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ABSTRACT: The crystal unit-cell structures and the isothermal crystallization kinetics
of poly(L-lactide) in biodegradable poly(L-lactide)-block-methoxy poly(ethylene glycol)
(PLLA-b-MePEG) diblock copolymers have been analyzed by wide-angle X-ray diffrac-
tion and differential scanning calorimetry. In particular, the effects due to the pres-
ence of MePEG that is chemically connected to PLLA as well as the PLLA crystalliza-
tion temperature TC are examined. Though we observe no variation of both the PLLA
and MePEG crystal unit-cell structures with the block ratio between PLLA and
MePEG and TC, the isothermal crystallization kinetics of PLLA is greatly influenced
by the presence of MePEG that is connected to it. In particular, the equilibrium melt-
ing temperature of PLLA, Tm,PLLA

o , significantly decreases in the diblock copolymers.
When the TC is high so that the crystallization is controlled by nucleation, because of
the decreasing Tm,PLLA

o and thereafter the nucleation density with decreasing PLLA
molecular weight, the crystallinity of PLLA also decreases with a decrease in the
PLLA molecular weight. While, for the lower crystallization temperature regime con-
trolled by the growth mechanism, the crystallizability of PLLA in copolymers is
greater than that of pure PLLA. This suggests that the activation energy for the
PLLA segment diffusing to the crystallization site decreases in the diblocks. VVC 2006
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INTRODUCTION

Biodegradable block copolymers continue to
attract a lot of attention because of their numer-
ous biomedical applications.1–3 Much of the re-
search has focused on the synthesis as well as
the available applications. Although there have
been recently a few studies in discussing the

crystallization behavior and structure develop-
ment,4–15 the crystallization kinetics in crystal-
line–crystalline biodegradable block copolymers
has not been well understood. Thus, we adopt a
type of self-synthesized crystalline–crystalline
diblock biocopolymers to systematically analyze
the crystallization kinetics during the isother-
mal crystallization processes.

We consider poly(L-lactide)-block-monomethoxy
poly(ethylene glycol) (PLLA-b-MePEG) diblock
copolymers. PLLA and PEG are known to be bio-
compatible. Their block copolymers have been
proposed for a wide range of medical applications
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due to drug permeability and degradability.1,16

So far, most studies related to PLLA-PEG block
copolymers have focused on the synthesis and
the thermal crystallization behavior, which are
primarily based on the nuclear magnetic reso-
nance (NMR), differential scanning calorimeter
(DSC), and wide-angle X-ray diffraction (WAXD)
measurements.4,6–7,11,13,14,17–20 For example, Kim
et al.6 investigated the variation of the crystal
structure and crystallization behavior with the
block ratio in the PLLA-PEG diblock and triblock
copolymers by WAXD and DSC experiments.
They found that the crystal unit-cell structures
of both PLLA and PEG are independent of the
block length and the crystallization temperature.
However, the crystallization of the PLLA block is
retarded by the presence of the PEG block. Sun
et al.13 synthesized a series of PLLA-MePEG
block copolymers with identical MePEG molecu-
lar weight but various PLLA molecular weights.
From the DSC experiments, they observed that
with increasing the molecular weight of PLLA in
the copolymers, the melting point of PLLA
increases, but the melting point of MePEG tends
to decrease. This phenomenon indicates that the
crystallization of both components is greatly
influenced by the presence of the other compo-
nent. In addition, by comparing the nonisother-
mal crystallization behavior of PLLA-PEO-PLLA
triblock copolymers with the same composition of
binary PLLA and PEO blends, Shin et al.14

observed that the chain connectivity in the tri-
block copolymer can reduce the chain mobility
and the crystallization of each component thus
decreases. Also, they observed that the degree of
optical retardation due to the crystallization of
PEO was greater in the triblock copolymer. It
should be noted that although both Kim et al.6

and Shin et al.14 reported the effects of the
connected PEG block on the crystallizability
of PLLA, they did not analyze the crystallization
behavior in a wide range of the crystallization
temperature.

