Polymer Journal, Vol. 32, No. 3, pp 280—286 (2000)

Synthesis and Biodegradability of Copolymers
of Ethylene Carbonate with Lactones

Hiroyuki SHIRAHAMA ', Akinori KANETANI, and Hajime Yasupa®

Department of Applied Chemistry, Faculty of Engineering, Hiroshima University,
1-4-1 Kagamiyama, Higashi-Hiroshima 739-8527, Japan

(Received September 30, 1999)

ABSTRACT:

The copolymers of ethylene carbonate (EC) with e-caprolactone (CL) or §-valerolactone (VL) were syn-

thesized using (C;Me;),SmMe(THF) as initiator. We prepared EC/CL and EC/VL copolymers with a high molecular
weight (M, =140000) without decarboxylation from the EC unit. The EC/CL copolymers were obtained in a higher car-

n=

bonate content (up to ca. 30 mol%) and in a better yield compared with EC/VL copolymers. The '"H NMR and thermal
analyses revealed that these copolymers exhibit random arrangement. The enzymatic degradations of EC/lactone co-
polymers were investigated using lipoprotein lipase and cholesterol esterase (both from Pseudomonas sp.). The degrad-
ability of the copolymers was much improved compared with that of lactone homopolymers. Greater degradation was ob-
served for the lipase-induced degradation than the cholesterol esterase. The biodegradability of these copolymers in
natural environments (viz., in activated sludge and seawater) was examined. As compared with enzymatic degradations,
similar good biodegradability was observed for EC/CL copolymers, while a poor degradation was seen for EC/VL copoly-

mers.

KEY WORDS

In general, polycarbonates refer to an aromatic one
prepared by polycondensation of bisphenol A and phos-
gene. This aromatic polycarbonate is utilized as engi-
neering plastic, compact discs, etc. due to its high me-
chanical properties and transparency. Few applications
of aliphatic polycarbonates have hitherto been investi-
gated because of their low melting temperatures and low
crystallinity.

Aliphatic polycarbonates are usually obtained by poly-
condensation of diols with dialkyl carbonates, but their
molecular weights are lower than ca. 5000 without
transesterification.’ In recent years, the ring-opening
polymerization of cyclic carbonates has been adopted to
obtain higher molecular-weight polymers.?” 7 Mainly,
five to seven-membered rings are known as cyclic car-
bonate. Among these, six-membered cyclic carbonates
such as trimethylene carbonate (TMC) and 2,2-dimethyl
trimethylene carbonate (DTC) are often used for their
ease of polymerization. In contrast, a five-membered cy-
clic carbonate, ethylene carbonate (EC), is difficult to un-
dergo ring-opening polymerization especially under an-
ionic conditions because of its stable cyclic structure.
Under more active conditions using cationic catalysts,
polymerization is accompanied with partial decarboxyla-
tion to afford linear polycarbonates having an ether
unit®® (Scheme 1).

Hitherto, there is little work on the synthesis of the co-
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Scheme 1. EC homopolymerization accompanied with partial
decarboxylation.
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polymers of EC with lactones. Only Evans et al. re-
ported the copolymerization of EC with e-caprolactone
(CL) without decarboxylation using reactive Sm(1Il) re-
agents. However, they could not obtain copolymers with
number-average molecular weight (3,) more than
100000 and EC content more than 20 mol%, and men-
tioned nothing about the biodegradation of the copoly-
mers. Thus, we describe first in this study the synthesis
of the copolymers of EC with lactones using an organo-
lanthanide(Il) complex, (CsMe;z),SmMe(THF), as cata-
lyst, and report the biodegradation of the copolymers ob-
tained. Yasuda et al.” reported that this Sm(Il) complex
exhibits excellent catalysis for living polymerization of
lactones, indicating the complex to be more reactive than
Sm( I ) complex used by Evans et al.

EXPERIMENTAL

Materials

Ethylene carbonate (EC ; Kanto Chemical Co., Inc.), &-
caprolactone (CL) and &-valerolactone (VL) (Tokyo
Chemical Industry Co. Ltd.) were purchased commer-
cially. EC in toluene was dried over anhydrous Na,SO,
and then CaH, and recrystallized from toluene twice.
Lactones (CL, VL) were dried over CaH,, distilled and
kept on activated molecular sieves (4 A) just before use.
Solvents (toluene, n-hexane, tetrahydrofuran (THF),
and diethylether) were dried over CaH,, refluxed with
Na/K alloy and finally distilled. These solvents were
thoroughly degassed by trap-to-trap distillation just be-
fore use. The catalysts for polymerizations were AlEty/
H,0 (1/0.75)!° and organolanthanide complex (CsMes)s
SmMe(THF).!!

