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ABSTRACT: The aliphatic polyesters with high molecular weight have been prepared
according to two methods. First is the synthesis of the polyesters by polycondensation of
dimethyl succinate (DMS) with 1,4-butanediol (BD) using various metal alkoxides as a
catalyst. Among the metal alkoxides used, titanium tetraisopropoxide [Ti(OiPr)4] gave the
best results (highest molecular weight and yield). Thus, we have prepared aliphatic poly-
esters using a variety combinations of diesters [MeOOC—(CH2)x—COOMe, x 5 2–8] with
BD by the catalysis of Ti(OiPr)4. The polyesters with high number-average molecular
weight (Mn . 35,000), except dimethyl adipate (DMA, x 5 4)/BD polyester (Mn 5 26,900),
were obtained in high yield. The melting temperatures (Tm) of polyesters were relatively
low (43.4–66.8°C) except that (115.6°C) of the DMS/BD polyester. Second is the synthesis
of high molecular weight polyesters by chain extension reaction of lower molecular weight
(Mn 5 15,900–26,000) polyesters using hexamethylene diisocyanate (HDI) as a chain
extender. The Mn values of chain-extended polyesters consequently increased more than
two times (Mn 5 34,700–56,000). The thermal properties of polyesters hardly changed
before and after chain extension. Enzymatic degradations of the polyesters were performed
using three different enzymes (cholesterol esterase, lipase B, and Rhizopus delemar lipase)
before chain extension. The enzymatic degradability varied depending on both thermal
properties of polyesters [melting temperature and heat of fusion (crystallinity)] and the
substrate specificity of enzymes, but it was the following order: cholesterol esterase
. lipase B . R. delemar lipase. The 1H-NMR spectrum of water-soluble degraded products
of the polyester indicated that the polyester was degraded into a condensation product of
diol with diester in a monomer form. The enzymatic degradation of chain extended poly-
esters was slightly smaller than that before chain extension, but proceeded steadily. © 2001
John Wiley & Sons, Inc. J Appl Polym Sci 80: 340–347, 2001
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INTRODUCTION

From an environmental perspective, biodegradable
polymers produce an attractive alternative to con-

ventional nonbiodegradable plastics. Not much re-
search has been done on the syntheses, physico-
chemical properties, and degradations of biodegrad-
able polymers over the past few decades. Among
those polymers, one of the successfully developed
polymers is aliphatic polyester, due to its suitable
biodegradability and processability. However, ali-
phatic polyesters with high number-average molec-
ular weight (Mn . 30,000) still cannot be obtained
easily by polycondensation of dicarboxylic acids (or
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diesters) with diols. To achieve high molecular
weight polymers, several catalysts such as the Al–
porphyrin complex,1 ZnEt2,2 and lipase3 were used,
but the molecular weights of polyesters obtained
were still not very high (Mn , ca. 15,000).

For obtaining high molecular weight polyesters
by polycondensation, we have adopted two meth-
odologies; i.e., one is the use of transition metal
alkoxides having transesterification ability, and
the other is the chain extension reaction of lower
molecular weight polyesters (see Schemes 1 and
2). In the present study, we report the synthesis
of high molecular weight aliphatic polyesters by
polycondensation of diesters with diols with and
without chain extension reaction, and the enzy-
matic degradation of those polyesters.

EXPERIMENTAL

Materials

The diesters used [MeOOC—(CH2)x—COOMe, x
5 2–8] were dimethyl succinate (DMS), dimethyl
glutalate (DMG), dimethyl adipate (DMA), di-
methyl pimelate (DMP), dimethyl suberate
(DMSb), dimethyl azelate (DMAz), and dimethyl
sebacate (DMSe). All these diesters were dried

over CaH2 overnight, distilled twice under re-
duced pressure, and kept on activated molecular
sieves (4 Å) just before use. A variety of diols
[HO—(CH2)y—OH], y 5 2–7] were also used.
However, the preliminary experiments and our
previous studies4,5 revealed that 1,4-butanediol
(BD) gave the highest molecular weight and the
highest yield. Hence, in this work we used BD as
diol, which was dried over Na metal overnight
and distilled twice under reduced pressure. Metal
(III–V) alkoxides used as polycondensation cata-
lyst were Sm(OiPr)3, Ti(OEt)4, Ti(OiPr)4,
Zr(OBu)4, Ge(OEt)4, Nb(OEt)5, and Ta(OEt)5.
These metal alkoxides and hexamethylene diiso-
cyanate (HDI) as chain extender were used as
received. Tolylene 2,4-diisocyanate (TDI) is a typ-
ical chain extender, but the polyesters and poly-
urethanes containing an aromatic unit such as
TDI are known to be hardly biodegraded.6,7 Thus,
we used HDI as a chain extender in this work.