In this article, we study the isothermal crys-
tallization kinetics of PLLA as well as the crys-
tal unit-cell structures in the PLLA-MePEG
diblock copolymers by DSC and WAXD techni-
ques. To our knowledge, there have been exten-
sive studies that have focused on the crystalliza-
tion kinetics of pure PLLA.21–28 However, there
exist few studies on the PLLA crystallization
kinetics in the presence of MePEG that is
chemically connected to it. We therefore synthe-
size a series of PLLA-MePEG block copolymers

with the same MePEG molecular weight but
various PLLA molecular weights. PLLA and
PEG are reported to be miscible in the melt.22

The melting temperatures of PLLA and MePEG
are around 150–190 8C and 60 8C, respectively.29

As such, when the samples are first melted at
200 8C and then quenched to TC � 70 8C, we
expect that only PLLA component can crystal-
lize in the presence of amorphous MePEG block
from a homogeneous melt state. We then exam-
ine the effects of the connected MePEG block on
the formation of PLLA crystals and the crystalli-
zation behavior of PLLA at various tempera-
tures TC. From the WAXD analysis, the crystal
unit-cell structure parameters as a function of
TC and the block ratio between PLLA and
MePEG are studied. With the aid of DSC, we
examine the melting temperature and the crys-
tallinity of PLLA as a function of PLLA molecu-
lar weight and crystallization temperature. We
also analyze the relative crystallinity of PLLA
as a function of time via the Avrami equation,
from which the crystallization growth rate of
PLLA at a given TC is obtained.

EXPERIMENTAL

Materials and Synthesis

PLLA-MePEG diblock copolymers were synthe-
sized by a ring-opening polymerization. L-lactide
(Tokyo Kasei Kogyo) was purified by recrystalli-
zation in ethyl acetate. The monomethoxy-termi-
nated poly(ethylene glycol) (MePEG) with the
number-average molecular weight Mn ¼ 5000
was purchased from Aldrich. First, a certain
weight ratio of L-lactide and MePEG (shown in
Table 1) was put into a dry tristoppered flask
with stirring. The flask was purged with nitro-
gen and placed in a silicone oil bath at 110 8C.
After the mixture was fully melted, a few
amount of the stannous octoate (1% of PLLA
weight) was introduced to serve as the catalyst.
The system was continuously purged with nitro-
gen and the temperature was raised up to
130 8C to proceed the ring-opening polymeriza-
tion for 24 h. The reaction product was then dis-
solved in chloroform with stirring for 2–3 h at
room temperature, and precipitated by a mix-
ture of n-hexane and methyl alcohol under an
ice bath. The above purification process (dissolu-
tion/precipitation) was carried out for four
times. The precipitate was finally filtered and
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dried under vacuum at 45 8C for 3 days. For the
sake of comparison, PLLA homopolymer has
been synthesized as well.

We employed 1H NMR (Jeol EX-400, deuter-
ated chloroform) to determine the PLLA compo-
sition in the copolymer, fPLLA, which is equal to
NPLLA/(NPLLA þ NMePEG) with NI ¼ degree of
polymerization of component I. The molecular
weights of the samples were then obtained based
on fPLLA and the fixed number-average molecular
weight of MePEG (Mn ¼ 5000). With the aid
of gel permeation chromatography (GPC; PLgel,
5 lm Mixed-C, Polymer Laboratories), we deter-
mined the polydispersity of the samples. Tetra-
hydrofuran (THF) was used as the evoluting
solvent at a rate of 0.8 mL/min. Polystyrene (Mn

¼ 580–377400) was used as a standard. Finally,
we listed the characteristics of the PLLA-MePEG
diblock copolymers and PLLA homopolymer used
in this study in Table 1.