Synthesis of Polymers
All operations except the purification of polymers were
conducted using Schlenk techniques under an argon at-
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Scheme 2. Copolymerization of EC with CL(or VL) using the Sm( Il }complex initiator.

Table I. Copolymerizaton® of EC with lactone using (C;Me;),SmMe(THF) initiator

EC/Lactone(molar ratio) MYI° Yield M2 M0

Polymer b . T 1
Feed Observed (molar ratio) % 10 M,
10/90 7/93 600 90.8 15.7 1.94
15/85 10/90 800 87.2 17.5 2.00
20/80 13/87 800 73.5 16.2 1.82
30/70 18/82 800 76.5 19.5 2.06

Copoly(EC/CL)
40/60 23/77 800 73.7 19.2 1.81
50/50 27/73 1800 63.1 19.5 2.12
60/40 31/69 2000 49.0 14.9 1.87
70/30 32/14/54" 1500 29.5 4.66 1.81
20/80 4/96 800 66.0 14.3 1.69
40/60 7/93 1000 49.6 13.8 1.74
Copoly(EC/VL)

50/50 10/90 1500 48.7 14.6 1.98
60/40 8/4/88" 2500 38.7 10.5 1.78
Poly(EC)* 100/0 100/0 50 42.8 0.28 1.30
Poly(CL) 0/100 0/100 200 81.4 15.6 1.87
Poly(CL)® 0/100 0/100 500 92.0 17.8 1.26
Poly(VL) 0/100 0/100 200 85.6 13.3 1.60

* Polymerized at ca. 256C for 3 days in toluene. ® 4 Determined by '"H NMR and GPC, respectively. © [MV/[I] ={Monomer}/(Initiator]. °Po-
lymerized at 150°C for 3 days ; initiator, Zr{(OC;H,),. ' Polymerized at 607 for 1 day ; initiator, AlEty/H,O (1: 0.75). ¢ Polymerized at 0°C
for 4 h ; initiator, (C;Me;),SmMe(THF). " Molar ratio of EC/Ether( derived from decarboxylation of EC )/Lactone.

mosphere.

The copolymerizations of EC with lactones were initi-
ated by the Sm(Il) complex [(CsMes);SmMe(THF)]
(Scheme 2). EC (0.28 g, 3.19 mmol), CL (0.794 mL, 7.45
mmol) (EC/CL=30/70 in molar ratio), and the initiator
(13.3X1072 mmol) together with dry-degassed toluene
(5.0 mL) were placed in a 20 mL-Schlenk tube and the
mixture was warmed to ca. 25C for 3 days. The result-
ing mixture was dissolved in chloroform, and poured
into n-hexane/diethylether (4/1 in volume) for precipitat-
ing the copolymer. The copolymer obtained was washed
with n-hexane, and dried in vacuo at the ambient tem-
perature. Table I shows the polymerization conditions
and results.

The homopolymerizations of lactones were initiated by
AlEty/H,0'° and those of EC were carried out using in-
itiators such as AlEty/H,0, ZnEty/H,0, distannoxane,?
and Zr(OC3H;),.2 We obtained EC homopolymer [poly
(EC)] only when using a Zr(OCsH;);. As shown in 'H
NMR spectrum (Figure 1), the resulting poly(EC) in-
cluded the ether unit, suggesting partial (ca. 50%) decar-
boxylation during the polymerization. Yield and molecu-
lar weight of poly(EC) (viscous liquid) were rather low
(see Table I). Hence, we did not use this type of ho-
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mopolymer in the following experiments.

Characterization of Polymers

The number-average molecular weight (M) and poly-
dispersity (M,,/M,) of polymers were determined by gel
permeation chromatography (GPC) at column oven tem-
perature 40°C on a Tosoh GPC system 8010 equipped
with four TSKgel columns (G2000Hyg+G3000Hugr +G
4000HyR +G5000HyR) using a differential refractometer,
calibrating with standard polystyrenes. Chloroform was
used as eluent at the flow rate of 1.0 mL min 1.

The compositions of copolymers were analyzed by 'H
NMR spectra measured on a JEOL JNM-LA 400 spec-
trometer. The randomness of copolymers was estimated
from 'H NMR spectra.

