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ABSTRACT: Hexa-armed  star-shaped  poly(e-capro-
lactone)-block-poly(L-lactide) (6sPCL-b-PLLA) with dipenta-
erythritol core were synthesized by a two-step ring-opening
polymerization. GPC and "H NMR data demonstrate that the
polymerization courses are under control. The molecular
weight of 6sPCLs and 6sPCL-b-PLLAs increases with increas-
ing molar ratio of monomer to initiator, and the molecular
weight distribution is in the range of 1.03-1.10. The investiga-
tion of the melting and crystallization demonstrated that the
values of crystallization temperature (T,), melting tempera-
ture (T},), and the degree of crystallinity (X.) of PLLA blocks

are increased with the chain length increase of PLLA in the
6sPCL-b-PLLA copolymers. On the contrary, the crystalliza-
tion of PCL blocks dominates when the chain length of PLLA
is too short. According to the results of polarized optical
micrographs, both the spherulitic growth rate (G) and the
spherulitic morphology are affected by the macromolecular
architecture and the length of the block chains. © 2010 Wiley
Periodicals, Inc. ] Appl Polym Sci 118: 26502658, 2010
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poly(L-lactide); crystallization; spherulites

INTRODUCTION

Poly(r-lactide) (PLLA) and PLLA-based blends and
copolymers are the most innovative materials being
actively investigated for their use in biomedical and
packaging materials due to their biodegradability,
biocompatibility, and producible from renewable
resources.'” However, besides its long degradation
time PLLA is usually hard and brittle, which hinders
its usage in medical applications like orthopedic and
dental applications.>” To overcome these disadvan-
tages, many investigation have been made in the
modification of the physical and mechanical proper-
ties of PLLA. Some modifications, such as the addi-
tion of plasticizers or surfactants/compatiblizer, are
usually required to improve its original properties.
One method is to blend PLLA with other polymers
to improve the physical properties of PLLA.'%"
However only moderate improvement in mechanical
properties was achieved. The alterative method to
modify the properties of PLLA is copolymerization
with other monomers. PLLA copolymers have been
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synthesized, for example, diblock poly(lactide)-b-
poly(e-caprolactone) (PLA-b-PCL) and triblock PLA-
b-PCL-b-PLA copolymers that have attracted consid-
erable attention because of the combination of the
good permeability of PCL with fast degradation of
PLA segments.'* '

Another problem is related to the processing of
PLLA.""'® Orthopedic applications of PLLA for
fibers, bone plates, and screw require high-molecular
weight PLLA, but molecular weight of PLLA tends
to be lowered by degradation during processing
at high temperature because of its high melt viscos-
ity (for linear PLLA). There are several previous
publications acknowledged this problem."” 0 Tt
was reported that branched (star-shaped) polymers
could yield high-molecular-weight PLLA but with
significantly lower melt viscosity than the linear
PLLA*'** Moreover, Star polymers have being
gained great attention over the past decades due to
their unique three-dimensional shape and properties.
This has provoked considerable interest in the prep-
aration of a variety of star copolymers with varying
arm numbers, chemical composition, and chain to-
pology.”* For example, Tang and cowokers™
reported synthesis and characterization of the star-
shaped copolymer of PCL and PLLA from a cyclotri-
phosphazene core. Amass and coworkers® reported
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Scheme 1 Synthesis of the 6sPCL-b-PLLA star-block copolymers.

synthesis of 3-star-(PCL-b-PLA) block copolymers
using potassium-based catalyst. And the effects of
copolymer composition and molecular structure on
the physical properties were investigated. Kim
et al.”® observed that star-shaped PLLA had a lower
glass-transition temperature, melting temperature,
and crystallinity than those of a linear analogue.
Dong and coworkers reported the synthesis, crystal-
lization behaviors of star-shaped PCLs, PLLAs, PCL-
b-PEOs, and PLLA-b-PEOs with different numbers
of arms.**** Zhang® reported synthesis and charac-
terization of dendritic star-shaped poly(epsilon-
caprolactone)-block-poly(L-lactide) block copolymers.
And the crystalline structure and thermal properties
of the dendritic star-shaped polymers were investi-
gated with X-ray diffraction and differential scan-
ning calorimetry.

