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ABSTRACT: Novel biodegradable chemically cross-
linked polymers, poly(5-hydroxylevulinic acid-co-a,x-diol)s
(PHLA-diols), were synthesized from 5-hydroxylevulinic
acid and a,x-diols and characterized by Fourier transform
infrared spectroscopy, differential scanning calorimetry,
thermogravimetric analysis, and dynamic mechanical anal-
ysis. The gel content, swelling ratio, tensile properties, and
hydrolytic degradation behaviors were also measured and
assessed. The glass-transition temperature of the PHLA-
diols could be adjusted within a wide range (�50 to 30�C)

by the type and feed ratio of the diol. Because of the low
glass-transition temperature and crosslink structure, they
exhibited certain elastic properties. The tensile modulus,
strength, and elongation at break measured at 37�C were
1.4–6.3 MPa, 0.8–1.6 MPa, and 10–25%, respectively. These
polymers could be hydrolytically degraded. VC 2010 Wiley
Periodicals, Inc. J Appl Polym Sci 117: 3315–3321, 2010
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INTRODUCTION

Chemically crosslinked polymers are usually synthe-
sized via the step growth or addition polymerization
of multifunctional monomer systems and are widely
used as thermosetting polymers, elastomers, coat-
ings, adhesives, and so on. Recently, biodegradable
crosslinked elastic polymers have attracted much
attention1–4 because they mimic tissue better and,
therefore, are more advantageous than their rigid
counterparts in some biomedical applications, such
as surgical implants and tissue engineering scaf-
folds.1,2 They can be synthesized via the polycon-
densation of multifunctional aliphatic acid/alcohol
monomer systems1–5 and via the ring-opening poly-
merization of a special lactone monomer.6 Poly(gly-
cerol sebacate) synthesized from glycerol and sebacic

acid1 and poly(1,8-octanediol-co-citric acid) synthe-
sized from 1,8-octanediol and citric acid2 are typical
biodegradable crosslinked elastomers. These materi-
als are biodegradable and biocompatible and have
been assessed as tissue engineering scaffolds.1,2,7–11

In our previous work,12,13 we prepared 5-hydroxy-
levulinic acid (5-HLA) and its low-molecular-weight
polymer, poly(5-hydroxylevulinic acid) (PHLA),
from levulinic acid, a biomass-derived platform
chemical. PHLA exhibits a glass-transition tempera-
ture (Tg) that is much higher than those of ordinary
aliphatic polyesters, although its molecular weight is
low. Interestingly, we found in further study that 5-
HLA can react with a,x-diols to generate new biode-
gradable crosslinked polymers called poly(5-hydroxy-
levulinic acid-co-a,x-diol)s (PHLA-diols). The synthe-
sis and properties of such polymers are reported in
this article.

EXPERIMENTAL

Materials

5-HLA was synthesized as previously described.12,13

Ethylene glycol (EG), 1,4-butanediol (BDO), 1,6-hexa-
nediol (HDO), poly(ethylene glycol) with a molecu-
lar weight of 200 (PEG200), poly(ethylene glycol)
with a molecular weight of 400 (PEG400), stannous
chloride dihydrate (SnCl2�H2O), and p-toluene sul-
fonic acid were purchased from Sinopharm Chemi-
cal Reagent Co., Ltd. (Shanghai, China). 1,3-
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Propanediol (PDO) and poly(ethylene glycol) with a
molecular weight of 300 (PEG300) were purchased
from Sigma-Aldrich (Shanghai, China) and Halter-
mann (Hamburg, Germany), respectively. Tetrahy-
drofuran (THF) was used as received.

