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A unique crystallization behavior of poly(L-lactide) (PLLA)/poly(D-lactide) (PDLA) stereocomplex was
observed when a PLLA/PDLA blend (50/50) was subjected to specific melting conditions. PLLA and PDLA
were synthesized by ring opening polymerization of L- or D-lactide using zinc lactate as catalyst. PLLA/
PDLA blend was prepared through solution mixing followed by vacuum drying. The blend was melted
under various melting conditions and subsequent crystallization behaviors were analyzed by using DSC,
XRD, NMR and ESEM. Stereocomplex was exclusively formed from the 50/50 blend of PLLA and PDLA
with relatively low molecular weights. Surprisingly, stereocomplex crystallization was distinctly
depressed when higher melting temperature and longer melting period were applied, in contrast to
homopolymer crystallization. Considering predominant interactions between PLLA and PDLA chains,
a novel model of melting process is proposed to illustrate this behavior. It is assumed that PLLA and PDLA
chain couples would preserve their interactions (melt memory) when the stereocomplex crystal melts
smoothly, thus resulting in a heterogeneous melt which can easily crystallize. The melt could gradually
become homogeneous at higher temperature or longer melting time. The strong interactions between
PLLA and PDLA chain segments are randomly distributed in a homogeneous melt, thus preventing
subsequent stereocomplex crystallization. However, the homogeneous melt can recover its ability to
crystallize via dissolution in a solvent.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Polylactide (PLA) has received wide attention in the medical and
pharmaceutical fields due to its biodegradability, biocompatibility,
and good mechanical properties [1,2]. PLA can be used to fabricate
various osteosynthetic devices, drug delivery systems and tissue
engineering scaffolds, etc. The degradation characteristics of PLA,
which are of major importance for various applications, mainly
depend on the crystalline morphology and crystallinity. Lactide
exists in three isomeric forms, i.e. L-lactide, D-lactide and meso-
lactide, which allows to prepare various PLA homo- and stereo-
copolymers with dramatically different properties by adjusting
L/D ratios in the monomer feeds.

Since Ikada et al. reported stereocomplex formation between
enantiomeric poly(L-lactide) (PLLA) and poly(D-lactide) (PDLA) [3],
many researchers have focused on its significance for PLA-based
materials, in particular on the physical properties, thermal
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properties and hydrolysis resistance [4–6]. In the meantime, there
are a great number of patents dealing with stereocomplex pro-
cessing technologies because of the potential applications [7,8].
Stereocomplex crystallites exhibit much higher crystal growth rate
and shorter induction period than either PLLA or PDLA [9,10]. The
melting point of the stereocomplex is ca. 50 �C higher than that of
pure PLLA or PDLA [3,11]. Single crystals of the stereocomplex favor
a triangular shape with a b-form 31-helice packing of opposite
configurations alternating side by side [12,13]. However, while
stereocomplex can be obtained from the melt, the melting condi-
tions and the melt state prior to crystallization have not been
investigated, so far. In fact, it was assumed that melt state should
not account for the stereocomplex crystallization [9–13].

Recently, several reports have focused on the relationship
between polymer crystallization and heterogeneous melt [14–16].
Lippits et al. reported that disentangled chain segments of poly-
ethylene (PE) crystallize from heterogeneous melt much faster than
entangled chains from homogeneous melt [15]. Entanglements
formed during homogenization of heterogeneous melt could retard
the crystallization. Comparatively, we can assume that the spatial
distribution of interaction regions during homogenization of PLLA/
PDLA heterogeneous melt would affect the crystallization process.
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Indeed, it was found that stereocomplex crystallization was
distinctly depressed when higher melting temperature and longer
melting period were applied. Since interactions between PLA chain
segments of opposite configurations are stronger than those of the
same configurations, homogenization of spatial distribution of
interaction regions in PLLA/PDLA melt would prevent PLLA and
PDLA chain segments from coupling and being involved into crys-
tallization frontier, and thus depress stereocomplex crystallization.