Star-shaped copolymers based on PCL and PLLA
show very useful properties. However, studies on
the effect of star-shaped architecture and chain com-
position on the crystallization and the spherulitic
morphology of these star copolymers seem to be
limited. In this article, we have synthesized a series
of hexa-armed star-shaped PCL-b-PLLA copolymers
with different chain length (Scheme 1). The thermal
and crystallization behaviors of the hexa-armed
PCL-b-PLLA star-block copolymers were investi-
gated by differential scanning calorimetric analysis
(DSC) and wide-angle X-ray diffraction (WAXD).
The crystalline morphologies of the star-shaped
copolymers were observed by polarized optical
microscopy (POM).

EXPERIMENTAL
Materials

e-Caprolactone (e-CL; Acros Organic) was purified
with CaH, by vacuum distillation. r-lactide (L-LA;
TJL Biomaterials, Shanghai) was purified by twice
recrystallization from ethyl acetate solution and
dried in a vacuum at room temperature. Tin 2-ethyl-
hexanoate (Sn(Oct),; Aldrich) was distilled under
reduced pressure before use. Dipentaerythritol
(Aldrich) was dried at 60°C in vacuo for 24 h before
use. All other chemicals obtained from Sinopharm
Chemical Regent Company (SCRC) were of analyti-
cal grade and were used as received.

Preparation of hydroxyl-terminated star-shaped
poly(e-caprolactone) (6sPCL)

The hydroxyl-terminated star-shaped poly(e-capro-
lactone) (6sPCL) was synthesized by ring-opening
polymerization of CL with dipentaerythritol as ini-
tiator. Briefly, CL (3.0 g, 26.3 mmol), dipentaerythri-
tol (37.1 mg, 0.146 mmol) and a catalytic amount of
Sn(Oct), were added to a flame-dried polymeriza-
tion tube quickly. The tube was then connected to a
Schlenk line, where exhausting-refilling processes
were repeated for three times. Then the tube was
put into an oil bath at 120°C under nitrogen atmos-
phere with stirring and cooled to room temperature
after polymerization for 24 h. The crude polymer
was dissolved in chloroform and precipitated in cold
methanol. The purified polymer was dried in a
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vacuum oven at room temperature until constant
weight.

Preparation of star-diblock copolymers
(6sPCL-b-PLLA)

A typical polymerization procedure was as follows:
The hydroxyl-terminated 6sPCL3 (2.404 g), L-LA
(0.997 g, 6.925 mmol), and a dried magnetic stir-
ring bar were added into a fire-dried polymeriza-
tion tube quickly. The tube was then connected to
a Schlenk line, where exhausting-refilling processes
were repeated three times. The tube was put into
an oil bath at 120°C with vigorous stirring for 5
min. A catalytic amount of Sn(Oct), in anhydrous
toluene was added to the melted mixture, and the
exhausting-refilling process was carried out again
to remove the toluene. The tube was put into an
oil bath at 120°C under nitrogen atmosphere with
stirring and cooled to room temperature after
polymerization for 24 h. The resulting product was
dissolved in chloroform and precipitated twice
with methanol. The purified polymer was dried in
a vacuum oven at room temperature until constant
weight.

Characterization of 6sPCL and 6sPCL-b-PLLA

The structures of 6sPCL and 6sPCL-b-PLLA were
characterized by FTIR and 'H NMR. Attenuated
total reflection Fourier transform infrared (ATR
FTIR) spectra were recorded on an AVATAR 360
ESP FTIR spectrometer. 'H NMR spectra were
obtained using a Bruker DMX-500 NMR spectrome-
ter with CDCl; as solvent at 25°C. The chemical
shifts were relative to tetramethylsilane at & = 0
ppm for protons. The average molecular weight and
its distribution were determined using a gel permea-
tion chromatographic (GPC) system equipped with a
Waters 150C separations module and a Waters dif-
ferential refractometer. Polymer samples were dis-
solved in CHCI; at a concentration of 1-2 mg/ml.
CHCl; was eluted at 1.0 mL/min through two
Waters Styragel HT columns and a linear column.
The internal and column temperatures were kept
constant at 35°C.

