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ABSTRACT: Dendritic star-shaped poly(e-caprolactone)-
block-poly(L-lactide) (PCL-b-PLLA) diblock copolymers
were synthesized via sequential ring-opening polymeriza-
tion. In the first step, an aliphatic dendritic polyester con-
taining 16 terminal hydroxyl groups was used as the core
molecule to initiate the ring-opening polymerization of e-
caprolactone, which was catalyzed by stannous(II) octano-
ate, to obtain dendritic star-shaped poly(e-caprolactone)
(PCL) terminated with hydroxyls, which was used further
to initiate the ring-opening polymerization of L-lactide to
form the dendritic star-shaped diblock copolymers. The
dendritic star-shaped polymers (PCL-b-PLLA) were charac-
terized with nuclear magnetic resonance spectroscopy and
gel permeation chromatography. The results showed that
the arm length of the dendritic star-shaped polymers could
be well controlled in terms of the molar ratios of the initia-
tors (i.e., the aliphatic dendritic polyester and star-shaped

PCL) to the monomers (i.e., e-caprolactone and L-lactide).
The crystalline structure and thermal properties of the
dendritic star-shaped polymers were investigated with X-
ray diffraction and differential scanning calorimetry. The
X-ray diffraction indicated that the formation of the den-
dritic star-shaped topological structure did not affect the
structure of the crystals of PCL and poly(L-lactide) (PLLA)
blocks. The thermal analyses showed that the crystalliza-
tion rate of the PCL blocks in the block copolymers was
greatly reduced compared to that in the parent dendritic
star-shaped PCL. This observation could be attributed to
the confinement of the dendritic core and PLLA blocks
upon the crystallization of the PCL blocks. � 2007 Wiley
Periodicals, Inc. J Appl Polym Sci 106: 417–424, 2007

Key words: biocompatibility; biodegradable; block copoly-
mers; branched; polyesters

INTRODUCTION

Aliphatic polyesters such as poly(L-lactide) (PLLA)
and poly(e-caprolactone) (PCL) are a class of impor-
tant polymer materials. Because of their biodegrad-
ability and biocompatibility, these materials represent
interesting candidates for a variety of biomedical
applications.1–15 However, these materials have some
inherent drawbacks. For instance, PLLA generally
possesses a high crystallinity and a low rate of deg-
radation, which greatly limit its use in drug release
systems.16,17 Therefore, structural modifications are
required before it can be successfully applied. It is
recognized that the blending and copolymerization

of PLLA with other polymers are efficient
approaches to suppress the crystallization of PLLA
and thus to enhance the rate of degradation.18–22

More recently, it has been found that the formation
of some macromolecular topologies such as hyper-
branched and star-shaped structures is also favorable
for promoting the applicability of PLLA.23–28 How-
ever, there are only a few reports on the preparation
of star-shaped block copolymers involving PLLA
and PCL.29,30 Dendritic polymers with functional
groups can be used as cores to prepare dendritic
star-shaped polymers via so-called core-first31–37 and
arm-first38–40 approaches. The core-first approach has
been proved to be efficient for synthesizing dendritic
star-shaped aliphatic polyesters such as PLLA and
PCL via sequential ring-opening polymerization.41,42

Recently, Gedde et al.43 synthesized star-shaped
PCL, using dendrimer, hyperbranched, and dendron
cores, and studied the crystallization behavior of
the star-shaped polymers. Xi and coworkers18,44

used hydroxyl-terminated poly (amidoamine) and
poly(aryl ether) dendrimers to prepare dendritic
star-shaped PLLAs and PLLA copolymers with vari-
ous arm lengths. To the best of our knowledge, there
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is no previous report on the preparation of dendritic
star-shaped poly(e-caprolactone)-block-poly(L-lactide)
(PCL-b-PLLA) block copolymers.