Wide-Angle X-ray Diffraction (WAXD)

The samples were first heated to 200 8C in the
air oven for 10 min annealing, and then rapidly
transferred to another air oven preheated to the
desired crystallization temperate (TC) �70 8C
for 24 h in order for PLLA to crystallize com-
pletely. Finally, the specimens were moved out
from the oven to room temperature around
25 8C so that MePEG can crystallize in the ma-
trix of PLLA crystalline domains. WAXD experi-
ments were carried out on the samples with a
Rigaku Denki diffractometer with Cu Ka radia-
tion (k ¼ 1.542 Å) at a scanning rate of 28 y/min,
where y is the scattering angle (the angle
between the incident X-ray beam and the scat-
tered X-ray beam). The accelerating voltage was
40 kV, and the tube current was 100 mA. The
X-rays were monochromated with a graphite.

All measurements were performed at room tem-
perature in the air.

Differential Scanning Calorimeter (DSC)

The kinetics of isothermal crystallization of
PLLA homopolymer and PLLA-MePEG diblock
copolymers were analyzed by a PerkinElmer
DSC-7 differential scanning calorimeter in a
nitrogen purge. First, the samples were heated
from room temperature to 200 8C and annealed
for 10 min in the melt to remove the thermal his-
tory. The samples were then quickly quenched to
the desired crystallization temperature (TC)
�70 8C at a cooling rate of 100 8C/min, and kept
at this temperature to the end of the exothermic
PLLA crystallization peak. The heat flow per
gram of the sample evolved during the isother-
mal crystallization process was recorded as a
function of time, from which the overall PLLA
crystallinity and the relative crystallinity of PLLA
are obtained.

After complete crystallization of PLLA during
the isothermal crystallization, the samples were
heated from the crystallization temperature to a
melt with a heating rate of 10 8C/min. The heat
flow per gram of the sample evolved during the
scanning process was measured as a function of
temperature, from which the melting tempera-
ture of PLLA was determined from the maxima.

RESULTS AND DISCUSSION

WAXD Analysis

We employ WAXD to examine the unit-cell
structures of both crystalline PLLA and MePEG
components for a series of PLLA-MePEG diblock
copolymers (PLLA-61, PLLA-43, and PLLA-33),
which are first isothermally crystallized at vari-

Table 1. Sample Characteristics of PLLA Homopolymer and PLLA–MePEG Diblock
Copolymers

Samples

L-Lactide
Content in the
Feed (wt %) NPLLA NMePEG fPLLA Mn Polydispersitya

PLLA 100 283 1 20,400a 1.6
PLLA-61 74 181 114 0.61 18,000 1.1
PLLA-43 58 86 114 0.43 11200 1.1
PLLA-33 48 56 114 0.33 9000 1.2

a Determined by GPC.
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ous TC between 70 and 130 8C for PLLA crystalli-
zation and then quenched to 25 8C for MePEG
crystallization. For a comparison, we also exam-
ine the WAXD results for pure PLLA crystallized
at various TC and for pure MePEG crystallized at
25 8C. Typical WAXD patterns in terms of Inten-
sity (I) and scattering angle (h) for each sample
are shown in Figure 1, where PLLA component is
crystallized at TC ¼ 100 8C and MePEG at 25 8C.
As denoted in Figure 1, the main peak positions
as well as their corresponding (hkl) reflection
planes from pure PLLA and pure MePEG are
consistent with those from refs. 30 and 31, respec-
tively, indicating that PLLA and MePEG belong
to the orthorhombic and monoclinic crystal sys-
tem, respectively. In further, the peak positions
from the WAXD profiles for each diblock sample
are a superposition of the peak positions from
pure PLLA and pure MePEG, respectively, which
reveals that each crystallizable component in the
diblocks forms a similar unit-cell structure as the
pure component.