Thermal analysis

DSC analysis was carried on a DSC-Q100 thermal
analysis system (TA Instruments). Samples were first
heated from 10 to 190°C at a heating rate of 10°C/
min and held for 3 min to erase the thermal history,
followed by cooling to —20°C at 10°C/min, and
finally heated to 190°C at 10°C/min.
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Figure 1 FTIR spectra of (a) 6sPCL3 and (b) 6sPCL-b-
PLLA2. [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com.]

Crystalline analysis

WAXD patterns of film samples were obtained at
room temperature on a Cu Ko radiation source
using a D/max2550VB3+/PC X-ray diffractometer
(Rigaku, Japan). The supplied voltage and current
were set to 40 kv and 100 mA, respectively. Samples
were exposed at a scanning rate 20 = 4°/min
between 2@ values from 3° to 50°. The crystalline
morphology of the polymers was observed using a
Leica DMLP polarized optical microscope (Leica
Microsystems GmbH, Germany). Samples were pre-
pared by spin-coating of polymer solution in chloro-
form (15 mg/ml) on a glass plate at room tempera-
ture and then were placed at room temperature for
24 h for complete evaporation of the solvent.

RESULTS AND DISCUSSION

Synthesis and characterization of star-shaped
6sPCLs and 6sPCL-b-PLLAs

Well-defined 6sPCL-b-PLLA copolymers were pre-
pared via a two-step synthetic strategy. Firstly,
6sPCL was successfully synthesized via the con-
trolled ring-opening polymerization of CL using
dipentaerythritol as initiator, and Sn(Oct), as catalyst
(Scheme 1). Then these 6sPCLs with hydroxyl
groups were used as macroinitiator for the following
reaction with LLA.

The IR spectrum of the 6sPCL is shown in Figure
1(a). It can been clearly seen that the purified 6sPCL
polymer shows the distinct stretching bands at 2943
cm ! (characteristic of methylene group y-CH) and
1722 cm ™! (C=0) for PCL. '"H NMR spectrum of the
star-shaped PCL is shown in Figure 2(a). It can be
seen that the typical signals of the methylene pro-
tons of the dipentaerythritol initiator can be clearly
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Figure 2 1H NMR spectrum of (a) 6sPCL3 and (b) 6sPCL-b-PLLA2.

detected at 4.19-4.24 ppm. The major resonance
peaks (a—d) are attributed to PCL. The peak of the
methylene (d) protons is detected at 4.06 ppm when
the peak of the protons of the terminal methylene
(d") can be discovered at 3.65 ppm which indicates
that PCL is terminated with hydroxyl groups. The
average degrees of polymerization for the PCL arms
can be calculated from the integration ratios between
the methylene protons in the repeat units (d) and
those in the terminal unit (d’) based on 'H NMR
spectrum. The molecular weight data of 6sPCL
determined by "H NMR spectrum and GPC analysis
are listed in Table I. The GPC traces of 6sPCL are
shown in Figure 3. It can be seen that the traces are

monomodal, which indicates that the sample is pure
star-shaped PCL homopolymer. All these demon-
strate that well-defined hexa-armed star-shaped
PCLs with narrow number-average molecular
weight distributions have been successfully synthe-
sized by ring-opening polymerization (ROP) of CL
with dipentaerythritol initiator.

FTIR is a useful tool to verify the presence of both
PCL and PLLA components in purified star-shaped
block copolymers. The IR spectrum of the 6sPCL-b-
PLLA star-diblock copolymer is shown in Figure 1(b).
The main difference in the IR spectrum between
6sPCL-b-PLLA and 6sPCL is the carbonyl absorption
band region. In the IR spectrum of 6sPCL-b-PLLA, the
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TABLE I
Synthesis of 6sPCL and 6sPCL-b-PLLA Star Copolymers by ROP*

Sample [CL] : [LA] : [-OH] M, w° My MRS M, cpc? M/M,? Conversion (%)°
6sPCL1 10:0:1 6900 7900 10600 1.07 96.9
6sPCL2 20:0:1 13400 15500 17700 1.03 96.2
6sPCL3 30:0:1 19900 21000 27100 1.10 95.7
6sPCL3-b-PLLA1 30:10: 1 28000 28100 33300 1.06 94.4
6sPCL3-b-PLLA2 30:30:1 43900 41600 47500 1.03 9.7
6sPCL3-b-PLLA3 30:50:1 59000 61400 62300 1.03 90.6

 Reaction conditions: [monomer]/[Sn(Oct),] = 1000, polymerization time = 24 h, polymerization temperature = 120°C.
b M,, 1 = [monomer]/[—OH] x 6 X Mmonomer X Conversion (%) + Minitiator; My denotes the number-average molecu-

lar weight of star-shaped polymer.

