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INTRODUCTION

The improvement of thermal stability of biobased biodegradable poly
(L-lactide), that is, poly(L-lactic acid) (PLLA), is a crucial issue for
achieving its widespread use as an alternative material to petro-derived
polymers.1–4 A promising means of improving the thermal stability of
poly(lactide), that is, poly(lactic acid) (PLA)-based biodegradable
material, is to elevate its crystallinity by adding a nucleating or
crystallization accelerating agent. Some nucleating or crystallization
accelerating agents have been reported for PLLA.5 Among these
crystallization accelerating agents, stereocomplex (SC) crystallites of
PLLA and poly(D-lactide), that is, poly(D-lactic acid) (PDLA), are
known to be highly effective and have been extensively studied.6–12 In
addition, a short PDLA chain connected to a long PLLA chain is able
to act as a nucleating or crystallization accelerating agent.13 A relatively
short PDLA chain induces stereocomplex formation, which results in
the accelerated homo-crystallization of a PLLA chain.
Among stereoblock PLAs, four-armed stereo diblock PLAs with

equimolar L- and D-lactide units (4-LD; Figure 1) predominantly form
SC crystallites without the formation of homo-crystallites.14 The
formation of SC crystallites by stereoblock PLAs composed of
equimolar L- and D-lactide units such as 4-LD does not necessarily
require the aid of a PLLA matrix for SC formation, which is in
contrast to PDLA added to PLLA,6–12 and the formed SC crystallites
are expected to act as promising crystallization accelerating agents for
PLLA or PDLA homo-crystallization. However, in the case of 4-LD,
which is a multi-armed stereo diblock PLA, there are two types of
configurational combinations for the shell of a star-shaped 4-LD and a
linear one-armed PLA, that is, the PLA shell of a 4-LD has an opposite
or an identical configuration compared with the configuration
of a linear one-armed PLA matrix. Although such configurational
disagreement and agreement (Figure 1) are expected to affect the
accelerating effect of 4-LD on homo-crystallization of linear one-
armed PLA, this issue has not yet been explored. For the crystallization
of equimolar 4-LD/PLLA and 4-LD/PDLA blends during solvent
evaporation, SC crystallites were reported to be the main crystalline

species, although the crystallinity was lower than the crystallinities of
the linear one-armed PLLA/PDLA and linear one-armed PLLA or
PDLA/linear one-armed stereo diblock PLA.15 However, this study
focused on the crystallization behavior of equimolar blends but not on
the accelerating effect of a small amount of 4-LD on PLLA or PDLA
homo-crystallization.
In the present study, a high-molecular-weight linear one-armed

PLLA and PDLA as well as a star-shaped four-armed stereo diblock
PLA with a PDLA shell and PLLA core (4-LD) (Figure 1) were
synthesized. In addition, a small amount of 4-LD (5 wt%) was added
to a linear one-armed PLLA or PDLA, and the acceleration of a linear
one-armed PLLA or PDLA homo-crystallization by the incorporated
4-LD as a stereoblock PLA and the aforementioned effects of
configurational disagreement and agreement were investigated.

EXPERIMENTAL PROCEDURE

Materials
High-molecular-weight PLLA (number-average molecular weight
Mn= 5.1× 105 g mol− 1, weight-average molecular weight Mw/Mn= 1.8, specific
optical rotation ([α]58925 ) in chloroform (guaranteed grade, Nacalai Tesque,
Kyoto, Japan)=− 155 deg dm− 1 g− 1 cm3), PDLA (Mn= 5.0× 105 gmol− 1,
Mw/Mn= 1.7, [α]58925 in chloroform= 157 deg dm− 1 g− 1 cm3) and 4-LD
(Mn= 5.5× 104 gmol− 1, Mw/Mn= 1.1, [α]58925 in a mixed solvent of
chloroform/1,1,1,3,3,3-hexafluoro-2-propanol (abbreviated as HPIP, HPLC
grade, Nacalai Tesque; vol/vol= 95/5)=− 4.5 deg dm− 1 g− 1 cm3, L-lactyl unit
content= 51.4%, averaged block lengths of PLLA and PDLA= 98 and 93
monomer units, respectively) were synthesized and purified according to
previously reported procedures.14,16 Neat PLLA and PDLA samples and samples
with 5 wt% 4-LD added (abbreviated as PLLA/4-LD and PDLA/4-LD,
respectively, thickness of 25 μm) were prepared by solution casting. Briefly,
each solution of polymers was prepared with polymer concentration of
1.0 g dl− 1 using a mixed solvent consisting of dichloromethane/HFIP (vol/vol
95/5), and this solution was cast onto a petri dish and subjected to solvent
evaporation at 25 °C for approximately 1 day and then dried in vacuo for
6 days. For preparation of the blend samples (PLLA or PDLA with 4-LD),
separately prepared solutions of two polymers were mixed vigorously before
solvent evaporation. For preparation of the melt-quenched samples, each
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solution-cast sample packed in a DSC aluminum pan was sealed in a test tube
under reduced pressure, melted at 190 °C for 3min and quenched at 0 °C for at
least 5min.