In this work, we report the synthesis of novel den-
dritic star-shaped PCL-b-PLLA block copolymers;
the core molecule used in this synthesis is an ali-
phatic dendritic polyester terminated with 16 pri-
mary alcohol hydroxyls (Scheme 1). To this end, the
ring-opening polymerizations of e-caprolactone (CL)
and L-lactide (LLA) were carried out in separate
steps to afford blocks of PCL and PLLA, respec-
tively. The structures of the crystals and thermal
properties of the dendritic star-shaped block copoly-
mers were addressed with wide-angle X-ray diffrac-
tion (XRD) and differential scanning calorimetry
(DSC).

EXPERIMENTAL

Materials

LLA was kindly supplied by Shanghai Newgenius
Biotech Co., Ltd. (China). Before its use, LLA was
recrystallized with anhydrous ethyl ester and dried
in vacuo at room temperature for 24 h. CL was pur-
chased from Fluka (Germany) and distilled over
CaH2 under decreased pressure. The aliphatic den-
dritic polyester was obtained from Perstorp Specialty
Chemicals (Sweden) under the trade name of Boltorn
H20, and it had a quoted number-average molecular
weight (Mn) of 1747 g/mol and 16 terminal hydroxyl
groups; its dendritic structure is shown in Scheme 1.
Stannous(II) octanoate [Sn(Oct)2] was chemically
pure, was purchased from Shanghai Reagent Co.
(Shanghai, China), and was used as received. Sol-
vents such as chloroform, tetrahydrofuran (THF),
petroleum ether, and toluene were obtained from
commercial sources. Before its use, toluene was puri-

fied by distillation over CaH2. All the reagents with-
out special specifications were obtained from Shang-
hai Reagent Co.

Synthesis of dendritic star-shaped PCL

The desired amount of Boltorn H20 was charged
into a round-bottom flask equipped with a dry mag-
netic stirring bar. This flask was connected to a
Schlenk-line system and was degassed and then
refilled with highly pure nitrogen. The exhausting–
refilling process was repeated three times before the
liquid reagent was added. The catalyst in the toluene
solution was added to the system in terms of the
[Sn(Oct)2]/[CL] ratio of 1/1000 (w/w). The poly-
merization was carried out at 1208C for 24 h. The
crude product was dissolved in dichloromethane
and precipitated with excessive petroleum ether. The
precipitates were dried in vacuo at 458C for 24 h.

Syntheses of dendritic star-shaped
PCL-b-PLLA block copolymers

The aforementioned dendritic star-shaped PCL ter-
minated with hydroxyl groups was used as the
macromolecular initiator of the ring-opening poly-
merization of LLA to prepare the dendritic star-
shaped PCL-b-PLLA block copolymers. The desired
amounts of the dendritic star-shaped PCL and LLA
were added to a flask equipped with a dried mag-
netic stirrer, which was connected to a Schlenk-line
system for drying the reactive system with the afore-
mentioned procedure. The flask was immersed in an
oil bath at 1308C for 24 h to access complete poly-
merization. The crude product was dissolved in
chloroform and precipitated with excessive petro-
leum ether. The precipitates were dried in vacuo at
458C for 24 h.

Methods and measurements

Nuclear magnetic resonance (NMR) spectroscopy

The NMR measurements were carried out on a
Varian Mercury Plus 400-MHz NMR spectrometer at
258C. The polymer was dissolved with deuterated
chloroform, and the 1H spectrum was obtained with
tetramethylsilane as the internal reference.

Gel permeation chromatography (GPC)

The molecular weight and molecular weight dis-
tribution were measured on a Waters 150C gel
permeation chromatograph equipped with Micro-
styragel columns at 358C. THF was used as the elu-
ent at a flow rate of 1.0 mL/min. The molecular
weights were expressed with respect to a polysty-
rene standard.

Scheme 1 Structure of Boltorn H20.
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XRD

The XRD patterns were obtained with a Rigaku D/
max g X-ray diffractometer equipped with graphite-
monochromatized Cu Ka radiation (k 5 0.154 nm).
The scanning range was 5–608 with a scanning rate
of 28/min.