The mechanisms, by which polymer melt of high conforma-
tional entropy transform into a semicrystalline state of low entropy,
have been previously studied [17]. Several researchers have
reported that polymer crystallization from the melt may start from
initial transient state (or named as precursors, mesomorphic seeds)
[18–20]. And ‘‘melt memory’’ has been proposed to describe the
behavior, i.e. a polymer in melt state might retain a partial memory
of its former crystalline structure [21–23]. Therefore, melt state
appears as an important factor in polymer crystallization.

In our previous studies, we have reported the basic crystalliza-
tion behaviors of PLLA with different molecular weights [24,25]. In
this work, relatively low molecular weight (Mn) PLLA and PDLA (in
the order of 104 g/mol) were synthesized since stereocomplex is
exclusively formed when the Mn of both PLLA and PDLA is in the
order of 103–104 [11]. The relationship between the melt state and
stereocomplex crystallization is reported herein.

2. Experimental section

2.1. Materials

L-lactide and D-lactide were purchased from Purac (The Neth-
erlands). Zinc lactate and sodium azide were obtained from Merck.
Trizma base, Trizma/HCl and proteinase K in the form of lyophilized
powder (30 U/mg) were supplied by Sigma.

2.2. Methods

The synthesis of PLLA and PDLA was previously described
[24,25]. PLLA and PDLA were synthesized by ring opening poly-
merization at 140 �C of L-lactide or D-lactide, using zinc lactate as
catalyst and ethylene glycol as co-initiator to control the Mn. The
molecular characteristics of PLLA and PDLA utilized in this study are
listed in Table 1.

The PLLA/PDLA blend used for crystallization experiments was
prepared as follows. Briefly, PLLA and PDLA solutions were sepa-
rately prepared with a concentration of 1.0 g/dL, using methylene
chloride as solvent. 10 mL of both solutions were then mixed under
vigorous stirring. Then solvent was allowed to evaporate under
room temperature for 3 days and the obtained sample was further
vacuum dried up to constant weight.

2.3. Measurements

Size-exclusion chromatography (SEC) measurements were per-
formed with a Waters apparatus equipped with a refractive index
detector. Chloroform was used as the mobile phase at a flow rate of
1.0 mL/min. 20 mL of 1% (w/v) solution were injected for each
analysis. The columns were calibrated with polystyrene standards
(Polysciences).
Table 1
Characteristics of PLLA and PDLA homopolymers.

Sample Mw

(g/mol)
Mw/
Mn

[a]20
D

(�)
Tg

(�C)
Tcc

(�C)
DHc

(J/g)
Tm

(�C)
DHm

(J/g)

PLLA 3.6� 104 1.4 �153 57.1 102.8 42.4 165.8 54.4
PDLA 1.9� 104 1.4 154 55.4 100.1 35.0 160.3 41.1
Specific rotation of PLA ([a]20
D ) was measured in chloroform at

a concentration of 8.6 g/L and 20 �C by using a WZG-2S polarimeter.
X-ray diffraction spectra were registered with a Philips diffrac-

tometer composed of Cu Ka (l¼ 1.54 Å) source, a quartz mono-
chromator, and a goniometric plate.

13C NMR spectra were recorded on a VAVCE-DMX 500 Spec-
trometer, operating at 125 MHz. CDCl3 was used as solvent.

DSC analysis was performed with a Perkin–Elmer instrument
DSC 6 calibrated with indium. The heating/cooling rate was fixed at
10 �C/min. The glass transition, cold crystallization and melting
temperatures (Tg, Tcc and Tm, respectively) and enthalpies of crys-
tallization and melting (DHc and DHm, respectively) were deter-
mined from amorphous PLLA and PDLA. The thermal properties of
both polymers are summarized in Table 1.

