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Copolymers of L-lactic acid (LA) and 2-pyrone-4,6-dicarboxylic acid (PDC), a chemically stable metabolic intermediate of lignin,
were prepared by dehydrated polycondensation based on stepwise oligomerization followed by post-polymerization in vacuo. When
the polymerization was performed in the presence of methanesulfonic acid as a catalyst, the molecular weights of the resulting
copolymers were sufficiently high. Furthermore, expansion of the polymeric surface area was found to be an important factor in
facilitating dehydration and thereby producing high molecular weight polymers. PDC feed ratio significantly affected the molecular
weight because of the different polymerization capability from LA. Relationship between the PDC feed ratio and the molecular weight
of the resulting polyesters was for the first time demonstrated quantitatively. The obtained copolymers were characterized by 1H- and
13C-NMR, IR, and thermal analysis. The high molecular weight copolymers possessed the higher decomposition temperatures than
PLLA and their fusible temperature ranges were reasonably expanded.
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1 Introduction

Importance of biomass-based renewable plastics has been
increasing because construction of carbon-neutral sustain-
able society is extremely desired (1–8). Poly(L-lactic acid)
(PLLA) is one of the most promising candidates for this
purpose (9–18). It can be readily prepared from renewable
resources of L-lactic acid (LA) by self-condensation (19–
21), and its excellent biocompatibility and biodegradability
make it an important material in biomedical applications.
However, PLLA has several disadvantages such as the
lack of mechanical strength and heat resistivity, which
are common for most existing biopolymers. Therefore,
little success has been achieved on the application studies
of PLLA as a substitute of various engineering plastics.
For example, PLLA is very brittle at room temperature,

∗Address correspondence to: Kiyotaka Shigehara, Graduate
School of Engineering, Tokyo University of Agriculture and
Technology, Koganei, 184-8588 Tokyo, Japan. Fax: (+81) 42 381
8175; E-mail: jun@cc.tuat.ac.jp
∗∗E-mail: michinobu.t.aa@m.titech.ac.jp.

despite the glass transition temperature (Tg) well above
the room temperature (about 60◦C). To overcome these
disadvantages, two main approaches have generally been
employed. One is blending with thermally stable materials
and polymers (22). However, an ideal additive has not
yet been found because of the lack of compatibility
with PLLA. The other is introduction of (pseudo-)
aromatic rings into the polymer main chain via a covalent
bond, since aromatic nuclei usually contribute to improve-
ment of mechanical strength and heat resistant properties
(23, 24).

Since biodegradability is one important positive feature
of PLLA, the incorporated (pseudo-)aromatic component
should also originate from biomass. Fortunately, we have
previously succeeded in massive production of a novel
pseudo-aromatic molecule, 2-pyrone-4,6-dicarboxylic acid
(PDC), from the lignin-bio-metabolic intermediates by
transformed bacterium (25). It should be noted that lignin
is now an industrial waste, although it is produced on a
large scale in paper manufacturing. Thus, its utilization in
industry is highly desired from the environmental view-
point (26, 27). PDC is a small molecule possessing two
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carboxylic acids (28, 29). Our previous reports demon-
strate the ability as a bifunctional monomer for polycon-
densation and polyaddition. The obtained polyesters, pre-
pared by polycondensation with α, ω-alkylenediol or bis(2-
hydroxyethyl)terephthalate, showed the high PDC content
in the polymers and, accordingly, the improved thermal
stability (30). However, they lacked the advantageous prop-
erties of aliphatic polymers, such as fusibility, elasticity,
and high solubility into organic solvents. High solubility
into organic solvents was very recently achieved for the lin-
ear polymer prepared by using copper(I)-catalyzed azide-
alkyne click reaction (31). All these studies revealed that
PDC content has significant effects on the polymer prop-
erties.

In the present report, we describe the successful prepa-
ration of hybrid biopolymers of LA and PDC by direct
dehydrated polycondensation. The polymerization condi-
tions were comprehensively investigated by variation of a
catalyst, monomer feed ratio, and polymerization time and
temperature. The relationship between the PDC feed ratio
and the molecular weight of the resulting polymers was
described for the first time.

2 Experimental

2.1 Materials

All reagents were purchased from Kanto Chemical Co.,
Tokyo Kasei Co., and Wako Chemical Industries Ltd.,
and used as received unless otherwise stated. L-Lactic acid
(LA) was purified before use. 2-Pyrone-4,6-dicarboxylic
acid (PDC) was obtained from protocatechuate via the
metabolic pathway of Sphingomonas paucimobilis SYK-6
as reported previously (25). Bis(2-hydroxyethyl) 2-pyrone-
4,6-dicarboxylic acid (BHPDC) was prepared from PDC
and 1,2-ethanediol (32).