DSC

The DSC experiments were carried out on a Perkin
Elmer Pyris 1 differential scanning calorimeter in a
nitrogen atmosphere. The instrument was calibrated
with standard indium. The first scans were per-
formed from 270 to 1808C at the heating rate of
208C/min and were held at 1808C for 3 min to melt
the crystals; this was followed by quick quenching
to 2708C. The second heating scans were carried out
from 270 to 1808C at the heating rate of 208C/min.
After that, the samples were cooled from 180 to
2708C at the cooling rate of 108C/min, and the
cooling DSC curves were recorded. The crystalliza-
tion temperatures and melting temperatures were
taken as the temperatures at the maximum and min-
imum of the endothermic and exothermic peaks,
respectively.

RESULTS AND DISCUSSION

Synthesis of dendritic star-shaped PCL

In this work, the dendritic star-shaped PCL termi-
nated with hydroxyls was first prepared, and it was
used as the macromolecular initiator to initiate the
polymerization of LLA to obtain the dendritic star-
shaped PCL-b-PLLA diblock copolymers. The den-
dritic star-shaped PCL was synthesized via the ring-
opening polymerization of CL in the presence of the
aliphatic dendritic polyester (Boltorn H20). The poly-
merization was carried out at 1208C for 24 h with
Sn(Oct)2 as the catalyst. The four dendritic star-
shaped PCLs with different molecular weight were

synthesized and denoted DPCL1, DPCL2, DPCL3,
and DPCL4 (Table I). Figure 1 shows the 1H-NMR
spectrum of the dendritic star-shaped PCL (DPCL2)
together with the assignment of the resonance. The
resonances of protons from Boltorn H20 are discerni-
ble, indicating the occurrence of the polymerization
initiated with the dendritic polyester. The resonances
at 1.22 and 2.42 ppm are assigned to the protons of
methyl and methylene groups of Boltorn H20,
respectively. The resonances at a (4.05 ppm), b (2.31
ppm), c (1.64 ppm), d (1.38 ppm), and e (3.65 ppm)
are ascribed to the protons of the PCL main chains,
as indicated in Figure 1. 1H-NMR spectroscopy indi-
cates that the as-prepared product combined the
structural features of both Boltorn H20 and PCL.
The molecular weights of the dendritic star-shaped
PCL were determined with GPC and 1H-NMR spec-
troscopy. The results of the polymerization are sum-
marized in Figure 2 and Table I. According to Figure
2, the molecular weights of the dendritic star-shaped
PCL linearly increased with an increasing molar
ratio of the monomer to the macromolecular initia-
tor, and this implied that the molecular weight of
the dendritic star-shaped PCL could be well con-
trolled in terms of the feed ratios.

TABLE I
Results of the Polymerization of CL with Boltorn H20 as the Initiator

Sample [CL]/[I]a Mn,GPC
b Mn,NMR

c Mn,th
d Mw/Mn

b Yield (%)

DPCL1 175/1 22,000 19,100 20,583 1.17 94.4
DPCL2 350/1 40,000 39,200 39,854 1.19 95.5
DPCL3 598/1 64,200 65,700 67,969 1.14 97.1
DPCL4 701/1 74,200 78,500 75,511 1.15 92.3

a Molar ratio of the monomer (CL) to the initiator (Boltorn H20).
b Determined by GPC with polystyrene standards.
c Determined from the 1H-NMR spectrum of dendritic star-shaped PCL.
d Theoretical number-average molecular weight: Mn,th 5 [CL]/[I] 3 MCL 3 Yield 1

MBoltorn H20, where MCL is the molecular weight of CL and MBoltorn H20 is the molecular
weight of Boltorn H20.

Figure 1 1H-NMR spectrum of dendritic star-shaped PCL
(DPCL2).
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Synthesis of dendritic star-shaped
PCL-b-PLLA block copolymers

One of the dendritic star-shaped PCLs (DPCL2) was
further used as the macroinitiator to initiate the ring-
opening polymerization of LLA, which was cata-
lyzed by Sn(Oct)2. The polymerization was carried
out at 1308C for 24 h to obtain products of high mo-
lecular weights. The four dendritic star-shaped PCL-
b-PLLA diblock copolymers with different molecular
weights were prepared and denoted as DPCLA1,
DPCLA2, DPCLA3, and DPCLA4 (Table II). Repre-
sentatively shown in Figure 3 is the 1H-NMR spec-
trum of a dendritic star-shaped PCL-b-PLLA diblock
copolymer (DPCLA2). The signal of the methyl
protons for Boltorn H20 is still detected at 1.22 ppm
in the spectrum. Nonetheless, the signal is not
discernible in the 13C-NMR spectrum, possibly
because of the low ratio of the signal to the noise