The morphology of enzymatically etched samples was exam-
ined by using a Philips XL30 ESEM under reduced pressure below
1 torr. Each sample was placed in a vial filled with 10 mL of pH 8.6
Tris buffer (0.05 M) containing 2.0 mg of proteinase K and 2.0 mg of
sodium azide. The vials were placed in an oven thermostated at
37 �C. After 3 days, the samples were withdrawn, gently washed
with distilled water, and examined by using ESEM.
3. Results and discussion

Fig. 1 presents the thermal behaviors of the PLLA/PDLA blend. In
the first run, only a Tm was detected at 215.9 �C with DHm of 64.2 J/g.
The melted sample was kept at 230 �C for 1 min, taken out and
immediately immersed in liquid nitrogen to be made amor-
phous. In the second heating process, Tg and Tcc appeared at
53.1 and 95.9 �C, respectively. Tm decreased to 186.8 �C and DHm

to 26.0 J/g. The same procedure was applied for the third run
which exhibits a Tg at 50.9 �C, a very weak cold crystallization
around 130 �C and a very weak melting at 173.0 �C with DHm of
ca. 1.0 J/g.

Tsuji and Ikada previously reported that the melting of stereo-
complex crystallites occurs at 220–230 �C with DHm of 68–86 J/g
[3,9–11]. The authors estimated the equilibrium melting tempera-
ture (Tm

0 ) of PLA stereocomplex crystallites to be 279 �C by
extrapolation of Tm

0 values for different optical purities. A DHm value
of ca. 146 J/g was also reported for the stereocomplex crystals
having an infinite thickness [26]. Therefore, the Tm value of the
PLLA/PDLA blend (215.9 �C) confirmed that stereocomplex
Fig. 1. DSC thermograms of the PLLA/PDLA blend at a heating rate of 10 �C/min. The
first run corresponds to the blended sample from solution blending and drying, the
second and third ones to samples after quenching in liquid nitrogen from the melt.
Before quenching, the sample was kept at 230 �C for 1 min to eliminate all nuclei.



Fig. 3. DSC thermograms of PLLA at a heating rate of 10 �C/min. The first run corre-
sponds to the initial sample, the second and third ones to samples after quenching in
liquid nitrogen from the melt. Before quenching, the sample was kept at 230 �C for
1 min to eliminate all nuclei.
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exclusively formed from the blend without homo-crystallization of
either PLLA or PDLA, indicating that 50/50 blending benefits stereo-
complexation [11].

On the other hand, the Tm values obtained in the second and
third runs (186.8 and 173.0 �C) are higher than those of PLLA and
PDLA, as shown in Table 1 (165.8 �C and 160.3 �C, respectively). This
finding implies that imperfect stereocomplex be formed instead of
homo-crystallites. In fact, the corresponding WAXD spectrum
(Fig. 2) exhibits three main diffraction peaks at q values of 5.9, 10.3
and 11.9�, which are characteristic of PLA stereocomplex crystal-
lized in a trigonal unit cell of dimensions: a¼ b¼ 1.498 nm,
c¼ 0.870 nm, a¼ b¼ 90�, and g¼ 120� [12].

The much lower Tm and DHm values could thus be attributed to
highly depressed stereocomplex crystallization in the second and
third heating runs. It is commonly assumed PLLA/PDLA blend
would exhibit the same melting behaviors. Surprisingly, stereo-
complex crystallization significantly decreased in the second run,
and almost disappeared in the third run. Fig. 3 depicts the melting
behaviors of PLLA subjected to the same thermal treatment for the
sake of comparison. Unambiguously, PLLA preserved the same
melting behaviors despite the heating/cooling processes, the Tm

remaining at ca. 165.8 �C. Therefore, thermal degradation could not
account for the depression of PLLA/PDLA stereocomplex crystalli-
zation in the second and third heating runs. This behavior will be
further illustrated by applying various melting conditions at
temperatures ranging from 224 to 230 �C, and for different time
periods.