Preparation of Polyesters

All operations for polymer synthesis were con-
ducted using conventional Schlenk techniques
under an argon atmosphere. Scheme 1 shows the
schematic representation of polycondensation of
diesters with diols. The polycondensation was

Scheme 1

Scheme 2
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carried out in bulk with stirring in an oil bath
using the following optimum conditions.5 DMS
(5.22 mL, 40 mmol) and BD (3.90 mL, 44 mmol)
(BD/DMS 5 1.1 in molar ratio) were placed in a
side-arm Schlenk tube, then Ti(OiPr)4 (0.052 mL,
0.2 mol %/monomer) was added into the tube. The
tube was immersed in an oil bath thermostated at
120°C for ca. 3 h until the by-product (methanol)
was completely distilled out (step 1: esterification
in Scheme 1). Subsequently, the reaction mixture
was gradually evacuated to ca. 0.1 Torr and
heated to 180°C for another 6 h (step 2: transes-
terification). The resulting crude product was dis-
solved in chloroform, and was poured into meth-
anol for precipitating the polymer. The precipi-
tate was washed with methanol twice and with
diethylether. The polyester thus obtained was
dried in vacuo for 3 days at the ambient temper-
ature.

Chain Extension Reaction

Aliphatic polyesters with lower molecular weight
were prepared by changing some conditions in

polycondensation (molar ratio of diol to diester
1.131.2, vacuum pressure 0.131.0 Torr). Be-
cause a small excess of the diol over the diester
(molar ratio 1.2) was used, one of two-end groups
of the obtained polyester should be a hydroxyl
group (—OH). Therefore, the chain extension re-
action between hydroxyl and isocyanate groups
occurs according to Scheme 2. Concretely, the
chain extension reaction was carried out as fol-
lows. The polyester (1.0 g) was placed in a
Schlenk tube containing the solvent (chloroform 8
mL), and was dissolved with stirring. Then, hexa-
methylene diisocyanate (HDI 0.2 mL, ca. 2 wt
%/polyester) was added into the tube. The mix-
ture was heated to 100°C in an oil bath, and the
solvent was completely trapped under reduced
pressure (ca. 50 Torr) for 20 min. The reaction
was allowed to continue for another 1 h. The
purification of chain extended polyester was con-
ducted in a similar manner described above.

Characterization of Polyesters

The number-average molecular weight (Mn) and
the polydispersity (Mw/Mn) of polyesters were de-
termined by gel permeation chromatography
(GPC) at column oven temperature 40°C on a
Tosoh GPC system equipped with four TSK gel
columns (G2000HHR 1 G3000HHR 1 G4000HHR
1 G5000HHR) using a differential refractometer,
calibrating with standard polystyrenes. Chloro-
form was used as an eluent at the flow rate of 1.0
mL/min. The thermal properties of polyesters,
glass transition temperature (Tg), melting tem-
perature (Tm), and heat of fusion (DHm), were
measured by differential scanning calorimetry
(DSC) on a Seiko SSC5100 DSC22C apparatus.
The polymer samples were scanned from 2100 to
150°C at a heating rate of 10°C/min under nitro-

Table I Polycondensation of DMS with BD by
Metal Alkoxidesa

Metal Alkoxide
(Catalyst)

Yield
(%) Mn/104 b Mw/Mn

b

Ti(OEt)4 82.5 1.62 1.32
Ti(OiPr)4 87.0 6.10 1.70
Zr(OBu)4 63.0 1.05 1.55
Nb(OEt)5 85.0 2.03 1.62
Ta(OEt)5 71.7 1.14 1.73

a Conditions are the same as stated in the Experimental
section.

b Determined by GPC.