¢ Determined by 'H NMR spectroscopy of star-shaped polymer.

4 Determined by GPC analysis with polystyrene standards.

¢ Conversion of monomer obtained from gravimetry.

carbonyl absorption band becomes wide and splits
into two peaks. The peak at 1751 cm ™' corresponds to
the carbonyl absorption of PLLA units, while the
peak at 1722 cm ™" is assigned to the carbonyl absorp-
tion of PCL units. It is important to prove that the
PLLA chains exist in the copolymer as a block. The 'H
NMR spectrum of 6sPCL-b-PLLA is shown in Figure
2(b). The peak assigned to the methylene protons of
the PCL block at 3.65 ppm disappears, and two new
peaks at 4.36 ppm (e’) and 1.50 ppm (f) for the pro-
duced end groups of the PLLA blocks are observed.
These indicate that the terminal hydroxyl groups of
the 6sPCL macroinitiator successfully initiates the po-
lymerization of L-LA. The average polymerization
degree of L-LA is also determined by the integration
ratio of methine protons of the PLLA block at 4.36
ppm and the methylene protons of PCL at 2.31 ppm.
As shown in Table I, the number-average molecular
weight of the resulting copolymers increases with
increasing molar ratio of monomer to macroinitiator,
which indicates that the hydroxyl-terminated star-
shaped polyester can be used as effective propagation

6sPCL-b-PLLA3

e

/ 6sPCL-b-PLLA2
/ 6sPCL-b-PLLA1

/ 6sPCL3

PETEEEE TN EEAT TS BT SR AR TSN BT SE SRR S AR TS AU AR AT AT
21 22 23 24 25 26 27 28 29 30 31
Retention time (min)

Figure 3 GPC traces of the 6sPCL and 6sPCL-b-PLLA
copolymers. [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com.]
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centers and all of the six hydroxyl groups of the star-
shaped polyester molecule can initiate the ROP of L-
LA. In addition, the molecular weight distributions of
these polymers were narrow (1.03 < M,,/M,, < 1.10).
The GPC traces of the star-diblock copolymer 6sPCL-
b-PLLAs are shown in Figure 3. These traces are com-
paratively symmetrical and monomodal, suggesting
that these purified polymers are pure homopolymer
or star-block copolymers. As the note, M,, gpc has a
little variation compared with both M,, 4, and M,, Nnmr,
which is from the star architecture of the polymer,
and GPC is a relative method.

Differential scanning calorimetry and wide-angle
X-ray diffraction analysis

The melting and crystallization behaviors of 6sPCL
and 6sPCL-b-PLLA block copolymers were investi-
gated by DSC as shown in Figure 4 and Table 1L
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Figure 4 DSC curves of (a) 6sPCL1, (b) 6sPCL2, (c)
6sPCL3, (d) 6sPCL-b-PLLA1, (e) 6sPCL-b-PLLA2, and (f)

6sPCL-b-PLLA3 in the cooling run and second heating
run, respectively.
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TABLE II
Melting and Crystallization Behaviors of 6sPCL and 6sPCL-b-PLLA Block Copolymers
Tc (oC)a Tm (OC)b AHm (I/g)c Xc (O/O)d

Sample Tc,PCL Tc,PLLA Tm,PCL Tm,PLLA AHm,PCL AHm,PLLA Xc,PCL Xc,PLLA
6sPCL1 22.04 41.04 69.62 51.15

6sPCL2 29.44 4791 68.99 50.69

6sPCL3 30.74 50.15 67.08 49.29
6sPCL-b-PLLA1 11.51 46.56 48.18 35.40
6sPCL-b-PLLA2 99.79 129.68 22.35 23.88
6sPCL-b-PLLA3 106.84 150.36 30.20 32.26

* T pcr, and T, pppa denote the crystallization temperatures of PCL and PLLA segments in the cooling run, respectively.
TypcL and T, pria are the melting points of PCL and PLLA segments in the second heating run, respectively.
¢ AH, pct. and AH,pi1a denote the fusion enthalpies of PCL and PLLA segments in the second heating run,

resdpectively.