2.2 General Measurements
1H and 13C-NMR spectra were measured on a JEOL
model AL300 or AL400 spectrometer at 20◦C. Chemi-
cal shifts are reported in ppm downfield from SiMe4, us-
ing the solvent’s residual signal as an internal reference.
The resonance multiplicity is described as s (singlet) and
m (multiplet). Infrared spectra (IR) were recorded on a
JASCO FT/IR-4100 spectrometer. Gel permeation chro-
matography (GPC) was measured on a JASCO system (PU-
980, CO-965, RI-930, UV-970, and AS-950) equipped with
polystyrene gel columns using chloroform as an eluent at
a flow rate of 1.0 ml min−1 after calibration with standard
polystyrene. Thermogravimetric-differential thermal anal-
ysis (TG-DTA) was carried out on a Rigaku Thermoplus
TG 8120 under nitrogen flow at a heating rate of 10◦C
min−1. Elemental analyses of the polymers were carried
out on a Yanaco MT-5 elemental analyzer.

2.3 Polymerization

Copolymers of LA and PDC were prepared by the direct
polycondensation of LA, PDC, and BHPDC. Sb2O3 or
methanesulfonic acid (MSA) was employed as a catalyst.
A mixture of three monomers and a catalyst (0 or 0.3 wt%)
was charged in a test tube, and preheated to 120◦C to ob-
tain homogeneous molten solutions. The mixture was then
reacted at 120◦C for 6 h, followed by 180◦C for 6 h, afford-
ing the oligomers. The oligomers were subjected to post-
polymerization at 180◦C at 2 mmHg for a given period. In
the optimized conditions, further reaction was carried out
at 120◦C at 2 mmHg for 15 h with a rotation of a test tube or
with bubbling nitrogen gas. After cooling to room temper-
ature, CHCl3 was added and the solution was precipitated
into CH3OH. The precipitate was collected and purified by
repeated reprecipitation from CHCl3 into CH3OH until the
small molecular weight fractions are completely removed.

1H-NMR (300 MHz, CDCl3):δ = 1.33–1.67 (m,
CH3), 4.20–4.24 (m, CH2CH2 ), 5.02–5.09 (m,
C( O)CH(CH3)O ), 7.10 (s, pyroneεH), 7.42 ppm (s,

pyroneγ H); 13C-NMR (75 MHz, CDCl3):δ = 17.05
( CH3), 63.38 ( CH2CH2 ), 66.11 ( CH2CH2 ), 69.27
( C( O)CH(CH3)O ), 108.98 (pyroneεC), 124.02 (pyrone
γ C), 142.28 (pyrone δC), 148.79 (pyroneφC), 158.42 (py-
rone δC-C( O)), 162.18 (pyrone φC C( O)), 169.79 (py-
rone βC), 174.54 ppm ( C( O)CH(CH3)O ); IR (liquid
film) ν 3068, 2995, 2359, 1757, 1642, 1564, 1456, 1383, 1362,
1265, 1185, 1131, 1092, 1046, 869, 756 cm−1.

3 Results and Discussion

In synthesizing polyesters of L-lactic acid (LA) and 2-
pyrone-4,6-dicarboxylic acid (PDC) by polycondensation,
the stoichiometric balance between carboxylic acid and hy-
droxyl functionalities is important for an increase in the
molecular weight. LA is a self-condensed monomer pos-
sessing both a carboxylic acid group and a hydroxyl group,
whereas PDC is a dibasic acid possessing two carboxylic
acid groups. Therefore, a new diol comonomer was neces-
sary in the same molar amount as PDC to maintain the
stoichiometry. To avoid the reduction of biomass content,
bis(2-hydroxyethyl) 2-pyrone-4,6-dicarboxylic acid (BH-
PDC) was designed and prepared from PDC and 1,2-
ethanediol in an excellent yield (32). A three component
polycondensation was performed with a different LA/PDC
ratio under various conditions (Scheme 1). General proce-
dure is based on the oligomerization at 120◦C for 6 h and
then at 180◦C for 6 h, followed by post-polymerization in
vacuo for an additional period.