Synthesis

The polymerization was conducted in two steps.
First, a mixture of 5-HLA and a diol was dehydrated
at 120�C under atmospheric pressure for 1.5 h and
then under a pressure of about 2000 Pa for another
1.5 h. Then, SnCl2�H2O and p-toluene sulfonic acid
(molar ratio ¼ 1 : 1, 0.5–0.9 wt % SnCl2�H2O based
on total monomer) were added to the resultant vis-
cous prepolymer, and a curing or postpolycondensa-
tion reaction was carried out under atmospheric pres-
sure at a given temperature up to a constant value of
the gel content (/gel). To prepare samples for me-
chanical testing, the curing reaction was conducted in
Teflon molds with dumbbell-like or rectangular
caves. To prevent the formation of bubbles as a result
of the escape of byproduct water, the reaction was
carried out slowly via a gradual increase in the cur-
ing reaction temperature from 50 to 120�C.

Characterization

A crude sample with weight W0 was extracted with
boiling THF in a Soxhlet extractor for 24 h. The fully
extracted and swollen sol-free sample was weighed
(W1) and then dried to a constant weight (W2) in
vacuo at 40�C. The gel content (/gel) of the crude
sample was defined as W2/W0, and the swelling ra-
tio (rs) of the gel was defined as W1/W2.

Fourier transform infrared (FTIR) spectra of the
PHLA-diols were recorded with a Nicolet 560 infra-
red spectrometer (Waltham, MA). Differential scan-
ning calorimetry (DSC) analysis was performed with
a differential scanning calorimeter (PerkinElmer
DSC7, Waltham, MA) at a heating rate of 10�C/min
and with scanning from �100 to 150�C. Samples
before and after THF extraction were both used for
DSC measurement. Thermogravimetric analysis was
performed with PerkinElmer Pyris 1 thermogravi-
metric analyzer (Waltham, MA) at a heating rate of
20�C/min in nitrogen.

Mechanical testing

Specimens with high /gel values (without THF
extraction) were used for mechanical tests. Tensile
testing was carried out with a Zwick/Roell Z020
universal testing machine (Ulm, Germany) at 37�C
with a crosshead separation speed of 50 mm/min.
For each polymer, at least five dumbbell-like speci-
mens were tested. Dynamic mechanical behavior
was measured with a DMA Q800 (TA Instrument,

New Castle, DE) with rectangular samples. The
specimens were measured in single-cantilever mode
from �60 to 100�C at a heating rate of 2�C/min with
a frequency of 1 Hz.

Hydrolytic degradation

The hydrolytic degradation was conducted in deion-
ized water at 37�C and in phosphate-buffered saline
(PBS; pH 7.4) at 60�C, respectively. Dry specimens
were placed in a tube containing 30 mL of liquid and
stayed thermostatically for a predetermined time. Af-
ter degradation, the samples were washed with
deionized water and dried at 30�C for 48 h in vacuo.
The normalized weight (W/W0, where W0 and W are
the dry weights before and after degradation, respec-
tively) was used to characterize the degradation.

RESULTS AND DISCUSSION

Synthesis

The reaction between 5-HLA and a diol was con-
ducted in two stages. First, 5-HLA and a diol were
mixed and polycondensed to produce a viscous pre-
polymer; then, a binary catalyst was added, and a
curing reaction occurred, which produced the final
product. The prepolymer was soluble in THF. After
catalyst addition, the viscosity of the reaction mix-
ture increased gradually, and the final product was
no longer soluble but swollen in THF; this indicated
the formation of crosslinks. For simplicity, the poly-
mer of 5-HLA and the diol is called a PHLA-diol.
The a,x-diols used in this study included EG,

PDO, BDO, HDO, PEG200, PEG300, and PEG400.
The diol type had a clear effect on the postpolycon-
densation reaction, as shown in Figure 1. The molar
fraction of the diol in the monomer feed (/diol) was
0.5. /gel increased rapidly for BDO, PDO, and HDO.
However, the crosslinking rate was reduced for EG
and the PEGs, and there appeared an induction pe-
riod. The reaction rate and final gel content (/gel,f)
decreased in the order BDO > PDO > HDO > EG >
PEG200 > PEG300 > PEG400. /gel,f reached 0.38–
0.98 in 0.5–5 h, depending on the diol used.
Figures 2 and 3 show the /gel–time curves of the