(Fig. 4). Figure 3 shows that the methylene proton
signals at 3.65 ppm of the PCL (HOCH2CH2��) dis-
appeared, and the new proton signals appeared at
4.40 ppm, assignable to the terminal methine protons
of PLLA [HOCH(CH3)��]. This observation indicates
that the dendritic star-shaped PCL-b-PLLA diblock
copolymer was obtained. The molecular weights of
the PLLA blocks were estimated from the intensity
ratios of the methine proton signals (at 5.15 ppm) of
PLLA to those of methylene protons (at 2.32 ppm) of
PCL. The Mn,NMR values of the copolymer are sum-
marized in Figure 5 and Table II. Figure 5 shows
that Mn,NMR of the copolymer linearly increased
with the molar ratio of LLA to the macroinitiator.
Therefore, the block length of the star copolymer
could be well controlled by the adjustment of the
molar ratio of LLA to the macroinitiator. The mole-
cular weights determined by GPC (Mn,GPC) for the
copolymers were obviously lower than those esti-
mated with NMR. This observation is attributed to
the smaller hydrodynamic volume of the dendritic
star-shaped copolymer versus that of the linear
counterpart with identical molecular weights. The
typical GPC curves of the block copolymers and the
original block PCL are shown in Figure 6. The sym-
metry of the GPC curves indicates that no homopol-
ymers were found in the dendritic star-shaped
diblock copolymers, suggesting that the terminal
hydroxyl groups of the star-shaped PCL macroinitia-
tor were all involved in the polymerization of the
LLA monomer.

Thermal properties

The thermal properties of the dendritic star-shaped
PCL-b-PLLA block copolymers were investigated,
and the DSC curves of the dendritic star-shaped
diblock copolymers are shown in Figure 7. Shown in
Figure 7(a) are the first heating scans for the as-
prepared samples. For DPCL2, there was an exother-

Figure 2 Dependence of the molecular weights (Mn,GPC

and Mn,NMR) and molecular weight polydispersity of den-
dritic star-shaped PCL on the molar ratio of CL to Boltorn
H20 with Boltorn H20 as the initiator.

TABLE II
Results of the Polymerization of LLA with Dendritic Star-Shaped

PCL (DPCL2) as the Initiator

Sample [LLA]/[I]a Mn,GPC
b Mn,NMR

c Mn,th
d Mw/Mn

b Yield (%)

DPCL2 — 40,000 39,200 39,854 1.19 95.5
DPCLA1 139/1 51,800 56,800 58,769 1.16 94.5
DPCLA2 278/1 66,400 72,900 76,764 1.16 92.2
DPCLA3 556/1 86,600 110,400 112,952 1.16 91.3
DPCLA4 833/1 104,300 143,400 148,050 1.20 90.2

a Molar ratio of the monomer (LLA) to the initiator (DPCL2).
b Determined by GPC with polystyrene standards.
c Determined from the 1H-NMR spectrum of the dendritic star-shaped PCL-b-PLLA

copolymer.
d Theoretical number-average molecular weight: Mn,th 5 [LLA]/[I] 3 MLLA 3 Yield

1 Mn,th,DPCL2, where MLLA is the molecular weight of LLA and Mn,th,DPCL2 is the theo-
retical number-average molecular weight of DPCL2.
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mic transition at 618C, which was ascribed to the
melting transition of PCL. However, this transition
shifted to a lower temperature in the dendritic star-
shaped PCL-b-PLLA diblock copolymers. Further-
more, a shoulder peak appears with the melting
peak, implying that the lamellar rearrangement of
PCL crystals was affected by the presence of the
PLLA block. With increasing molecular weights of
the PLLA blocks, the melting transition of the PCL
blocks became increasingly weak. For DPCLA3 and
DPCLA4, the transitions were indiscernible. The ob-
servation could be interpreted as follows. First, the
result could be related to the partial miscibility of
PCL and PLLA. PLLA possesses a higher glass-tran-
sition temperature (�608C) than PCL (�2608C).45