Table II Polycondensation of Diesters with BD and Thermal Properties of Obtained Polyestersa

Polyester
(Diester/BD)

Yield
(%) Mn/104 b Mw/Mn

b Tg (°C)c Tm (°C)c 2DHm (J/g)c

DMS/BD 87.0 6.10 1.70 230.7 115.6 74.9
DMG/BD 63.0 5.91 1.46 253.6 43.4 45.2
DMA/BD 74.9 2.69 1.43 256.0 61.1 80.5
DMP/BD 61.2 3.56 1.44 255.6 46.8 53.1
DMSb/BD 85.6 5.26 1.43 261.2 57.9 70.5
DMAz/BD 80.3 4.54 1.33 259.4 49.4 58.6
DMSe/BD 81.0 3.78 1.56 254.5 66.8 69.5

a Conditions are the same as in the Experimental section.
b,c Determined by GPC and DSC, respectively.
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gen stream. The values of Tm and DHm were
determined in the first heating, while that of Tg
was determined in the second heating. IR spectra
of polymers before and after chain extension were
measured on a JASCO FT/IR-300E to confirm the
bridging of polyesters by HDI.

Enzymatic Degradation of Polyesters

The enzymatic degradation was carried out as
follows. The polymer films sealed in a polyethyl-
ene mesh sheet (mesh size ca. 1 3 1 mm) were
placed in vial tubes containing enzyme (1 unit/
mg-polyester) 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 the enzyme activity. All the sample
films (ca. 100 mm in thickness) were prepared by
solvent casting method. The enzymes used were
cholesterol esterase (from Pseudomonas sp., spe-
cific activity 20 IU/mg), lipase B (from Pseudomo-
nas fragi 22–39B, specific activity 2500 IU/mg)
both from Wako Pure Chemical Industries, Ltd.,
and lipase (from Rhizopus delemar (R. delemar),
specific activity 200 IU/mg, Seikagaku Corp.). Ac-
etate (pH 5.6, for R. delemar lipase) and phos-
phate (pH 7.2, for cholesterol esterase; pH 9.0, for
lipase B) buffers were used. Distilled and deion-
ized water was used for degradation tests. Fur-
ther, water-soluble products of polyesters de-
graded by enzyme were isolated using a fraction
collector, and their lowest molecular weight frac-
tions were analyzed by 1H-NMR spectroscopy.

In the all above degradation tests, the polymer
films were washed with water at a definite time,
and dried to constant weight in vacuo. The de-
gradability was evaluated from the changes in
weight loss, molecular weight, and thermal prop-
erties of the polymer before and after degrada-

tion. Duplicate degradation tests were carried out
for each sample. The obtained values in the above
measurements were within 10% from the mean.

RESULTS AND DISCUSSION

Synthesis and Characterization of Polyesters

Table I shows the results of the polycondensation
of DMS with BD by various metal alkoxides. The
polycondensations by Sm(OiPr)3 and Ge(OEt)4
yielded only the oligomers with Mn values of sev-
eral hundreds to thousands. Among the catalysts
used, Ti(OiPr)4 is best-balanced catalyst in terms
of molecular weight and yield. The electronega-
tivity of metals and the bulkiness of alkoxy
groups may affect the ease of transesterification.
From the results in Table I, Ti(OiPr)4 was used as
catalyst in the following polycondensations.

Table II shows the results of polycondensation
of various diesters with BD and the thermal prop-
erties of the resulting polyesters. The molecular
weights (Mn) of polyesters except for DMA/BD
polyester exceed 35,000, and are considerably
higher than those (ca. 10,000–30,000) reported in
our previous work.5 Probably, the higher vacuum
(0.1 Torr) and the lower molar ratio (1.1) of diol to
diester compared with those in the previous
work5 brought these higher Mn values. Concern-
ing the thermal properties, Tm values of the poly-
esters are rather low (43.4–66.8°C) except that
(115.6°C) of DMS/BD polyester. The DHm values
of polyesters prepared from diesters (DMG, DMP,
DMAz) with odd methylene numbers are rela-
tively lower than those prepared from diesters
(DMS, DMA, DMSb, DMSe) with even methylene
numbers. This result indicates the lower crystal-
linity of the former polyesters.