HLA–BDO system [BDO molar fraction in the mono-
mer feed (/BDO) ¼ 0.5] at various catalyst concentra-
tions (0.5–0.9 wt %) and temperatures (130–170�C) at
the second reaction stage, respectively. The effects of
the reaction conditions on /gel,f were weak, and
almost the same /gel,f, as high as 95–99%, was
reached under all of these reaction conditions. How-
ever, the effects on the reaction rate were significant.
At higher catalyst concentrations and higher temper-
atures, /gel increased more rapidly, and it took a
shorter time to reach /gel,f. /gel increased steadily
with time and reached a /gel,f of 0.96 in about 100
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min at 130�C. The reaction sped up significantly
when the temperature was raised to 140–150�C.
However, its effect leveled off at higher tempera-
tures, 160–170�C. At such high temperatures, the
byproduct, water, was produced rapidly during the
curing stage and in the polycondensation stage. As a
result, bubbles were readily formed in the product.
To obtain a dense product, the reaction rate had to
be slowed down through elaborate adjustment of the
temperature (<120�C) and/or catalyst concentration.

Crosslinked PHLA-diols could be obtained in a
wide range of monomer feed ratios. For the 5-HLA–
BDO system, /BDO influenced not only the reaction
rate but also /gel,f. As shown in Figure 4(A), a

weakly crosslinked PHLA–BDO (/gel,f ¼ 0.4) was
obtained when 5% BDO was introduced into the
monomer feed. The reaction accelerated and /gel,f

increased continually with increasing /BDO. The
highest /gel,f values were reached at /BDO values
ranging from 0.25 to 0.55. /gel,f was higher than 0.92
in this /BDO range. At higher /BDO values, the reac-
tion rate slowed, and /gel,f decreased again. Cross-
linked polymers could no longer be synthesized
when /BDO exceeded 0.85. On the contrary, rs first
decreased clearly with /BDO, leveled off at a /BDO

value of 0.25–0.55, and then increased again. This
implied that the polymer network was more dense
as /gel increased. According to the changes in /gel,f

Figure 1 /gel–time (t) curves of crude PHLA-diols during
the postpolycondensation of 5-HLA and diols (reaction
conditions: /diol ¼ 0.5, SnCl2�H2O concentration ¼ 0.7 wt
%, temperature ¼ 150�C).

Figure 2 /gel–time (t) curves of crude PHLA–BDO dur-
ing the postpolycondensation of 5-HLA and BDO with
various amounts of the catalyst (reaction conditions: /BDO

¼ 0.5, temperature ¼ 150�C).

Figure 3 /gel–time (t) curves of crude PHLA–BDO dur-
ing the postpolycondensation of 5-HLA and BDO at
various temperatures (reaction conditions: /BDO ¼ 0.5,
SnCl2�H2O concentration ¼ 0.7 wt %).

Figure 4 (A) /gel,f of crude PHLA–BDO and rs of PHLA–
BDO gel as functions of /BDO. (B) Tg,crd, Tg,gel, and Tg,sol

[estimated from eq. (1)] as functions of /BDO (reaction con-
ditions: SnCl2�H2O concentration ¼ 0.7 wt %, temperature
150�C).
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and rs with /BDO, the /BDO range was divided into
four regions: I, II, III, and IV at /BDO < 0.25, /BDO ¼
0.25–0.55, /BDO ¼ 0.55–0.85, and /BDO > 0.85,
respectively.