Therefore, partially mixing the two blocks resulted
in the increase in the glass-transition temperatures

for PCL domains; that is, a lower supercooling degree
(melting temperature 2 glass-transition temperature)
was created for the crystallization of PCL chains. In
addition, the confined crystallization of PCL chains in
the star-shaped diblock copolymers should also be
considered. In the dendritic star-shaped block copoly-
mers, the terminal ends of PCL chains were restricted
by the core molecules and PLLA block, and thus the
crystallization of PCL chains was significantly con-
fined.46,47 It is plausible to propose that the restriction
is increasingly pronounced.

The thermal properties of the PLLA blocks in the
dendritic star-shaped copolymers are also shown in
Figure 7(a). For DPCLA1, no melting peak assignable
to PLLA appears in the DSC curve, and this suggests

Figure 3 1H-NMR spectrum of the dendritic star-shaped
PCL-b-PLLA block copolymer (DPCLA2).

Figure 4 13C-NMR spectrum of the dendritic star-shaped
PCL-b-PLLA block copolymer (DPCLA2).

Figure 5 Dependence of the molecular weights (Mn,GPC

and Mn,NMR) and molecular weight polydispersity of den-
dritic star-shaped PCL-b-PLLA block copolymers on the
molar ratio of LLA to DPCL2 with dendritic star-shaped
PCL as the initiator.

Figure 6 GPC curves of dendritic star-shaped PCL and
dendritic star-shaped PCL-b-PLLA block copolymers.
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that the PLLA microdomain is amorphous. Nonethe-
less, the crystallization of PLLA was seen when the
length of the PLLA blocks was increased. For
DPCLA2, there are two weak melting peaks in the
DSC curve at temperatures higher than the melting
temperatures of PCL blocks, suggesting the presence
of PLLA crystals. The melting temperatures of the
PLLA blocks increased with increasing lengths of
the PLLA blocks (see DPCLA3 and DPCLA4).

After the thermal history was removed, the second
DSC scans were carried out for the quenched sam-
ples [Fig. 7(b)]. For DPCL2, a single sharp melting
transition was observed, which was ascribed to the
melting of PCL crystals. However, with the incorpo-
ration of PLLA blocks, a cold crystallization transi-
tion at 288C appeared for DPCLA2, suggesting that
the crystallization of PCL blocks was significantly
inhibited by the presence of PLLA blocks. The crys-
tallization rates of PCL blocks decreased with

increasing lengths of PLLA blocks. For the dendritic
star-shaped block copolymers with longer PLLA
blocks (i.e., DPCLA3, DPCLA3, and DPCLA4), no
cold crystallization or subsequent melting transitions
were observed, and this implied that the crystalliza-
tion rates of PCL blocks in these samples were too
slow to be detected. On the other hand, the
increased lengths of the PLLA blocks endowed the
crystallinity of PLLA blocks. By comparing the area
of the cold crystallization peak with that of the melt-
ing peak for DPCLA2, it is proposed that an amor-
phous sample could be obtained when the copoly-
mer was quenched. However, the cold crystallization
temperature for the PLLA blocks increased with the
increasing length of PLLA blocks, whereas the melt-
ing temperatures of the PLLA blocks remained
almost invariant. This observation could be related
to the microphase structures of the dendritic star-
shaped diblock copolymers.

Figure 7 DSC traces of dendritic star-shaped PCL and dendritic star-shaped PCL-b-PLLA block copolymers: (a) first heat-
ing scan, (b) second heating scan after 3 min at 1808C, and (c) cooling scan.
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The degree of crystallization (Xc) of the polymer
could be calculated with the following equation:

Xc ¼ ðDHf � DHcÞ=DHf
0

where DHf
0 is the heat of fusion of the 100% crystal-

line polymer, DHf is the heat of fusion of the poly-
mer, and DHc is the heat of crystallization during the
same heating scan. Xc of the PCL and PLLA blocks
in the dendritic star-shaped block copolymers could
be calculated by the equation with the DSC curves
of the second heating scan. For PCL, DHf