The unit-cell structure parameters (a, b, c)
are easily determined through the insertion of
the values of k (1.542 Å) and the main peak
positions of the reflection planes into the form of

the interplanar spacing of the (hkl) reflection
planes, which is given by

1

dhkl

� �2

¼ 2 sinðhhkl=2Þ
k

� �2

¼ h2

a2
þ k2

b2
þ l2

c2
ð1aÞ

for PLLA belonging to the orthorhombic system,
and

1

dhkl

� �2

¼ 2 sinðhhkl=2Þ
k

� �2

¼ 1

sin2 b

h2

a2
þ k2 sin2 b

b2
þ l2

c2
� 2hl cos b

ac

 !
ð1bÞ

for MePEG belonging to the monoclinic system.
In eq 1b, the value of b is equal to 125.48.31 We
find that the unit-cell parameters of both PLLA
and MePEG in each diblock sample do not change
with the earlier crystallization temperature of
PLLA, TC, indicating that not only the PLLA
crystal unit-cell parameters remain the same
with TC, but also there are no distortions of the
MePEG crystal structures due to the presence of
the earlier PLLA crystalline domains at TC. We
thus average these unit-cell parameters for the
diblocks as well as for pure PLLA and pure
MePEG, and list them in Table 2. As can be seen
clearly, the unit-cell parameters for each diblock
sample are almost identical to those for pure com-
ponents,6 which also agree well with the reported
values.30,31 That is, the formation of the PLLA
and MePEG crystal unit-cell structures is not
affected by the chain-connectivity as well as the
block ratio between PLLA and MePEG.

Figure 1. WAXD patterns in terms of the intensity
and scattering angle (h) for each diblock sample is
first isothermally crystallized at TC ¼ 100 8C for
PLLA crystallization and then quenched to 25 8C for
MePEG crystallization. In a comparison, the WAXD
patterns for pure PLLA and MePEG crystallized at
100 and 25 8C, respectively, are also shown.

Table 2. Unit-Cell Structure Parameters of PLLA
and MePEG Crystals for the Diblock Copolymer
Samples and Pure PLLA and MePEGa

Samples

PLLA MePEG

a (Å) b (Å) c (Å) a (Å) b (Å) c (Å)

PLLA 10.56 6.05 28.90
PLLA-61 10.71 6.12 28.61 8.29 12.92 20.76
PLLA-43 10.73 6.19 27.93 8.35 13.04 20.94
PLLA-33 10.79 6.18 28.36 8.35 13.00 20.83
MePEG 8.24 13.36 18.59

a Determined by averaging the parameters for systems
first isothermally crystallized at TC ¼ 70, 80, 90, 100, 110,
120, and 130 8C, respectively, for PLLA crystallization and
then quenched to 25 8C for MePEG crystallization.
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DSC Analysis

Melting Behavior

Figure 2(a–d) present the DSC melting endo-
therms of pure PLLA, PLLA-61, PLLA-43, and
PLLA-33, respectively, first allowing PLLA
component to isothermally crystallize at various
TC �70 8C from a homogeneous melt state at
200 8C, and then heated at a rate of 10 8C/min.

For neat PLLA, it is evident that two melting
temperature peaks for the PLLA component,
Tm1,PLLA and Tm2,PLLA, as indicated by arrows
in Figure 2(a), are observed when TC �105 8C.
As can be seen clearly, Tm2,PLLA is independent
of TC, and even disappears when TC increases to
be greater than 105 8C. The value of Tm1,PLLA,
which is plotted as a function of TC in Figure 3,
is observed to be linearly increasing with TC

Figure 2. DSC melting endotherms of (a) pure PLLA, (b) PLLA-61, (c) PLLA-43,
and (d) PLLA-33 with a heating rate of 10 8C/min after isothermal crystallization at
various temperatures TC. The dashed curves represent the Gaussian peaks from the
deconvolution of the higher melting temperature peak Tm2,PLLA.
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when TC is higher than 95 8C. By extrapolating
the line of Tm1,PLLA versus TC to the line Tm