Xe,pcL= AHy,pcr/AH), pep and Xopria= AHypiia/AH), prp o, where AHY, oo is 136.1]/g and AH,) by 5 is 93.6 J/g.

The crystallization temperature (T,) was obtained
from the cooling run, and the melting temperature
(Ty) and the degree of crystallinity (X.) were
obtained from the second heating run. The results
listed in Table II show that T, and T,, of 6sPCLs
increase with the length increase of the PCL arms,
which are attributed mainly to the crystalline imper-
fection of the short chain length of PCL segments in
the star-shaped polymers. Meanwhile, the star-
shaped structure of these copolymers should make a
contribution to the imperfection. It should be noted
that X. of 6sPCLs does not increase with the length
increase of the PCL arms but remains nearly con-
stant (X, = ~ 50%). This indicates that the contribu-
tion of chain length to the degree of crystallinity of
star-shaped polymers is limited when the length of
the PCL arms is long enough, which is in good
agreement with the results reported by Wang et al.*®

From the DSC curves shown in Figure 4, a weak
T. peak of PCL blocks can been seen in the cooling
run and a weak T, peak in the second heating run
within 6sPCL-b-PLLA1 block copolymer, and the
values are obviously lower than that of PCL in its
precursor, 6sPCL3. This can be attributed to the
restriction of the outer PLLA block to the inner PCL
block. Furthermore, the T, and T,, peaks of PLLA
block does not appear in the DSC curves of 6sPCL-
b-PLLA1, which is mainly attributed to the shorter

linity of that also is enhanced with the increasing
length of PLLA blocks. All these indicate that the
values of T,, T,,, and X, are affected by the length of
the block chains.

WAXD is another useful method to demonstrate
the crystal structure of these star-shaped block
copolymers in solid-state. Figure 5 shows WAXD
patterns of star-shaped 6sPCL3 and 6sPCL-b-PLLA
copolymers.

It is well known that linear PCL shows intensive
peaks at about 21.6° and 23.9°, corresponding to the
(110) and (200) planes of the orthorhombic crystal
form,*** while purified PLLA presents prominent
diffraction peaks at about 16.5° and 19° that are
characteristic of the PLLA crystal.*® From Figure 5, it
can be seen that 6sPCL displays the same crystalline
structure as linear PCL. WAXD pattern of 6sPCL-b-
PLLA1 has two peaks at 21.4° and 23.3° for the PCL
segments in the copolymer, and the other two weak

6sPCL-b-PLLA1
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and 6sPCL-b-PLLA3 copolymers. This is attributed
to the fact that the macromolecular mobility of inner
PCL blocks is spatially restricted by the outer PLLA
block, and the crystallization of PLLA block nearly
hampers completely that of PCL block. In the other
hand, the T, and T,, values of PLLA in 6sPCL-b-
PLLA copolymers increase from 99.79 and 129.68°C
to 106.84 and 150.36°C, while the degree of crystal-
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Figure 5 WAXD patterns of 6sPCL, 6sPCL-b-PLLA1,
6sPCL-b-PLLA2, and 6sPCL-b-PLLA3 copolymer. [Color
figure can be viewed in the online issue, which is available
at www.interscience.wiley.com.]
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Figure 6 The polarized optical micrographs of the isothermal crystallization of both 6sPCL (A-C; scale bar: 50 um) and
6sPCL-b-PLLA1 (D,E; scale bar: 50 pm) at a crystallization temperature of 38°C. [Color figure can be viewed in the online

issue, which is available at www.interscience.wiley.com.]

peaks at 16.2° and 18.7° for PLLA block. However,
only the diffraction peaks of PLLA crystal at 16.2°
and 18.7° can be detected for 6sPCL-b-PLLA2 and
6sPCL-b-PLLA3, which indicates that the PCL chains
present as amorphous. This result agrees with the
earlier DSC analysis.