Fig. 4A exhibits the cooling heat flows of the PLLA/PDLA blend
after 1 min melting at 224 �C, 226 �C and 230 �C, respectively. With
melting at 224 �C, the melt crystallization temperature (Tmc)
appeared at 144.0 �C with DHc of 23.6 J/g. Melting at 226 �C led to
a lower Tmc at 120.0 �C with a lower DHc of 10.7 J/g. Finally with
melting at 230 �C, the melt crystallization was hardly distinguished.
Tg remained approximately the same (ca. 51 �C) in all cases, while
the thermal capacity (DCp) increased from 0.39 J g�1 K�1 at 224 �C,
0.48 J g�1 K�1 at 226 �C, to 0.63 J g�1 K�1 at 230 �C. Higher DCp

values imply less crystallinity and higher fraction of amorphous
region remaining in the blend.

It is well known that PLLA is a slowly crystallizing material [27].
Miyata and Masuko reported that PLLA remains amorphous when it
is cooled from isotropic melt at a rate higher than 10 �C/min [28]. In
this work, stereocomplex was formed at a cooling rate of 10 �C/min,
thus implying that stereocomplex crystallization is faster than PLLA
Fig. 2. WAXD spectrum of the PLLA/PDLA blend after crystallization in the second
cycle of Fig. 1 (the sample was taken out at 140 �C for WAXD measurements).
homo-crystallization. Nevertheless, melt crystallization in the
cooling process was distinctly depressed when the blend was
melted at higher temperatures. In addition, the subsequent heating
process after 224 �C melting exhibits Tm at ca. 180 �C for the
Fig. 4. (A) DSC thermograms of the PLLA/PDLA blend at a cooling rate of 10 �C/min
from the melt after 1 min at 230 �C, 226 �C, and 224 �C. (B) Isothermal crystallization
at 145 �C after melting at 230 �C for different periods (a, 1 min; b, 2 min; c, 3 min).
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crystallized stereocomplex. This result excludes the possibility that
224 �C is not high enough to erase all the crystals and nuclei in the
original PLLA/PDLA blend.

The isothermal crystallization behavior of the blend was
examined at 145 �C after melting at 230 �C for 1, 2 and 3 min,
respectively (Fig. 4B). The crystallization peak is obvious with
a peak time (tp) of 7.4 min and DHc of 41.6 J/g for 1 min melting.
After 2 min melting, however, the crystallization ability strongly
decreased with a prolonged tp of 24.3 min and a lower DHc of 17.2 J/g.
The isothermal crystallization even disappeared after 3 min
melting.

Wang and Mano reported that longer melting period could
induce a dramatic crystallinity enhancement of PLLA [29]. However,
in this work, longer melting period results in slower crystallization
rate and lower degree of crystallization for the PLLA/PDLA blend.
Thus, it is of interest to elucidate whether the melting process
would influence the microstructure which is one of the key factors
determining polymer crystallization.

13C NMR spectroscopy was employed to examine the micro-
structure of the PLLA/PDLA blend since intermolecular trans-
esterification could influence the crystallization behavior. The
blend was first melted at 230 �C for 3 min, quickly cooled to room
temperature and then dissolved in CDCl3 for 13C NMR measure-
ments (Fig. 5). Carbonyl carbon resonances were detected at ca.
169.6 ppm, and methine and methyl ones at ca. 69.0 and 16.6 ppm,
respectively. All the carbon fine structures are stereodependent, as
previously reported [30,31]. Isotactic LL or DD dyads are noted as i
(isotactic), while syndiotactic DL or LD dyads are noted as s (syn-
diotactic). For example, iiisi denotes chain segments containing 6
lactic units DDDDLL or LLLLDD. As shown in Fig. 5, the chain micro-
structure after 3 min melting at 230 �C is predominantly isotactic.
However, other smaller signals were found in terms of hexads in
the carbonyl region and tetrads in the methine and methyl regions.
In the carbonyl region, the signal at 169.4 ppm is assigned to iiisi,
and the one at 169.3 ppm to sisii, isiii and iisii hexads. Similarly,
a small isi tetrad was detected in the methine and methyl regions at
69.2 and 16.7 ppm, respectively. The presence of syndiotactic (s)
dyads could be ascribed to intermolecular transesterification
occurring during the melting process of PLLA/PDLA, although
Fig. 5. Carbonyl, methine and methyl regions of the 13C NMR spectr
transesterification appeared very limited considering the
predominantly isotactic chain microstructure. A transesterification
reaction between a PLLA and a PDLA chain leads to a PLLA–PDLA
diblock structure, and several transesterification reactions lead to
multiblock structures. As reported previously, predominantly
multiblock chains resulting from stereoselective ring opening
polymerization of DL-lactide are susceptible to stereocomplexation
[32,33]. It can be thus concluded that the very limited micro-
structure change of the PLLA/PDLA blend cannot account for the
depression of stereocomplex crystallization.