¼ TC according to the linear Hoffman–Weeks
analysis,32 we obtain the equilibrium melting
temperature of PLLA, Tm,PLLA

o , which is around
196 8C. This result is in a good agreement with
ref. 22, but comes with a difference of 10 8C com-
pared with the value of Tm,PLLA

o equal to 206 8C
listed in the literature.21,23 We believe this is
due to the difference of the molecular weight of
PLLA. As such, the equilibrium thickness of the
crystallites as well as the equilibrium melting
temperature varies. The existence of double
melting peaks in the DSC heating profiles of
pure PLLA may result from one of the following
reasons: the presence of two different crystal
structures, the presence of two different thick-
nesses of crystal lamellae with the same type of
crystal structure formed at the isothermal crys-
tallization conditions,33 and the simultaneous
melting-reorganization/recrystallization-remelting
of the lamellae originally formed during the
crystallization process.34 Our previous WAXD
results have shown that only one unit-cell struc-
ture of PLLA crystals forms during the crystalli-
zation process. Thus, the occurrence of the dou-
ble melting peaks is mainly caused by the exis-
tence of the single type of crystal unit-cell
structure but with different crystal thicknesses.
Are these two different thicknesses of crystals
formed at the beginning of the isothermal crys-

tallization process or at the later heating proc-
ess due to the reorganization and/or the recrys-
tallization of the original lamellar stacks? As
illustrated in Figure 2(a), the lower melting
temperature peak Tm1,PLLA becomes more ob-
vious; while the higher peak Tm2,PLLA gradually
decreases as the crystallization temperature
TC increases. Furthermore, Tm2,PLLA even dis-
appears when TC is above 105 8C. Moreover,
Tm2,PLLA also disappears with an increase in the
heating rate. Recall that at higher crystalliza-
tion temperatures, it is easier to form more per-
fect and larger crystal lamellae, and therefore it
is more difficult for the reorganization and/or
the recrystallization process to occur. Also, when
the heating rate is too fast, there is no sufficient
time for the original lamellar stacks to undergo
the reorganization and/or the recrystallization
process. As such, the fact that the higher melt-
ing peak Tm2,PLLA does not exist in the DSC
melting endotherms at high crystallization tem-
perature and/or heating rate indicates that
Tm2,PLLA is a result of the melting of the crystal-
lites recrystallized during the heating process,
while the lower melting peak Tm1,PLLA refers to
the melting of the primary crystallites formed
during the isothermal crystallization process.

Similar to the melting behavior of pure PLLA
crystallization, two apparent melting temperature
peaks for the PLLA component, Tm1,PLLA and
Tm2,PLLA, are also observed in the diblocks PLLA-
61, PLLA-43, and PLLA-33, shown in Figure 2(b–d),
respectively. However, the higher melting tem-
perature peak Tm2,PLLA becomes broader and
can be separated into three Gaussian peaks at
lower isothermal crystallization temperature TC.
These three peaks emerge to become two peaks
or even one peak as TC increases. In further, the
peak area around Tm2,PLLA decreases with in-
creasing TC. Hence, the occurrence of Tm2,PLLA

may also result from the melting of the crystalli-
tes recrystallized during the heating process.
While, the lower peak Tm1,PLLA, which increases
with increasing TC, is due to the melting of the
original crystallites formed during the isother-
mal crystallization process. To obtain the equi-
librium melting temperature of PLLA for each
block copolymer sample, we also plot the values
of Tm1,PLLA versus TC for PLLA-61, PLLA-43,
and PLLA-33 in Figure 3. As analyzed in pure
PLLA, we obtain the value of Tm,PLLA

o , for
PLLA-61, PLLA-43, and PLLA-33, equal to
around 165, 162, and 147 8C, respectively. This
result shows a trend that the Tm,PLLA

o value in

Figure 3. Variation of Tm1,PLLA with TC for neat
PLLA and diblock samples PLLA-61, PLLA-43, and
PLLA-33.
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the copolymers decreases with decreasing the
PLLA molecular weight. However, compared
with the value of Tm,PLLA