Table III Changes in Molecular Weight and Thermal Properties of Polyesters before and after Chain
Extension

Polyester
(Diester/BD)

Before Extensiona After Extensionb

Mn/104 c Tg (°C)d Tm (°C)d 2DHm (J/g)d Mn/104 c Tg (°C)d Tm (°C)d 2DHm (J/g)d

DMS/BD 2.60 230.4 115.0 73.4 5.60 232.0 117.8 78.0
DMA/BD 1.59 256.9 58.5 79.0 3.47 255.5 60.0 82.4
DMP/BD 2.13 257.2 46.5 51.0 4.89 256.9 47.5 51.8
DMSe/BD 1.85 255.5 65.3 69.1 4.50 256.1 65.7 70.1

a Reacted at 1 Torr using the molar ratio of diol to diester 1.2.
b Chain extended at 100°C in CHCl3 in vacuo (ca. 50 Torr) using HDI 2 wt %/polyester.
c,d Determined by GPC and DSC, respectively.
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Chain Extension of Polyesters

It is rather difficult to obtain higher molecular
weight polyesters by chain extension reaction us-
ing the polyesters with Mn . 40000. This is

probably because that the concentrations of their
terminal groups (—OH) are relatively low, and
the stirring of these viscous polymer solutions
become incomplete. Hence, we prepared the poly-
esters with lower molecular weights for chain ex-
tension by changing the final vacuum pressure
0.1 to 1.0 Torr and the molar ratio of diol to
diester 1.1 to 1.2 as mentioned above. Table III
shows the changes in molecular weight and ther-
mal properties of polyesters before and after
chain extension. These DMA/BD, DMP/BD, and
DMSe/BD polyesters are the polymers whose mo-
lecular weights cannot be raised easily (to more
than 40,000) even under the optimum conditions
(see Table II). As can be seen from Table III, the
Mn values of chain extended polyesters are more
than two times (2.15–2.43). The DMA/BD polyes-
ter turned out to be film-formable after chain
extension.

On the other hand, the thermal properties of
polyesters hardly change before and after chain
extension, suggesting that the chain extension
reaction of these polyesters by HDI does not affect
the thermal properties of chain extended polyes-
ters. To confirm the urethane bond produced after
chain extension, the IR spectra of polyesters were
measured. The bending (1540 cm21) and stretch-
ing (3200–3400 cm21) vibrations of N—H in ure-
thane bond of polyesters appeared after chain
extension, accompanying a drastic decrease in
O—H vibration peak (3400–3600 cm21) of polyes-
ter terminals before chain extension.

Enzymatic Degradation of Polyesters

The enzymatic degradations of polyester films
were examined in buffer solutions using three
different enzymes. Those enzymes were selected
from the following reasons. Cholesterol esterase
has a higher substrate specificity for aliphatic
polyesters with relatively longer methylene
chains, and hence, for more hydrophobic polyes-
ters such as poly(e-caprolactone) [poly(CL)] than
those with shorter methylene chains like poly(b-
propiolactone) [poly(PL)].8 Whereas R. delemar
lipase has the opposite specificity, i.e., the lipase
degraded more poly(PL) than poly(CL).9 The sub-
strate specificity of lipase B is intermediate be-
tween cholesterol esterase and R. delemar
lipase,10 and this lipase B has cholesterol esterase
activity as well. Among the polyesters obtained,
the film formation of DMA/BD polyester before
chain extension was unsuccessful by solvent cast-
ing method. Further, we could not weigh

Figure 1 Enzymatic degradation of diester/BD poly-
esters at 37°C by three different enzymes; (a) choles-
terol esterase (pH 7.2), (b) lipase B (pH 9.0), (c) R.
delemar lipase (pH 5.6).
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DMP/BD and DMSe/BD films sealed in a polyeth-
ylene mesh sheet, because these films decom-
posed into smaller fragments, which could pass
through a mesh sheet during degradation. Thus,
we did not use these three polyesters in degrada-
tion tests.

Before enzymatic degradation tests, hydrolytic
degradations of the polyesters were carried out in
every buffer solution containing no enzyme. Con-
sequently, the weight losses of the polymers after
200-h degradation were only a few percent. Fig-
ure 1 shows the enzymatic degradations of ali-
phatic polyesters by three different enzymes. It is
apparent that the degradability of polyesters by
enzymes increased in the order of cholesterol es-
terase . lipase B . R. delemar lipase. As shown
in Figure 1(a), cholesterol esterase degraded al-
most perfectly DMAz/BD and DMSb/BD polyes-
ters after ca. 40 and 100 h, respectively. The
DMG/BD polyester was degraded rapidly at first
by this enzyme, but after 50 h, its degradation
rate became slower. Whereas, the DMS/BD poly-
ester was not degraded very much.