The thermal properties of polymers, glass transition
temperature (T), melting temperature (Ty,), and heat of
fusion (AH,) were measured by differential scanning
calorimetry (DSC) on a Seiko SSC5100 DSC22C appara-
tus. The polymer samples were scanned from —100 to
120C at a heating rate of 10C min™! under nitrogen
stream. T, and AH,_, were determined in the first heat-
ing, while T, was determined in the second heating.
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Figure 1. 'H NMR spectrum of poly(EC) containing the ether unit.

Biodegradations of Polymers

The biodegradability of polymer films was estimated
in enzymes, activated sludge, and seawater. All sample
films (100+10 um in thickness) were prepared by sol-
vent casting method.

Enzymatic Degradation. The enzymes were choles-
terol esterase (Wako Pure Chemical Industries, Ltd.,
specific activity 20 ITU mg™') and lipoprotein lipase (E.
Merck Darmstat, specific activity 200 IUmg ') from
Pseudomonas sp. Tokiwa et al.'? recently reported that
lipoprotein lipase degrades aliphatic polycarbonates.
The polymer films sealed in a polyethylene mesh sheet
(mesh size 1X1 mm) were placed in vial tubes contain-
ing enzyme (1 unit mg '-polymer) and buffer solution.

The tubes were incubated at 37°C in a water bath shaker.

The buffered enzyme solution was replaced every 40 h to
maintain enzyme activity. Good’s buffers, TES {N -tris-
(hydroxymethyl)methyl-2-aminoethanesulfonic acid, pH
7.4, for the esterasel and Tricine {N-[tristhy-
droxymethyl)methyllglycine, pH 8.0, for the lipase} were
used. Distilled and deionized water was used for enzy-
matic degradation tests.

Degradation by Activated Sludge. The degradation of
polymer samples (sealed in a polyethylene mesh sheet)
by activated sludge was carried out in a 20 L tank con-
taining aerated sludge at 25°C. The sludge was provided
by Higashi-Hiroshima Wastewater Treatment Plant,
MLSS ca. 2800 ppm, pHca. 6.

Degradation in Seawater. The degradation of poly-
mer films in seawater was carried out by sinking the
films in Takehara Bay of the Inland Sea at 10—15T
(from Dec. to Feb.). The films were placed in a stainless
mesh cage and sunk to a depth of 1.5 m in the crawl (lo-
cated in the Bay, and attached to Faculty of Applied Bio-
logical Science, Hiroshima University).

In all tests, the polymer samples were washed with
water at a definite time, and dried to constant weight in
vacuo. The degradability was evaluated from the
changes in weight loss, molecular weight, composition,
and thermal properties of the polymer before and after
degradation.

RESULTS AND DISCUSSION

Synthesis and Characterization of Polymers

Table I shows polymerization results of EC/lactone co-
polymers initiated by (CsMes)eSmMe(THF), together
with data for homopolymers. Under fixed conditions (25
C for 3 d), the molar concentration ratio ([MI/[I]}) of
monomer to initiator was changed to get the best yield
and highest molecular weight of the copolymer. As seen
from Table I, the yield of the copolymer decreased with
increase of EC content, while molecular weight re-
mained high enough (M, >140000). The amount of EC
incorporated into the copolymer was much smaller than
that of EC fed particularly at higher EC concentrations.
Evans et al.® pointed out that EC is not polymerized by
the reactive Sm( Il ) reagents such as (CsMe;5);Sm(THF),,
but polymerized in the presence of CL/Sm(I) system.
EC monomer can be incorporated into a poly(CL) grow-
ing chain and the repeated incorporation of EC unit is
inhibited. In particular for EC/VL system, only a little
EC monomer was incorporated into the copolymer, re-
sulting in a lower yield. There are large differences in
the incorporation of EC and yield for EC/CL and EC/VL
copolymers, owing to stability difference in growing
chains of the two systems. We could not obtain EC/lac-
tone copolymers without decarboxylation, when we used
EC concentrations higher than the feeding ratios of 60/
40 for EC/CL and 50/50 for EC/VL systems (Table I). Fig-
ure 2 shows the 'H NMR spectrum of EC/CL(=10/90) co-
polymer. No peak of the ether unit around 3.7 ppm was
observed, suggesting that no decarboxylation occurs dur-
ing the polymerization. o- and e-methylene proton sig-
nals of CL unit are sensitive to adjacent comonomer
units,'® and split into two peaks (b, f), indicating ran-
dom arrangement of the CL unit in this copolymer.