First, the effect of a catalyst was studied under the con-
ditions of the post-polymerization at 180◦C for 8 h, and
the catalyst efficiency was judged by the molecular weight
of the resulting polyesters. Since the previous studies sug-
gested that a higher PDC feed ratio leads to insoluble and
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Sch. 1. Synthesis of copolymers of LA and PDC.

infusible gels (30), the PDC feed ratio was maintained at
<10 mol%. When the polymerization was performed at
9.1 mol% PDC feed ratio in the absence of a catalyst,
only soluble oligomer with the number average molecular
weight (Mn) of 1100 and the relatively large polydispersity
(Mw/Mn) of 2.3 was obtained (Table 1, run 1). PDC was
expected to become a catalyst because of the strong acidity,
but this result fully negates the possibility. Decreasing the
PDC content to 6.3 mol% and further to 4.8 mol% did not
improve the result (Table 1, run 2 and 3). However, use of
a catalyst (0.3 wt%) definitely improved the Mn values and
decreased the polydispersity of the resulting polymers. Re-
action yields were also slightly higher in the presence of the
catalysts. It turned out that methanesulfonic acid (MSA)
is a better catalyst than Sb2O3. Polymerization in the pres-
ence of Sb2O3 and MSA provided the copolymers with the
maximum Mn of 3800 and 4300, respectively (Table 1, run
5 and 9). Furthermore importantly, MSA can be readily re-
moved in the purification process. Other strong acids such
as sulfuric acid were also examined as a catalyst, but they
resulted in discoloration of the reaction mixtures and never
improved the polymerization efficiency.

Next, polymerization conditions were optimized by
changing the post-polymerization time at 180◦C as a pa-
rameter (Table 2). Prolonged polymerization time tended
to increase the molecular weight of the resulting polymers.
However, longer polymerization time lead to a dramatic
increase in the viscosity and the subsequent partial depo-
sition or gelation occurred in the case of a higher PDC
content. Thus, a lowering of PDC feed ratio to <9.1 mol%
was necessary for the post-polymerization time of 8 h to
obtain homogeneously melt polymers at 180◦C. Similarly,
PDC feed ratio was maintained to be <6.3 mol% for 10 h
and <3.2 mol% for 15 h. Effects of the post-polymerization
time were studied for the polymerizations at the same PDC
feed ratio. For example, at the PDC feed ratio of 4.8 mol%,
the Mn value increased from 3300 to 3800 with the increas-
ing post-polymerization time from 8 h to 10 h (Table 1, run
6 vs Table 2, run 2). A similar increase in the Mn value
was demonstrated for further prolongation of the post-
polymerization time from 10 h to 15 h (Table 2, run 3 vs run
6 and run 4 vs. run 7). However, the Mn value was almost
saturated at about 6000 and, therefore a significant im-
provement was found to be difficult. These results suggest

Table 1. Effect of catalyst on copolymerization of LA, PDC, and BHPDCa

Run LA/PDC/BHPDC PDC feed ratio × (%) Catalyst Yield (%) Mb
n Mw/Mb

n

1 20/1/1 9.1 — 87.3 1100 2.3
2 30/1/1 6.3 — 87.4 1200 2.6
3 40/1/1 4.8 — 86.8 1300 2.6
4 20/1/1 9.1 Sb2O3 88.7 2400 1.7
5 30/1/1 6.3 Sb2O3 90.1 3800 1.8
6 40/1/1 4.8 Sb2O3 88.4 3300 1.7
7 20/1/1 9.1 MSA 89.5 3100 1.9
8 30/1/1 6.3 MSA 90.6 3700 1.8
9 40/1/1 4.8 MSA 89.3 4300 1.7

aPost-polymerization at 180◦C and 2 mmHg for 8 h.
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Table 2. Effect of polymerization time on copolymerization of LA, PDC, and BHPDCa

Run LA/PDC/BHPDC PDC feed ratio × (%) Polym. time (h) Yield (%) Mb
n Mw/Mb

n

1 30/1/1 6.3 10 88.1 3500 1.7
2 40/1/1 4.8 10 86.1 3800 1.8
3 60/1/1 3.2 10 81.4 3900 1.7
4 80/1/1 2.4 10 79.2 4500 1.8
5 100/1/1 2.0 10 80.3 6800 1.8
6 60/1/1 3.2 15 89.1 4700 1.8
7 80/1/1 2.4 15 86.3 5600 1.8
8 100/1/1 2.0 15 85.9 6000 1.6
9 80/1/1 2.4 19c 82.1 8200 1.2

