) spectra of a
PPCCL terpolymer prepared by CO, terpolymerization with
PO and CL in 5:5 feed molar ratio.®

peak appears with another weak peak nearby. To
determine the origins of these weak peaks, two-
dimensional (2D) proton—carbon correlation NMR spec-
tral analysis was performed. The asterisk-marked pro-
ton peaks, as well as the weak carbon peaks near those
of the carbons (F, G, H, I, and J), were found to originate
from the CL units in the polymer backbone. These NMR
results collectively lead to the conclusion that there exist
two environmentally different CL units in the polymer
backbone, namely, CL units directly linked to PC units
(i.e., PC-linked CL units) and blocked CL units. The
chemical compositions of all polymer products were
estimated from the integrations of the assigned proton
NMR peaks, including the asterisk-marked proton
peaks. The results are listed in Table 2.

The glass transition temperature (Ty) and melting
point (T,) of the methanol-insoluble polymer products
were measured by differential scanning calorimetry
(DSC); the results are summarized in Table 1. The PPC
polymer containing no CL units reveals only a single
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Table 2. Composition of PPCCL Terpolymers?

composition (molar fraction in %)

PO:CL (feed
molar ratio)2 PCunit PC-linked CL unit blocked CL unit
713 78.6 7.7 13.7
6/4 614 5.7 32.9
5/5 67.4 4.6 28.0
4/6 68.9 12.2 18.9
3/7 36.8 18.4 44.8
2/8 17.8 17.7 64.5

a Feed mole ratio. P Molar fractions of PPC and PCL units in
the PPCCL product were determined by 'H NMR spectroscopy.

Tg, 38.6 °C, indicating that the PPC polymer is amor-

phous. A PCL polymer [70K M,, (weight-average mo-
lecular weight)], which was prepared by the homopo-
lymerization of CL monomer in nitrobenzene using
methyl triflate as a catalyst, is a crystalline polymer,
thus showing —63.2 °C T4 and 57.9 °C T, (data not
shown in Table 1). Taking these results and the
determined compositions into account, PPCCL terpoly-
mers are expected to reveal two Tg's (one from the PC
blocks and another from the CL blocks) and a single Tr,
(from the CL blocks). All the terpolymers show a single
Tm, Which originates from the CL blocks, but only a
single Ty, which originates from the PC blocks; another
Ty originated from the CL blocks could not be deter-
mined due to the very weak glass transition in the DSC
measurements.

As seen in Table 1, ZnGA exhibits good catalytic
activity in the terpolymerization of CO,, PO, and CL,
in addition to its activity in the copolymerization of CO,
and PO, but no catalytic activity was observed in the
homopolymerization of CL. Further, ZnGA has been
reported to polymerize PO but not to initiate the
polymerization of CO,.2747 In fact, ZnGA consists of an
electrophilic zinc metal center and the nucleophilic
carboxyl groups of the ligand. A ligand carboxyl group
of ZNnGA was detected at the end of a polycarbonate
chain produced by the ZnGA-catalyzed polymerization
of CO, and P0O.2¢32 Moreover, a recent near-edge X-ray
absorption fine structure spectroscopy study of ZnGA
found that the ZnGA reversibly reacts with CO, and
readily reacts with PO via adsorption onto the catalyst
surface and insertion into the Zn—O bond.*¢ These
results collectively suggest that the Zn'' centers posi-
tioned at the surface function as active sites in the
copolymerization of CO, and PO. Taking these consid-
erations into account, an anionic mechanism for the
terpolymerization of CO; with PO and CL is proposed
here as follows. The nucleophilic oxygen atom of the PO
monomer, which has a higher reactivity due to its high
ring strain, is first drawn toward to the zinc metal
center of the ZnGA catalyst and then is inserted into
the zinc—carboxyl bond, activating the zinc mental
center. In the next step, the two comonomers CO, and
CL competitively interact with the activated zinc metal
center and are inserted into the growing chain. Then,
PO, CO,, and CL are all competitively added to the
ZnGA catalyst and thus to the growing chain through-
out the terpolymerization process. Taking into consid-
eration the chemical compositions of the terpolymers as
listed in Table 2, the addition of PO seems more
favorable than that of CL immediately after CO, inser-
tion, while the addition of CL is more favorable than
that of CO, or PO immediately after CL insertion. This
situation is due to the different reactivities of the
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Figure 2. Scanning electron micrographs of the terpolymer
films before and after enzymatic degradation with a lipase
(Pseudomonas cepacia): (a) PPCCL (5/5 = P O/CL, feed mole
ratio) before degradation; (b) PPCCL (7/3 = PO/CL, feed mole
ratio) after enzymatic degradation (18% weight loss); (c)
PPCCL (5/5 = POI/CL, feed mole ratio) after enzymatic
degradation (30% weight loss); (d) PPCCL (3/7 = POI/CL, feed
mole ratio) after enzymatic degradation (67% weight loss).

KE.

comonomers and produces the formation of blocky PC
and CL units in the growing polymer chain.

The terpolymers were treated with a lipase (Pseudomo-
nas cepacia) in a phosphate buffer solution of pH 7.0 at
37 °C for 10 days, exhibiting 18—67% weight loss
depending on the composition; larger content of the CL
component in the terpolymer revealed larger weight loss
in the enzymatic degradation. Figure 2 shows scanning
electron microscopic images taken before and after
enzymatic treatments of the terpolymer specimens;
surface erosions due to the enzymatic degradations are
clearly evident in the figure. In addition, terpolymers
exhibited 10—15% weight loss as a result of their
treatment with Aspergillus fumigatus, Aspergillus ter-
reus, or Penicillium olonii in a phosphate buffer solution
of pH 7.0 at 25 °C for 25 days. These enzymatic and
biological degradabilities are comparable to those of the
PCL homopolymer. In contrast, PPC itself exhibited
only 9.5% weight loss in the enzymatic degradation but
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no weight loss in the biological degradations. In conclu-
sion, the terpolymers exhibited excellent enzymatic and
biological degradability, suggesting their merit as can-
didate materials for biomedical applications.
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