The thermal properties of EC/lactone copolymers are
given in Table II. The resulting EC homopolymer in-
cludes the ether linkage arising from decarboxylation of
EC unit, and is a viscous liquid polymer with a low mo-
lecular weight (M, =2800). Hence, the thermal proper-
ties of this homopolymer were not measured. Single val-
ues of glass transition and melting temperatures (T, and
T, were observed for individual copolymers and their

Polym. J., Vol. 32, No. 3, 2000
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Figure 2. 'H NMR spectrum of the EC/CL(=10/90) copolymer.

Table II. Thermal properties of EC/lactone copolymers

Polymer EC/Lacton_ea A T Lo _Milmc
(molar ratio)  10* C T Jg!
7/93 15.7 —62.7 516 774
10/90 17.5 —60.7 49.6 64.8
13/87 16.2 —559 46.7 59.4
Copoly(EC/CL) 18/82 195 553 384 432
23/77 192 —535 314 21.0
27173 19.5 —494 309 0.8
31/69 149 —48.6 N.D. —
4/96 143 —59.3 504 79.6
Copoly(EC/VL) 7/93 13.8 —544 482 69.0
10/90 146 —523 459 61.4
Poly(CL) 0/100 156 —63.0 60.9 96.3
Poly(VL) 0/100 13.3 —59.9 589 89.8

ab¢ Determined by '"H NMR, GPC, and DSC, respectively. N.
D.: Not detected.

values varied with polymer composition. All the copoly-
mers thus have random sequences and semicrystalline
nature except the EC/CL (=31/69) copolymer.

Biodegradation of Polymers

Enzymatic Degradation. Before enzymatic degrada-
tion, hydrolytic degradation of the copolymers was car-
ried out in buffer solutions containing no enzyme. How-
ever, degradability was hardly discernible for each poly-
mer, i.e., the weight loss of the polymer after 200 h deg-
radation was only a few %. Figure 3 shows the enzy-
matic degradations of EC/CL copolymers by lipoprotein
lipase (a) and by cholesterol esterase (b). Generally, the
lower the crystallinity (AH,,) is, the higher is the degrad-
ability. Nevertheless, maximum degradation in both en-
zyme solutions was observed for the EC/CL(=13/87) co-
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polymer having an intermediate crystallinity (—AH,,=
59.4 J g~ 1). The polymer should have some crystallinity
for being degraded. It is thought that the crystalline (or
hydrophobic) domain on the polymer surface is the scaf-
folding for the enzyme adsorption, resulting in enzy-
matic degradation.!* '® Greater degradability of the co-
polymer by lipoprotein lipase was observed than that by
cholesterol esterase, probably due to the higher sub-
strate specificity of the lipase for the carbonate units
than that of the esterase.!? Maximum degradation of
EC/VL copolymers was obtained at the EC/VL ratio of
10/90 (Figure 4). If the copolymers containing more EC
unit can be prepared without decarboxylation, the de-
gradability will decrease with increasing EC content in
the region of EC/VL>10/90.

To elucidate enzymatic degradability, changes in com-
position, molecular weight, and thermal properties of
the EC/CL(=13/87) copolymer were measured before
and after degradation by lipoprotein lipase (Tablell). As
seen from this table, the composition (EC/CL ratio), mo-
lecular weight (M,,) and its distribution (M,/M,) did not
change very much, indicating uniform degradation from
the polymer film surface. The thermal properties (T,
and AH,,) of the copolymer increased with degradation
period. This suggests that the enzymatic degradation oc-
curs more easily at the amorphous part of the copolymer
than the crystalline one.

We examined the effects of the methylene chain
length of cyclic carbonates (CC) on the thermal proper-
ties and enzymatic degradation of the copolymers. Table
Vshows some properties of CC/CL copolymers, i.e., EC/
CL copolymers and trimethylene carbonate (TMC)/CL(=
19/81) copolymer.!® The table indicates that the thermal
properties (viz., Ty, and AH,, values) of the EC/CL(=18/
82) copolymer are smaller than those of the TMC/CL(=
19/81) copolymer. Thus, comparable thermal properties
were obtained by less introduction (10 mol%) of EC unit
than that (19 mol%) of TMC. As mentioned previously,
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Figure 3. Enzymatic degradation of the EC/CL copolymers by the lipase (a) and the esterase (b) at 37TC.
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Figure 4. Enzymatic degradation of the EC/VL copolymers by the lipase (a) and the esterase (b) at 37TC.