10 100/1/1 2.0 19c 83.8 8600 1.2

aIn the presence of Sb2O3 (0.3 wt%) as a catalyst, post-polymerization at 180◦C and 2 mmHg.
bDetermined by GPC (CHCl3 eluent, polystyrene standard).
cPost-polymerization at 180◦C for 4 h followed by at 120◦C for 15 h with a rotation of a test tube.

that polymerization rate becomes extremely slow at the Mn
of about 6000, probably because of the increased viscosity
and thereby prevented dehydration as well as the quilib-
rium attainment of polymerization and depolymerization.
To solve these problems, the next optimization of the post-
polymerization conditions was attempted. First, in order to
prevent depolymerization, the post-polymerization temper-
ature was decreased to 120◦C. This change did not decrease
the Mn values, indicating the sufficient activation at this
temperature. Second, the surface area of the resulting poly-
mers was expanded to facilitate dehydration. An attempt of
bubbling nitrogen gas directly into the melt polymers was
unsuccessful. In contrast, inclination and rotation of a test
tube provided a good result and finally increased the Mn
values to >8000 (Table 2, run 9 and 10).

The aforementioned optimized polymerization condi-
tions were applied to the catalytic system of MSA, which
was proven to be a better catalyst than Sb2O3 for the poly-
merization of LA and PDC (vide supra). As expected, the
Mn of the resulting copolymers was dramatically increased
in particular at a low PDC feed ratio. When a PDC feed
ratio is <3.8 mol%, the molecular weight increase was sig-
nificant and the polydispersity became very narrow. For
example, the Mn value reached 23300 at the PDC feed ra-

tio of 2.4 mol% (Table 3, run 7). This value is more than
twice larger than that of the copolymer obtained by using
Sb2O3 as a catalyst (Table 2, run 9) and at the same time
the record value of soluble PDC polyesters prepared so
far.

Relationship between PDC feed ratio and the Mn values
of the obtained copolymers was summarized and the data
were plotted with respect to the polymerization conditions.
As shown in Figure 1, the Mn values tended to increase with
the decreasing PDC feed ratio under all the conditions. This
result indicates that the polymerization capability of PDC is
lower than that of LA. An abrupt molecular weight increase
was observed at the PDC feed ratio of about 5 mol% when
MSA was employed as a catalyst. In contrast, although
the post-polymerization was performed without a rotation
of a test tube, a slight increase in the molecular weight
barely started at the PDC feed ratio of about 3 mol% in the
case of Sb2O3 catalyst. This difference again highlights the
superior catalytic activity of MSA over Sb2O3.

The obtained copolymers were soluble into common
organic solvents, such as CHCl3 and THF, and unam-
biguously characterized by 1H and 13C-NMR, IR, and
thermal analysis. All obtained polymers showed the same
or at least very similar spectra dependent on the PDC

Table 3. Effect of monomer feed ratio on copolymerization of LA, PDC, and BHPDCa

Run LA/PDC/BHPDC PDC feed ratio x (%) Yield (%) Mb
n Mw/Mb

n

1 10/1/1 17 88.0 1200 2.7
2 20/1/1 9.1 82.1 2400 2.2
3 30/1/1 6.3 86.9 3900 2.7
4 40/1/1 4.8 85.6 5300 2.7
5 50/1/1 3.8 88.0 11900 1.2
6 60/1/1 3.2 87.9 12000 1.2
7 80/1/1 2.4 87.8 23300 1.4

aIn the presence of MSA (0.3 wt%) as a catalyst, post-polymerization at 180◦C and 2 mmHg for 4 h followed by at 120◦C and 2 mmHg for 15 h with
a rotation of a test tube.
bDetermined by GPC (CHCl3 eluent, polystyrene standard).
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Fig. 1. Relationship between PDC feed ratio (x) and the molecular
weight (Mn) of the copolymers, prepared in the presence of Sb2O3

for 10 h at 2 mmHg (•) (Table 2, Run 1-5), in the presence of Sb2O3

for 15 h at 2 mmHg (	) (Table 2, Run 6-8), and in the presence
of MSA for 19 h at 2 mmHg (◦) (Table 3).

content. Copolymers with a higher PDC content showed
the stronger peaks ascribed to PDC moiety. By using this
feature, the actual PDC content in the copolymers was es-
timated. For example, 1H- and 13C-NMR spectra of the
copolymer prepared at the PDC feed ratio of 2.4 mol%