Although the crosslinking reaction between 5-
HLA and a diol took place easily, the reaction mech-
anism involved was still not very clear. At first
glance, it seems impossible to crosslink 5-HLA and a
diol. However, because there is a keto–enol tautom-
erism equilibrium in 5-HLA13 and the enol hydroxyl
can react with alcohol hydroxyl to form an olefinic
ether bond,14 we speculate that an etherification
reaction (Scheme 1) might have occurred between
the enol hydroxyl and the diol hydroxyl. In brief, a
hydrogen bond was first formed between the H
atom of the enol and the O atom of the diol
hydroxyl, and complex 1 was thus formed. Then,
the H atom transferred to the O atom to form com-
plex 2. Last, compound 3, with an olefinic ether
structure, formed after dehydration. Therefore, in a
5-HLA/diol system, the esterifications between the
carboxyls of 5-HLA and alcohol hydroxyls of both
5-HLA and the diols led to chain growth, and the
etherification between the enol hydroxyls and the
diol hydroxyls resulted in olefinic ether bonds,
which acted as crosslinking points. Scheme 2 shows
the possible crosslinking mechanism.

The FTIR and solid-state cross-polarization/magic
angle spinning 13C-NMR analyses of the PHLA–
BDO gel (/BDO ¼ 0.5) provided some evidence for
the crosslinking mechanism supposed here. In the
FTIR spectrum shown in Figure 5, absorptions of
enol double bonds at 1612–1616 cm�1 and olefinic
ether bonds at 1255 cm�1 were observed. The solid
cross-polarization/magic angle spinning 13C-NMR
spectrum also indicated chemical shifts of keto,
ester, olefinic ether, and enol, but the spectrum
looked a little messy; this suggested that the micro-
structure of the polymer may have been more com-

plicated than that supposed in Scheme 1. So it was
still a challenge to elucidate the crosslinking mecha-
nism and the microstructure of the polymers.

Thermal properties

PHLA-diols are amorphous polymers, and Tg

depends on the type and feed ratio of the diol used.
Table I shows the Tg values of various crude PHLA-
diols prepared at /diol ¼ 0.5. The Tg values of crude
PHLA–EG, PHLA–PDO, PHLA–BDO, and PHLA–
HDO with comparable /gel values (0.86, 0.89, 0.84,
and 0.86) were 32.8, 17.0, 1.9, and � 15.6�C, respec-
tively. No clear Tg change was found after extrac-
tion. PHLA–PEGs possessed lower Tg values, from
� 30.6 to � 48.8�C. Clearly, Tg depended on the
chain length or the flexibility of the diols.
Figure 4(B) shows the dependence of the Tg of

PHLA–BDO on /BDO. For the crude PHLA–BDO
product, the glass-transition temperature of the
crude product (Tg,crd) decreased remarkably from

Scheme 1 Etherification reaction between the enol form
of 5-HLA and the diol.

Scheme 2 Possible crosslinking mechanism and micro-
structure of PHLA-diols.

Figure 5 FTIR spectra of PHLA–BDO gel (/BDO ¼ 0.5)
and PHLA.
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greater than 100�C to about 37�C in region I, then
decreased slowly from 37 to 10�C in region II,
and decreased clearly again in region III. It reached
�31.6�C when 80% BDO was introduced.

When the crude PHLA–BDOs were extracted with
THF and the resultant dry gel was measured with
DSC again, a significant difference was observed
between the glass-transition temperature of the gel
(Tg,gel) and Tg,crd. Tg,gel was 55�C lower than Tg,crd at
a /BDO value of 0.05, but the difference gradually
diminished as /BDO increased. Tg,gel became close to
or slightly lower than Tg,crd in region II, but it
became higher than Tg,crd in region III instead. In the
whole /BDO range, Tg,gel was lower than 30�C and
only exhibited a weak dependence on /BDO.

The crude product was composed of crosslinked
gel and noncrosslinked sol. After extraction, the sol
was removed, and only the gel remained. Obviously,
the change in Tg after extraction mainly occurred
because the sol had a different structure and, conse-
quently, a different Tg from the gel. In our previous
study, we found that PHLA itself had an unordinar-
ily high Tg (� 120�C) because of the formation of