0 was
136 J/g,48 and Xc of the PCL blocks in DPCL2 was
49.28%, but Xc in DPCLA1 was 4.37%, and this sug-
gests that Xc of the PCL blocks greatly decreased in
the dendritic star-shaped copolymer. For PLLA, Xc

of the PLLA block in DPCLA2, DPCLA3, and
DPCLA4 was 5.82, 9.36, and 8.67%, respectively,
when DHf

0 was 93.6 J/g.49 This indicates that Xc

increased with the molecular weight of the PLLA
block increasing. However, when the molecular
weight of the PLLA block increased to a certain
value, Xc was independent of the molecular weight
of the PLLA block. Thus, the crystallinity of the
PLLA block could be adjusted by the variation of
the molecular weight of the PLLA block.

Figure 7(c) shows the cooling scan from 180 to
2708C at 108C/min. DPCL2 had a crystallization
exotherm, and its crystallization temperature was at
288C. For the dendritic star-shaped copolymers, the
crystallization exothermic peaks of the PCL blocks
appeared only for DPCLA1 and DPCLA2. Compared
to that of DPCL2, the crystallization exothermic
peaks of the PCL blocks shifted to lower tempera-
tures and their intensity became weaker with the
lengths of the PLLA blocks increasing. This further
confirms that the crystallization of PCL blocks in
the dendritic star-shaped copolymers was restricted.
In addition, the temperature of the PLLA blocks
increased with the length of the PLLA blocks
increasing.

Structures of the crystals

Figure 8 shows the XRD patterns of the dendritic
star-shaped PCL (DPCL2) and its diblock copoly-
mers with PLLA. DPCL2 shows two strong peaks
and a weak peaks at 2u values of 21.4, 23.7, and
22.08, which correspond to the 110, 200, and 111
planes of PCL, respectively.50 This observation sug-
gests that the formation of a dendritic star-shaped
topology does not alter the structure of PCL crystals.
The typical diffraction peaks of the PCL blocks were
also found in the dendritic star-shaped diblock
copolymers. A similar case is also applicable to the
structure of the PLLA crystals. For PLLA blocks, the
diffraction peaks were also detected at 2u values of

16.6 and 18.98, which correspond to the 200 and 203
planes of PLLA, respectively.51,52 It is interesting to
note the minor diffraction peak at 16.68 in the
pattern of DPCLA1, suggesting low crystallinity for
PLLA. However, the melting transition was not
found in the DSC thermogram (Fig. 7).

CONCLUSIONS

The dendritic star-shaped PCL-b-PLLA block copoly-
mers were synthesized via sequential ring-opening
polymerization. In the first step, an aliphatic dendri-
tic polyester containing 16 terminal hydroxyl groups
was used as the core molecules to initiate the ring-
opening polymerization of CL, which was catalyzed
by Sn(Oct)2, to obtain the dendritic star-shaped PCL
terminated with hydroxyls, which was used further
to initiate the ring-opening polymerization of LLA to
form the dendritic star-shaped diblock copolymers.
The dendritic star-shaped polymers (PCL-b-PLLA)
were characterized with NMR spectroscopy and
GPC. The results showed that the arm length of the
dendritic star-shaped polymers could be well con-
trolled in terms of the molar ratios of the initiators
(i.e., Boltorn H20 or star-shaped PCL) to the mono-
mers (i.e., CL and LLA). The crystalline structure
and thermal properties of the dendritic star-shaped
polymers were investigated with XRD and DSC.
XRD indicated that the formation of a dendritic star-
shaped topological structure did not affect the struc-
ture of the crystals of PCL and PLLA blocks. The
thermal analyses showed that the crystallization rate
of the PCL blocks in the block copolymers was

Figure 8 XRD patterns of dendritic star-shaped PCL and
dendritic star-shaped PCL-b-PLLA block copolymers.
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greatly reduced compared to that in the parent den-
dritic star-shaped PCL. The observation could be
attributed to the confinement of the dendritic core
and PLLA blocks upon the crystallization of the PCL
blocks.
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