SEC was used to follow the changes of MW and polydispersity
after thermal treatment. No significant changes were detected in
either case for the samples used in Fig. 4. Therefore, the different
crystallization abilities observed under various melting conditions
could not be assigned to MW changes. The findings inspired us to
focus on the melt state of the PLLA/PDLA blend.

Fig. 6 presents the morphology of enzymatically etched
samples corresponding to those in Fig. 4B. As reported previously,
proteinase K preferentially degrades L-lactyl segments as opposed
to D-lactyl ones, PDLA being not degradable [34]. And enzymatic
degradation in amorphous region precedes that in crystal region of
semicrystalline PLA [35]. In Fig. 6A, the crystal morphology corre-
sponding to sample (a) in Fig. 4B is clearly revealed. Lamellae in the
spherulites seem to organize in a unique manner which is quite
different from PLLA crystallization [36]. Disk-shaped and spherical
structures have been observed in the case of stereocomplex formed
in acetonitrile solution [37]. Irregular shape of spherulites in Fig. 6A
is assigned to spherulite collision which reflects a relatively high
degree of crystallinity as evidenced by the DHc value in Fig. 4B-a.
The crystal morphology of the etched sample shown in Fig. 6B
presents smaller number and size of spherulites, in agreement with
strongly depressed isothermal crystallization shown in Fig. 4B. In
contrast, Fig. 6C exhibits a kind of network morphology after
etching, the amorphous blend being homogeneously etched. The
network-like morphology should introduce a hint for the melt state
of PLLA/PDLA blend before degradation.

The stereocomplex crystallization behavior seems to strongly
depend on the melt state of the PLLA/PDLA blend. As reported
recently, crystals can be melted by following the mechanism of
um in CDCl3 of PLLA/PDLA blend after 3 min melting at 230 �C.



Fig. 6. ESEM micrographs of the enzymatically etched PLLA/PDLA blend which was
melted at 230 �C for 1 min (A); 2 min (B) and 3 min (C), followed by isothermal
crystallization at 145 �C for 60 min.

A B

Scheme 1. (A) Heterogeneous melt resulted from consecutive detachment of PLLA/
PDLA stereocomplex chain stems together with amorphous region; (B) homogeneous
melt resulted from cluster melting and/or from homogenization of heterogeneous
melt. The circles represent strong interaction locations of PLLA/PDLA chains.
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either simple consecutive detachment of chain stems from the
crystalline substrate or cluster melting (i.e. chain explosion) in
which several chain stems are involved [15,16]. Consecutive
detachment of chain stems takes place at much lower temperatures
than cluster melting. Therefore, melting by consecutive detach-
ment of chain stems and subsequent diffusion would probably
result in a different melt state from stereocomplex because of the
predominant interactions between PLLA and PDLA chains.

As referred previously, the crystal structure of PLLA/PDLA ster-
eocomplex is trigonal, consisting of subcells with two enantio-
morphous, antiparallel chains [12]. PLLA and PDLA stems are
arranged alternately taking 31 helical conformation in the stereo-
complex [12,13]. And van der Waals forces between the hydrogen
of CH3 and the oxygen of O]C of PLA chains with opposite
configurations have been suggested to induce chain packing for
stereocomplexation [13]. Recently, according to FTIR analysis by
Zhang et al., the CH3/O]C hydrogen bonding contributes to the
interaction between chains in PLLA/PDLA stereocomplex, and
thus constitutes the driving force for the nucleation of
stereocomplexation [38]. Consequently, the strong interaction
between PLLA and PDLA chains has been confirmed in either case
and should also be considered as a factor to influence the melt state
from stereocomplex.