o of pure PLLA, the
equilibrium melting temperature of PLLA in the
diblock samples decreases dramatically, suggest-
ing that the presence of the miscible PEG blocks
also has a great influence on the crystallization
as well as the melting behavior of PLLA. That
is, the dependence of the PLLA melting temper-

ature in the diblock copolymers is not simply
due to the variation of PLLA molecular weight.
The dilution effect caused by the miscible
MePEG also plays a very important role on this
sharp Tm,PLLA

o decreasing behavior.

Isothermal Crystallization Behavior

With the recorded DSC exothermic curves in
terms of the heat flow per gram of the sample
dH(t)/dt as a function of time t for systems
undergoing the isothermal PLLA crystallization
process at various values of TC, we can analyze
the isothermal PLLA crystallization kinetics.
First, we calculate the relative crystallinity of
PLLA, X(t), by the following equation

XðtÞ ¼
R t
0
dHðtÞ
dt dtR1

0
dHðtÞ
dt dt

ð2Þ

Once the values of X(t) versus t are obtained,
the isothermal crystallization kinetics are inter-
preted in terms of the Avrami equation35

XðtÞ ¼ 1� expð�ktnÞ ð3Þ

where n is known as the Avrami index, and k is
the overall crystallization rate constant includ-
ing contributions from nucleation and crystal
growth. For example, Figure 4(a) presents the
DSC exothermic curves as a function of time t
for each diblock sample and pure PLLA under-
going the isothermal crystallization of PLLA at
TC ¼ 90 8C, from which the values of X(t) calcu-
lated by eq 2 versus t are obtained, as shown in
Figure 4(b). It is clear that the fit of the Avrami
equation to the experimental data of each
sample crystallized at 90 8C in Figure 4(b) is
remarkably good in the whole conversion range,
which is also true for the systems crystallized at
other values of TC. As listed in Table 3, where
we present the fitting Avrami constants n and k,
most of the n values for the temperature exam-
ined here are in the range between 3 and 4,
indicating that the growing of spherulites due to
the crystallization of PLLA is three-dimensional.
However, for the sample PLLA-33 at TC higher
than 100 8C, n deviates to a higher value 5,
which may result from the presence of major
amorphous MePEG domains. Thus, the growing
of the ordinary PLLA spherulites is destroyed
and the n value deviates from 3 to 4. Indeed, with
increasing the amount of amorphous MePEG, the

Figure 4. (a) DSC exothermic curves and (b) PLLA
relative crystallinity versus crystallization time for
various systems undergoing an isothermal crystalliza-
tion process at TC ¼ 90 8C. The solid curves in (b)
represent the best fit results by the Avrami equation
with the values of n and k listed in Table 3.
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resulting spherulites vary from ordinary to banded
to dentritic (tree-like).13

With the values of the overall crystallization
rate k determined from the Avrami analysis, the
time for half of the crystallization to develop, t1/2,
is calculated by

t1=2 ¼ ln 2

k

� �1=n

ð4Þ

from which the crystallization growth rate, G,
defined as G ¼ 1/t1/2, is obtained. Figure 5 plots

G versus TC for pure PLLA, PLLA-61, PLLA-43,
and PLLA-33. We observe that with increasing
the crystallization temperature of PLLA for each
sample, the growth rate first shows an increas-
ing and then a decreasing behavior. This behav-
ior has been very common due to the balance
between two well-known opposing effects on the
crystallization rate. As TC decreases and
approaches the glass transition temperature, Tg,
the crystallization growth rate is greatly re-
tarded by the significant decrease of the chain
mobility. While when TC is high and approaches
the equilibrium melting temperature Tm

o, al-
though the chain mobility increases, it is over-
come by the great decrease of the formed nucle-
ation density, and the crystallization rate de-
creases at low degrees of supercooling. As such,
because of the decrease of Tm,PLLA