Table III. Changes in properties of EC/CL(= 13/87) copolymer upon degradation by lipoprotein lipase

Degradation Weight EC/CL® M, M, T T —AH,
time/h remaining/% (molar ratio) 10* M, T T Jg™!
100 12.6/87.4 16.2 1.82 —55.9 46.7 59.4
93 12.5/87.5 14.2 1.77 —56.4 48.9 66.0
4 75 12.4/87.6 14.1 1.88 —56.3 49.1 67.9
10 55 12.1/87.9 12.2 1.90 —57.0 49.3 72.0

3¢ Determined by 'H NMR, GPC, and DSC, respectively.

Table IV. Comparison of some properties of CC/CL copolymers the repeated incorporation of EC unit into the copolymer
is very hard. The resulting copolymers thus exhibit

cerclr M TS T, —AHS

Polymer o ratio) 10° C T Tg ! higher randomness of EC/CL copolymers compared with
TMC/CL copolymers. This leads to decrease in crystal-

Copoly(EC/CL) 10/90 175 —60.7 47.1 64.8 linity (AH,,) of EC/CL copolymers.
18/82 195 —55.3 384 43.2 Figure 5 shows the enzymatic degradations of the
Copoly(TMC/CL) """ 19581 189 —607 507 581 above CC/CL copolymers by lipoprotein lipase. The de-

gradability of the EC/CL(=10/90) copolymer is consider-
ably higher than that of the TMC/CL(=19/81) copolymer.
Since these two copolymers have nearly the same ther-
mal properties {especially AH,, (crystallinity), see Table
V|, there is little difference in the adsorbability of the
enzyme, and hence little difference in degradability. One

3¢ Noatermined by 'H NMR, GPC, and DSC, respectively.
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Figure 5. Enzymatic degradation of the CC/CL copolymers by
lipoprotein lipase in Tricine buffer (pH 8.0, 37°C).

possible reason is that the hydrophilicity of the CC unit
in the copolymer affects the enzymatic degradation. Ba-
sically, enzymes are water soluble, and therefore the ac-
tivity of catalytic sites is higher in hydrophilic surround-
ings than in hydrophobic ones. The EC unit should be
more hydrophilic than TMC unit since the former is
shorter by one methylene length. However, a higher EC
content results in lower enzymatic degradability as ob-
served for the EC/CL(=18/82) copolymer due to the de-
crease in its crystallinity. Thus, the enzymatic degrada-
tion of polymers is affected by many factors such as their
thermal properties and hydrophilicity, and the substrate
specificity of the enzymes. Less incorporation of EC unit
into copolymers compared with TMC unit leads to poly-
mers having better biodegradability.

Degradations in Activated Sludge and Seawater. Con-
sidering that plastics are often discarded illegally in the
environment, it is very important to examine the biode-
gradation of synthetic polymers in such environments as
activated sludge and seawater. Figure 6 shows the bio-
degradation of EC/lactone copolymers by activated
sludge. The degradability of EC/CL copolymers resem-
bles that by enzymes, but the maximum degradation is
obtained at slightly higher EC/CL (cf. Figures 3 and 6a),
wherein all EC/CL copolymers degraded completely
within 50 days. The biodegradation of EC/VL copolymers
is little detected up to ca. 70 days, thereafter followed by
slow degradation compared with EC/CL copolymers
(Figure 6b), presumably due to the slower degradation of
poly(VL) than poly(CL). Similar results were observed
for the copolymers of an optically active lactone ((R)-
MOHEL) with CL.!® The biodegradation of EC/CL co-
polymers in seawater is given in Figure 7. Degradability
in seawater shows much the same tendency as that in
activated sludge, indicating that similar bacteria exist in
these two environments. However, the degradation rate
in seawater is a little slower than that by activated
sludge.

We prepared EC/lactone copolymers without decar-
boxylation of EC unit using (CsMes)eSmMe(THF) as in-
itiator. EC/CL(<10/90) copolymers serve as good biode-
gradable polymers with comparable thermal properties
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Figure 6. Biodegradation of EC/lactone copolymers by activated
sludge (pH ca. 6.0, 25TC).
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Figure 7. Biodegradation of EC/CL copolymers in seawater (pH
ca.8.1,10—15C).

to poly(CL).
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