(Table 3, run 7) are shown in Figure 2. In addition to the
intense peaks of PLLA, very weak but well-defined peaks
ascribed to PDC and BHPDC moieties appeared. In the 1H
NMR spectrum, two weak single peaks ascribed to the py-
rone ring were observed in the aromatic region (Figure 2a).
Careful integration of the PDC peaks and the comparison
with the methine peak of PLLA at ∼5.1 ppm revealed that
the PDC content in this copolymer is 1.4 mol%. Elemental
analysis also supported the 1H-NMR result. The PDC con-
tent of this copolymer, calculated from the C and H con-
tents, was 1.5 mol%. All these results again suggest the low
polymerization ability of PDC as compared to LA.

Because of the low PDC content, IR spectra showed lit-
tle difference between PLLA and the obtained copolymers.
However, new peaks attributable to the C C stretching vi-
bration of the diene moiety of PDC finally appeared at
1642 and 1564 cm−1 after the repeated accumulation of the
copolymer prepared at the high PDC feed ratio of 9.1 mol%
(Fig. 3b). At the same time, a weak and rather broad peak
at 3068 cm−1 can be assigned to the C-H stretching vibra-
tion of the diene moiety. Other noticeable changes include
a broadening of ester-derived peaks but the distinction be-
tween the pyrone ring and aliphatic main chain was not
possible.

Fig. 2. (a) 1H-NMR and (b) 13C NMR spectra of LA-PDC copolymer prepared at the monomer feed ratio of LA/PDC/BHPDC =
80/1/1 in the presence of MSA for 19 h at 2 mmHg (in CDCl3 at 20◦C). The residual solvent peak is marked.
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Fig. 3. IR spectra of (a) PLLA and (b) LA-PDC copolymer pre-
pared at the monomer feed ratio of LA/PDC/BHPDC = 20/1/1
in the presence of MSA for 19 h at 2 mmHg.

Thermal properties of the obtained copolymers were in-
vestigated by thermogravimetric-differential thermal anal-
ysis (TG-DTA) at a heating rate of 10◦C min−1 under ni-
trogen atmosphere. PLLA is a crystalline polymer with a
melting point of about 170◦C and a decomposition temper-
ature of about 270◦C (33). All copolymers prepared under
the conditions of Table 2, run 1–8, which corresponds to
the Mn ranging from 3500 to 6800, displayed the decom-
position temperature of 258–267◦C. However, the copoly-
mers prepared under the optimized conditions, providing
a larger Mn value of >8000, showed the slightly higher de-
composition temperatures of 275–276◦C than PLLA. Fig-
ure 4 depicts the representative TG curve of the copolymer
with an Mn of 8600 (Table 2, run 10). A small amount of
PDC content did not cause a significant decomposition at
lower temperature. DTA curve exhibits the clear melting
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Fig. 4. Thermogravimetric-differential thermal analysis (TG-
DTA) of LA-PDC copolymer prepared at the monomer feed
ratio of LA/PDC/BHPDC = 100/1/1 in the presence of Sb2O3

for 15 h at 2 mmHg.

point at 132◦C (Fig. 4). It should be noted that the pre-
viously prepared PDC polymers were completely infusible
and could not be processed. For the first time, the com-
bination with PLLA resulted in the fusible PDC polymer.
The significantly decreased melting point as compared to
that of PLLA expands the fusible temperature range and,
accordingly, enables to prepare various films for further
mechanical analysis and practical applications, which are
currently pursued in our laboratory.

4 Conclusions

We have successfully prepared the soluble high molecu-
lar weight biopolymers of LA and PDC. Based on the
rational design to keep the stoichiometric balance of the
functional groups as well as high biomass content, three-
component polycondensation between LA, PDC, and BH-
PDC was examined. Optimization of various parameters
in the polymerization conditions revealed that MSA is the
best catalyst and that the molecular weight of the resulting
copolymers increases with the decreasing amount of PDC.
By using this knowledge, the PDC copolymer showing the
record highest molecular weight (Mn) of 23300 was finally
obtained when the PDC content was 1.4–1.5 mol%. These
high molecular weight copolymers are soluble in common
organic solvents and also thermally stable with the higher
decomposition temperature than that of PLLA. Moreover,
their expanded fusible temperature range will facilitates the
extensive studies on the mechanical and degradable prop-
erties in the film states. Combined features of LA and PDC
are expected to compensate each shortcoming and provide
highly valued biopolymers.
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