hydrogen bonds between the carbonyls and enol
hydroxyls. However, the formation of crosslinking
in the PHLA-diol destroyed, at least partially, the
hydrogen bonds. Therefore, the PHLA–BDO gels
had much lower Tg values than PHLA. The glass-
transition temperature of the sol (Tg,sol) could be
roughly estimated with eq. (1). The results are also
plotted in Figure 6. In regions I and II, the sols had
high and constant Tg,sol values, being of the same
magnitude of the PHLA homopolymer,13 and there-
fore, this indicated that the crude product was com-
posed of PHLA-rich sol with a high Tg,sol and a
crosslinked PHLA–BDO gel with a low Tg,gel. As a
result, Tg decreased remarkably in region I after
extraction because of its high sol content, and it
decreased slightly or remained unchanged in region
II because of its low sol content. In contrast, the sol
was BDO-rich and had a lower Tg,sol than the
PHLA–BDO gel in region III. Therefore, Tg increased
again after extraction:

Tg ¼ /gelTg;gel þ ð1� /gelÞTg;sol (1)

Tg � Tg;gel ¼ ðTg;sol � Tg;gelÞ � ðTg;sol � Tg;gelÞ/gel (2)

TABLE I
Tg Values of Various PHLA-Diols

Run PHLA-diola NC
b /gel Tg,crd (�C) Tg,gel (

�C)

1 PHLA–EG 2 0.86 32.8 30.8
2 PHLA–PDO 3 0.89 17.0 15.5
3 PHLA–BDO 4 0.84 1.9 2.8
4 PHLA–HDO 6 0.86 �15.6 �17.8
5 PHLA–PEG200 8.3 0.53 �30.6 —
6 PHLA–PEG300 12.8 0.38 �46.3 —
7 PHLA–PEG400 17.4 0.39 �48.8 —

a /diol ¼ 0.5.
b Number of carbon atoms in the diol.

Figure 6 Dependence of the Tg difference between crude
PHLA–BDO and PHLA–BDO gel (Tg � Tg,gel) on /gel in
crude PHLA–BDO.

Figure 7 Thermogravimetric analysis of PHLA–BDO
(/BDO ¼ 0.5).
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Equation (1) is rearranged in eq. (2). The differ-
ence in Tg (Tg � Tg,gel) was plotted against /gel of
the crude product, as shown later in Figure 8. The
Tg difference decreased linearly with /gel in regions
I and II but increased linearly in region III. These
linear relationships indicated that the difference in
Tg was due to the removal of the sols.

In addition, the thermogravimetric analysis indi-
cated that the PHLA-diols had acceptable thermal
stabilities. Figure 7 shows that PHLA–BDO (/BDO ¼
0.5) was stable to 200�C. The temperatures for 5%
weight loss and the fastest weight loss were 245 and
340�C, respectively. The stability was comparable to
that of ordinary aliphatic polyesters, such as poly
(lactic acid).

Mechanical properties

The static and dynamic mechanical properties of
PHLA–EG, PHLA–PDO, and PHLA–BDO were
measured, and the results are shown in Table II and
Figure 8. The tensile modulus, strength, and elonga-
tion at break measured at 37�C were 1.4–6.3 MPa,
0.8–1.6 MPa, and 10–25%, respectively. The modulus
and strength were over 1 magnitude higher than
those of poly(glycerol sebacate) (0.3 and 0.5 MPa)1

but 1–2 magnitudes lower than those of P4HB (250
and 10 MPa).15 The elongation at break was close to
that of P4HB (11%)15 but much smaller than that of
poly(glycerol sebacate) (270%).1 So, the PHLA-diols
appeared to be soft materials with perceptible but
not high elasticity. The flexibility/elasticity resulted
from the low Tg and the chemical crosslinking struc-
ture. The stiff PHLA chain moieties may have lim-
ited the elasticity, although the diol moieties were
flexible.
As shown by the dynamic mechanical measure-

ments, the storage moduli of PHLA–EG (/gel ¼
0.84), PHLA–BDO (/gel ¼ 0.98), and PHLA–HDO
(/gel ¼ 0.89) decreased remarkably and fell to rub-
berlike plateaus after the respective glass transitions.
This result suggests the elasticity of the PHLA-diols,
too. The storage moduli at a rubbery state were com-
parable to those obtained from the tensile tests. The
Tg values read from the tangent of the loss angle
basically agreed with those obtained from the DSC
measurements.