o with decreas-
ing PLLA molecular weight and/or the dilution
effect caused by the miscible MePEG in the
copolymers, we also observe that the crystalliza-
tion temperature, at which the PLLA crystalli-
zation growth rate G reaches a maximum, shifts
to a lower value with decreasing the PLLA mo-
lecular weight. In further, when the crystalliza-
tion temperature is in the intermediate regime
between 80 and 110 8C, the presence of a short
MePEG block that is chemically connected to
PLLA (such as in sample PLLA-61) causes a sig-
nificant increase of the PLLA crystallization
rate.

Table 3. Avrami Parameters for Various Samples
at TC

Samples TC (8C) n k

PLLA 80 3.55 7.45E-10
85 3.51 6.41E-09
90 3.06 6.49E-07
95 3.26 1.49E-06

100 3.46 1.42E-06
105 3.47 1.38E-06
110 3.45 1.67E-06
115 2.82 8.86E-06
120 3.51 4.90E-08
125 3.59 1.45E-08
130 3.51 7.70E-09

PLLA-61 90 2.90 5.02E-05
95 2.74 1.91E-04

100 3.32 1.35E-05
105 3.35 6.69E-06
110 3.57 1.32E-06
115 3.17 1.51E-06
120 2.87 1.22E-06
125 3.20 2.64E-08
130 3.15 2.09E-09

PLLA-43 80 2.60 4.29E-05
85 2.75 2.61E-05
90 3.07 7.06E-06
95 3.23 4.72E-06

100 3.31 1.07E-06
105 3.36 5.23E-07
110 3.24 1.01E-07
115 3.08 3.85E-08
120 3.11 1.33E-09

PLLA-33 70 3.01 9.14E-06
75 2.51 1.10E-05
80 3.16 4.56E-06
85 3.57 4.24E-07
90 3.72 9.46E-08
95 3.97 1.45E-08

100 5.04 1.22E-11
105 5.67 1.49E-14
110 5.13 6.29E-15

Figure 5. Plot of the PLLA crystallization growth
rate G in pure PLLA, PLLA-61, PLLA-43, and PLLA-
33, as a function of crystallization temperature TC.
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The overall crystallinity of PLLA, xmc,PLLA, at
TC can also be calculated from the isothermal
DSC exothermic curves by

xmc;PLLA ¼ �H

�H�
PLLA

¼
R1
0

dHðtÞ
dt dt

�H�
PLLA

ð5aÞ

where DH is the area of the exothermic PLLA
crystallization peak (i.e.,

R1
0

dHðtÞ
dt dt), and DHm,PLLA

o

is the heat of melting per gram of 100% crystal-
line PLLA equal to 135 J/g.24 To examine the
effects of copolymer composition on the crystal-
linity of PLLA, in Figure 6 we plot the normal-
ized crystallinity of PLLA, defined as

Xmc;PLLA ¼ xmc;PLLA=wtPLLA ð5bÞ

in Figure 6. As seen in Figure 6, the crystallin-
ity of pure PLLA increases with TC when TC is
within 80–130 8C. However, within the same
crystallization temperature regime, the normal-
ized crystallinity of PLLA in the diblocks first
shows an increasing trend with TC and then a
decreasing behavior with a further increase in
TC. The existence of such a maximum is quite
reasonable for systems undergoing the crystal-
lization with the process of nucleation and
growth. That is, at low degrees of supercooling,
the decreasing degree of the formed nuclei is

much larger than the increasing degree of the
PLLA mobility, and thus the crystallizability of
PLLA decreases with TC. However, at high
degrees of supercooling, although the formed
nucleation density increases, its increasing de-
gree is still overcome by the great decrease of
the mobility, and thus the crystallizability of
PLLA decreases with TC decreasing. Because
decreasing PLLA molecular weight depresses
the value of Tm,PLLA