Crystalline morphologies of star-shaped polymers

The crystalline morphology and the spherulitic
growth process of 6sPCL3 and 6sPLA-b-PLLAs were
investigated by POM. The isothermal crystallization
temperature was chosen between T,, and T, of the
block.*”” According to the earlier DSC analysis, it is
known that only the T, of PCL blocks in the 6sPCL-
b-PLLA1 block copolymer and only the T. of PLLA
block in the star-shaped 6sPCL-b-PLLA2 and 6sPCL-
b-PLLA3 block copolymers can be clearly observed.
So 38°C was chosen as the isothermal crystallization
temperature of 6sPCL3 and 6sPCL-b-PLLA1 while
120°C was chosen as that of 6sPCL-b-PLLA2 and
6sPCL-b-PLLA3. From Figure 6(A-C), we can see
that the crystals of 6sPCL3 show a typical spherulitic
morphology. As for 6sPCL-b-PLLA1 copolymer, the
size of the spherulites is much smaller than that of
6sPCL, and no clear Maltese cross patterns are dis-
covered. The results can be attributed to the star-
shaped structure of copolymer and the presence of
PLLA block in the copolymer interfering with the
natural growth of the spherulitic. The spherulitic
growth rate of 6sPCL-b-PLLA3 is apparently higher
than that of 6sPCL-b-PLLA2 from the Figure 7. This
indicates that the spherulitic growth rate of 6sPCL-b-

Journal of Applied Polymer Science DOI 10.1002/app

PLLA increases slightly with increasing length of
PLLA block. The average spherulitic diameter was
then plotted against the isothermal crystallization
time as shown in Figure 8. The spherulitic diameter
increases linearly with the isothermal crystallization
time, and the spherulitic growth rate (G) can be eval-
uated from the slope of theses lines. From Figure 8§,
it can be seen that the spherulitic growth rate of
PCL block in 6sPCL3 is apparently higher than that
in 6sPCL-b-PLLA1, and G of PLLA block in 6sPCL-
b-PLLA3 is higher than that in 6sPCL-b-PLLAZ2.
These indicate that both G and the spherulitic mor-
phology are affected by the macromolecular architec-
ture and the length of the block chains.

CONCLUSION

Hexa-armed star-shaped block copolymers based on
biodegradable and crystalline PCL and PLLA were
synthesized successfully via a two-step ring-opening
polymerization. 6sPCL was prepared by ROP using
dipentaerythritol as initiator, and then it was used
as macroinitiator for ROP of LLA to obtain 6sPCL-b-
PLLA copolymers. The results of DSC analysis show
that T, and T, of 6sPCLs increase with the length
increase of the PCL arms while that of PLLA in the
6sPCL-b-PLLA copolymers are also increase by
increasing length of the outer PLLA blocks, which is
attributed to the crystalline imperfection of the short
chain length and the contribution of the star-shaped
structure to the imperfection. In addition, X. of
6sPCLs does not increase with the length increase
of the PCL arms but remains nearly constant (X, =
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Figure 7 The polarized optical micrographs of the isothermal crystallization of both 6sPCL-b-PLLA2 (A-C; scale bar: 50
um) and 6sPCL-b-PLLA3 (D,E; scale bar: 50 pm) at a crystallization temperature of 120°C. [Color figure can be viewed in
the online issue, which is available at www.interscience.wiley.com.]

~ 50%). But in the 6sPCL-b-PLLA copolymers, the
macromolecular mobility of the inner PCL block is
restricted by the outer crystallized PLLA so that the
degree of crystallinity of PCL block becomes lower
and even an amorphous phase is formed. Moreover,
the degree of crystallinity of PLLA in 6sPCL-b-PLLA
copolymers increases with increasing length of outer
PLLA blocks. The crystalline morphology and the
spherulitic growth process of 6sPCL3 and 6sPLA-b-
PLLAs were investigated by POM. These indicate
that both the spherulitic growth rate (G) and the
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Figure 8 Dependence of the spherulite diameter on the
isothermal crystallization time for PCL chains in 6sPCL3
and 6sPCL-b-PLLA1 at 38°C, and PLLA chains in 6sPCL-b-
PLLA2 and 6sPCL-b-PLLA3 at 120°C. [Color figure can be
viewed in the online issue, which is available at www.
interscience.wiley.com.]

spherulitic morphology are affected by the macro-
molecular architecture and the length of the block
chains.
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