These degradation behaviors are probably cor-
related to chain–chain interactions, crystallinity
(in other words, Tm and DHm values), and molec-
ular weights of polymers. Because the differences
in molecular weights of the polyesters used in
degradation tests are not very large (Table II), the
degradability is probably little affected by poly-
mer molecular weight and chain–chain interac-
tions. The polyester with a high melting temper-
ature like DMS/BD polyester (Tm 115.6°C) was
hardly degraded by every enzyme. Tokiwa et
al.6,9,11 reported that the degradability of ali-
phatic polyesters (Mn , 10000) by lipases de-
pended strongly on their Tm values, and the
higher the Tm value was, the lesser the degrad-

ability was, especially for the polyesters whose
Tm values are . 60°C. However, as shown in
Figure 1, the degradations of DMG/BD, DMSb/
BD, and DMAz/BD polyesters do not necessarily
increase with decreasing their Tm values (see Ta-
ble II). For example, cholesterol esterase de-
graded more DMSb/BD polyester (Tm 57.9°C)
than DMG/BD polyester (Tm 43°C). As stated
above, this is probably due to the substrate spec-
ificity of this enzyme. R. delemar lipase degraded
only DMG/BD polyester moderately [Fig. 1(c)],
and lipase B showed the intermediate degradabil-
ity between above two enzymes [Fig. 1(b)].

Table IV shows the changes in some properties
of polyesters before and after degradation by cho-
lesterol esterase. It can be seen that the molecu-
lar weight and polydispersity of polyesters hardly
changed before and after enzymatic degradation.
This result indicates that the degradation of (wa-
ter-insoluble or hydrophobic) polyesters occurs
uniformly from their film surfaces. On the other
hand, the thermal properties (especially DHm val-
ues) of polyesters increased after degradation,
suggesting that the enzymatic degradation would
occur preferentially in amorphous parts of poly-
esters12–14 and/or the partial crystallization of
amorphous region during degradation.15

Figure 2 shows the 1H-NMR spectrum of
DMG/BD polyester before degradation and that of
the lowest molecular weight fraction of water-
soluble products degraded by cholesterol esterase
at 40 h. It is clear that the new peak (a9), corre-
sponding to a-methylene proton peak of alcohol,
appears around 3.7 ppm after degradation [Fig.
2(b)]. Considering from the chemical shifts and
integral values of those peaks, the lowest molec-
ular weight fraction of water-soluble degraded
products for DMG/BD polyester is the mixture of

Table IV Changes in Some Properties of Polyesters before and after Degradation by Cholesterol
Esterase

Polyester
(Diester/BD)

Degradation

Mn/104 a Mw/Mn
a Tm (°C)b 2DHm (J/g)bTime (h) Weight loss (%)

DMG/BD 0 0 5.91 1.46 43.4 45.2
40 44.9 5.83 1.49 43.5 49.6

DMSb/BD 0 0 5.26 1.43 57.9 70.5
40 49.8 4.98 1.59 58.1 78.2

DMAz/BD 0 0 4.54 1.33 49.4 58.6
20 84.8 4.50 1.45 50.7 64.5

a,b Determined by GPC and DSC, respectively.
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BD and the condensation product of DMG with
BD. Tsuji et al.16 also reported that the water-
soluble degraded product of poly(hexamethylene
adipate) was the condensation product of adipic
acid with hexamethylene glycol.

Among chain-extended samples in Table III,
DMS/BD polyester was the only polymer film
whose weight loss by enzymatic degradation
could be measured before and after chain exten-
sion. Figure 3 shows enzymatic degradation of
DMS/BD polyester films by cholesterol esterase
before and after chain extension. The degradabil-
ity of the chain extended film by the esterase is
slightly smaller than that of the unextended one.
With an increase of molecular weight of the poly-
mer, intra- and intermolecular entanglements in-
crease, leading to the difficulty in enzymatic deg-

radation of chain extended polyesters. Further,
the urethane bond in chain extended polyesters,
which may not be cleaved by the esterase, will
retard the degradation rate. In fact, it is reported
that the enzymatic degradability of polyure-
thanes was lower compared with that of the orig-
inal polyesters.17 However, we confirmed that in
more prolonged degradations up to 900 h, chain
extended polyesters were degraded slowly but
steadily.18 As can be seen from Figure 3, the chain
extended DMA/BD polyester film, having much
lower Tm value than the DMS/BD polyester, was
completely degraded after 60 h.
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