Hydrolytic degradation

Aliphatic polyesters are biodegradable mainly via
the hydrolysis of ester bonds in aqueous media.16–18

PHLA-diols can be regarded as biodegradable

Figure 8 Storage modulus (E0) and tangent of the loss
angle (tan d) of PHLA-diols as functions of temperature.

TABLE II
Mechanical Properties of the PHLA-Diols

PHLA-diola /gel

Tensile modulus
(MPa)

Tensile stress
at break (MPa)

Elongation
at break (%)

PHLA–EG 0.84 6.3 � 0.3 1.6 � 0.2 25.4 � 1.7
PHLA–BDO 0.97 8.8 � 1.2 1.1 � 0.2 15.5 � 1.9
PHLA–HDO 0.89 1.4 � 0.2 0.8 � 0.1 10.8 � 1.3

a /diol ¼ 0.5.

Figure 9 W/W0–tdeg curves of PHLA–BDO (/BDO ¼ 0.5,
/gel ¼ 0.98) and PHLA during degradation in deionized
water (DW) at 37�C and in PBS at 60�C.
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crosslinked aliphatic polyesters, although nonbiode-
gradable olefinic ether bonds are also present in the
polymer structure. The hydrolytic degradation of
PHLA–BDO (/BDO 0.5) with /gel ¼ 0.98 was con-
ducted under two different conditions. The changes
in W/W0 of the samples as functions of the degrada-
tion time (tdeg) are shown in Figure 9.

In a previous article,13 we reported the hydrolytic
degradation of PHLA in deionized water because
PHLA samples degraded in PBS were no longer
soluble in THF so that it was impossible to deter-
mine the molecular weight of the degradation prod-
ucts. So the degradation of PHLA–BDO was first
conducted in deionized water at 37�C to compare its
degradation rate with PHLA under the same condi-
tions. It experienced weight loss from the beginning
of the degradation but degraded more slowly than
the linear PHLA counterpart. It took 6 weeks for
PHLA–BDO to lose 30% of its weight but only 2
weeks for PHLA to do the same. The crosslinked
structure was mainly responsible for the slower deg-
radation rate because the polymer network could
not be completely destroyed by the cleavage of par-
tial ester bonds.

To clarify if the polymer could be degraded com-
pletely, the degradation experiment was carried out
in PBS at 60�C. Obviously, PHLA–BDO degraded
more rapidly, and the degradation was nearly com-
plete after 4 weeks. However, the degradation of
PHLA-diols may be more complicated than that of
existing polyesters because biodegradable ester
bonds and nondegradable olefinic ether bonds are
both present in the polymer network. Thorough
studies are still needed.

CONCLUSIONS

Novel biodegradable crosslinked polymers, PHLA-
diols, were synthesized from 5-HLA and a,x-diols
for the first time. The crosslinking structure may
have resulted from simultaneous etherification and
esterification reactions: the etherification between the
enol hydroxyl in 5-HLA and the diol hydroxyl
resulted in olefinic ether bonds that acted as cross-
linking points, and the esterifications between the

carboxyls of 5-HLA and the alcohol hydroxyls of
both 5-HLA and the diols led to chain growth. The
reaction rate depended on the diol type and feed
ratio, catalyst concentration, and temperature, and
/gel,f depended on the diol type and feed ratio.
PHLA–BDO with /gel values as high as 98% was
obtained at BDO feed ratios of 0.25–0.55. The Tg val-
ues of the PHLA-diols could be tuned in a wide
range by the diol type and monomer feed ratio.
Because of the low Tg and crosslink structure, the
PHLA-diols exhibited certain elastic properties. For
PHLA–BDO, the tensile modulus, strength, and
elongation at break measured at 37�C were 1.4–6.3
MPa, 0.8–1.6 MPa, and 10–25%, respectively. These
materials can be degraded via hydrolysis.
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