Scheme 1 is proposed as a model to illustrate the melt state of PLLA/
PDLA stereocomplex in the melting process. When the stereocomplex
from solution is slowly melted by consecutive detachment, the
parallel and alternate PLLA and PDLA chains are smoothly changed
into melt, probably in couples because of the strong interaction
between PLLA and PDLA chains as shown in the left part of Scheme
1(A). Meanwhile, PLLA and PDLA chains inter-penetrate randomly in
melt from amorphous regions, as shown in the right part of Scheme
1(A). And in the melt state from stereocomplex, chain diffusion and
homogenization in spatial distribution would be hindered because of
predominant interaction between opposite configurations. A hetero-
geneous melt is thus formed as schematically presented in Scheme
1(A). Heterogeneous melt being unstable in entropy, it would gradu-
ally change to be homogeneous as the melting period extends. One
PLLA chain would penetrate through several PDLA chains and form
strong interaction regions by CH3/O]C interaction. Additionally,
PLLA/PDLA stereocomplex could be melted in chain explosion to yield
a homogeneous melt when the melting temperature is much higher.
Scheme 1(B) presents such a homogeneous melt.

Accordingly, the crystallization behavior described above could
be explained as following. When the temperature is increased and
the melting period is prolonged, the melt state from stereocomplex
changes from mainly heterogeneous to homogeneous. PLLA and
PDLA chains randomly penetrate in melt with homogeneous
distribution of strong interaction regions. Crystallization is thus
decreased or prevented because PLA chains are eventually confined
by predominant interactions between opposite configurations and
difficult to diffuse from amorphous part into stereocomplex
lattices. Such a homogeneous melt state could be a prerequisite for
the network-like morphology detected in Fig. 6C. Schmidt and
Hillmyer used polylactide stereocomplex crystallites as nucleating
agents for PLLA crystallization, and attributed the decreased extent
of crystallization to the hindered mobility of PLLA chains due to
tethering by the stereocomplex [39]. According to the above model,
it could be the strong interactions randomly distributed between
PLLA and PDLA chains which hinder the crystallization, instead of
the stereocomplex itself.

The hypothesis of homogenization of the heterogeneous
melt in PLLA/PDLA blend was further confirmed by a comple-
mentary experiment. After melting at 230 �C for 3 min, the
blend became homogeneous and lost the capability of crystal-
lization. Then the sample was dissolved in dichloromethane.
After evaporation of the solvent, a stereocomplex was formed
again, as evidenced by DSC (data not shown). This finding
indicates that the homogeneous melt recovered its crystalliz-
ability via dissolution.

Therefore, the model proposed above appears reasonable
to elucidate the unique crystallization behavior of PLLA/PDLA
stereocomplex. Further investigations are underway to better
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understand this behavior by using other techniques including small
angle neutron scattering (SANS) and rheological measurements.

4. Conclusion

Stereocomplex is exclusively formed from blends of PLLA and
PDLA (50/50) with relatively low molecular weights. The crystalli-
zation behavior of the PLLA/PDLA blend depends on its initial melt
state. When higher temperature and longer period are applied,
stereocomplexation is strongly depressed. A model is proposed on
the basis of the theory of heterogeneous and homogeneous melts,
together with the predominant interactions between PLLA and
PDLA chains. This model could explain the unique crystallization
behavior depending on the initial melt state. It is assumed that PLLA
and PDLA chain couples would preserve their interactions (melt
memory) when the stereocomplex crystal melts smoothly, thus
resulting in a heterogeneous melt which can easily crystallize. The
melt could gradually become homogeneous at higher temperature
or longer melting time. The strong interactions between PLLA and
PDLA chain segments are randomly distributed in a homogeneous
melt, thus preventing subsequent stereocomplex crystallization.
However, the homogeneous melt can recover its ability to crystal-
lize via dissolution in a solvent. The relationship between polymer
melt state and its crystallizability reported herein could help to
predict the behavior of other polymeric stereocomplexes.
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