o , the sample with lower
PLLA molecular weight at the same TC indeed
undergoes a crystallization at a smaller degree
of supercooling. As such, we observe that the
crystallization temperature, at which the nor-
malized PLLA crystallinity in the diblocks
reaches a maximum, shifts to a lower value
with decreasing the PLLA molecular weight. In
a comparison of the normalized PLLA crystal-
linity Xmc,PLLA between PLLA homopolymer
and the diblocks at the same crystallization
temperature TC, we observe a decreasing trend
of Xmc,PLLA with pure PLLA?PLLA-61?PLLA-
43?PLLA-33 when TC > 110 8C. This is not
surprising since Tm,PLLA

o in the copolymers
decreases with decreasing the PLLA molecular
weight, the crystallization of PLLA with lower
PLLA molecular weight at the same TC corre-
sponds to a lower degree of supercooling. As a
result, the formed PLLA nucleation density as
well as the crystallizability of PLLA decreases
with decreasing the PLLA molecular weight.
While, at lower crystallization temperature re-
gime in which PLLA crystallizes according to
the growth mechanism, the normalized PLLA
crystallinity in the diblocks is seen to be
greater than that for pure PLLA. This suggests
that the presence of amorphous MePEG, which
is chemically connected to PLLA indeed may
promote the ability for the PLLA chains to dif-
fuse to the crystallization sites. Thus, we may
expect that the activation energy for the seg-
ment diffusing to the crystallization site
decreases in the diblocks. Note that both Kim
et al.6 and Shin et al.14 claimed that the PLLA
crystallinity is reduced by the presence of PEG
block and/or the connectivity between PLLA
and PEG. However, they did not analyze the
crystallization behavior in a wide range of the
crystallization temperature. As such, they did
not observe our results that the effects of the
presence of MePEG blocks on the crystallizability
of PLLA indeed is strongly dependent on the
crystallization temperature TC, i.e., the crystalli-
zation mechanism regime.

Figure 6. Plot of the normalized crystallinity of
PLLA component, Xmc,PLLA, as a function of TC for
various systems isothermally crystallized at TC from
a homogeneous melt state at 200 8C.
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CONCLUSIONS

We employ WAXD and DSC experiments to ana-
lyze the crystal unit-cell structures and the iso-
thermal crystallization kinetics of PLLA in bio-
degradable PLLA-MePEG diblock copolymers.
In particular, the effects due to the presence of
MePEG that is chemically connected to PLLA as
well as the PLLA crystallization temperature TC

are examined.
From the WAXD analysis, both the PLLA and

MePEG crystal unit-cell structures are not
affected by the chain-connectivity as well as the
block ratio between PLLA and MePEG. These
structural parameters are also independent of
TC, as expected. With the aid of DSC, we observe
that the equilibrium melting temperature of
PLLA in the diblock samples decreases dramati-
cally, indicating that this decreasing behavior is
not simply due to the decrease in the PLLA mo-
lecular weight. The dilution effect caused by the
miscible MePEG block connected to PLLA has a
greater influence on the crystallization as well as
the melting behavior of PLLA. Therefore, the
crystallization of PLLA with lower PLLA molecu-
lar weight at the same TC corresponds to a lower
degree of supercooling. As a result, the formed
PLLA nucleation density as well as the crystalliz-
ability of PLLA decreases with decreasing the
PLLA molecular weight. While at lower crystalli-
zation temperature regime in which PLLA crys-
tallizes according to the growth mechanism, the
increase of the normalized PLLA crystallinity in
the diblocks suggests that the presence of amor-
phous MePEG connected to PLLA indeed pro-
motes the ability for the PLLA chains to diffuse
to the crystallization sites. As described by the
crystallization process with a nucleation and
growth, both the overall crystallinity and the iso-
thermal crystallization growth rate G of PLLA
first increase with TC and then show a decreas-
ing behavior with a further increase in TC.
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