Physical measurements and observation
The glass transition, cold crystallization, melting temperatures (Tg, Tcc and Tm,
respectively) and enthalpies of cold crystallization and melting (ΔHcc and ΔHm,
respectively) of samples for heating and crystallization temperature and
enthalpy (Tc and ΔHc, respectively) for slow cooling from the melt were
determined with a Shimadzu (Kyoto, Japan) DSC-50 differential scanning
calorimeter under nitrogen gas flow at a rate of 50mlmin− 1. To investigate
crystallization during heating, ~ 3mg of melt-quenched samples were heated at
a rate of 10 °Cmin− 1 from ambient temperature to 230 °C. In addition, to
investigate crystallization during slow cooling from the melt, ~ 3mg of as-cast
samples were heated at a rate of 10 °Cmin− 1 from ambient temperature to
190 °C, held at this temperature for 1min and then cooled at a rate of 3 °
Cmin− 1 to ambient temperature (crystallization was observed here). The Tg,
Tcc, Tm, ΔHcc and ΔHm values were calibrated using tin, indium and
benzophenone as standards. By definition, ΔHcc and ΔHm are negative and
positive, respectively. The crystalline species and crystallinity (Xc) values of the
samples were estimated using wide-angle X-ray diffractometry (WAXD). The
WAXD measurements were performed at 25 °C using a RINT-2500 (Rigaku,
Tokyo, Japan) equipped with a Cu-Kα source (λ= 1.5418 Å), which was
operated at 40 kV and 200mA. To exclude issues related to the probable
heterogeneity of the samples, we performed measurements with triplicate
samples from different positions on the solution-cast samples, and the physical
properties were averaged values for the triplicate samples. The relatively high
reproducibility of the Tcc, Tc, ΔHcc, ΔHc and Xc values strongly suggested that
the heterogeneity was very small and did not affect our conclusions.

RESULTS

Differential scanning calorimetry
The crystallization of the melt-quenched samples for heating and the
as-cast samples for slow cooling from the melt was monitored by DSC
(Figures 2a and b), and the entire DSC thermograms for heating in a

wider temperature range are shown in Supplementary Figure S1. The
thermal properties were estimated from the DSC thermograms in
Figures 2a and b. Thus, the obtained Tcc, ΔHm(H+S) and Tc are
plotted in Figures 2c and d, and the other thermal properties are listed
in Supplementary Table S1. For heating, the neat PLLA and PDLA had
Tcc values of 116.3 and 111.9 °C, respectively, whereas the Tcc values of
PLLA/4-LD and PDLA/4-LD (104.0 and 106.8 °C, respectively) were
correspondingly much lower and slightly lower than the values of the
neat PLLA and PDLA (Figure 2c). For slow cooling, the neat PLLA
and PDLA had Tc values of 105.8 and 108.3 °C, respectively, whereas
the Tc values of PLLA/4-LD and PDLA/4-LD (123.3 and 108.3 °C,
respectively) were much higher than and in agreement with the values
of the neat PLLA and PDLA, respectively (Figure 2d). These findings
indicated that the incorporated 4-LD facilitated and accelerated PLLA
homo-crystallization during heating and slow cooling and PDLA
homo-crystallization during heating and that the accelerating effect
of 4-LD was much higher for the linear one-armed PLLA than for the
linear one-armed PDLA.
ΔHm(H+S)=ΔHm(H)+ΔHm(S), which is an indicator of maximum

crystallinity during heating, is plotted in Figure 2c. As shown in
Figure 2c and Supplementary Table S1, the ΔHm(H+S) and ΔHm(H)
of all samples were similar to one another, although the ΔHm(H)
values of PLLA/4-LD and PDLA/4-LD were slightly lower than the
values of the neat PLLA and PDLA owing to the formation of SC
crystallites as evidenced by the non-zero ΔHm(S) values of PLLA/4-LD
and PDLA/4-LD (Supplementary Table S1), which should have
reduced the amount of homo-crystallizable PLLA or PDLA chains in
PLLA/4-LD and PDLA/4-LD.

Wide-angle X-ray diffractometry
To investigate the crystalline species and Xc of the samples after melt-
quenching and slow cooling from the melt as in the DSC measure-
ments, WAXD measurements were performed. The structures of the
former samples should be identical to those samples before heating the
melt-quenched samples or slow cooling from the melt of the as-cast
samples. For the melt-quenched samples (Figure 3a), the neat PLLA
and PDLA showed broad diffractions specific to amorphous materials,
whereas PLLA/4-LD and PDLA/4-LD had crystalline diffractions at
2θ= 12, 21 and 24° specific to SC crystallites,16,17 which are indicated
by arrows in Figure 3. This result indicates that the SC crystallites were
contained in the melt-quenched PLLA/4-LD and PDLA/4-LD before
DSC heating and as-cast PLLA/4-LD and PDLA/4-LD before slow
cooling from the melt. The formed SC crystallites acted as a nucleating
agent for linear one-armed PLLA or PDLA. All slowly cooled samples
from the melt showed crystalline diffractions at 2θ= 15, 17, 19 and
22.5°, which corresponded to the α-form of PLLA or PDLA homo-
crystallites,18,19 and the diffraction peaks due to the SC crystallites in
PLLA/4-LD and PDLA/4-LD remained (Figure 3b). These findings
were indicative of the fact that the incorporated 4-LD and SC
crystallites did not affect the crystalline modification of the PLLA or
PDLA homo-crystallites.
The Xc values of the homo- and SC crystallites [Xc(H) and Xc(S)

values, respectively] were estimated from the WAXD profiles in
Figure 3. The obtained Xc(H) and Xc(S) values are summarized in
Supplementary Table S2, and the total crystallinity (Xc(H+S)=Xc(H)
+Xc(S)) is plotted in Figure 2d. As shown in Supplementary Table S2,
the Xc(S) value of the melt-quenched PLLA/4-LD (6.6 %) was higher
than the corresponding value of the melt-quenched PDLA/
4-LD (4.1 %). This result indicates that the amount of SC crystallites
as a crystallization accelerating agent was affected by configurational
disagreement and agreement and was higher for PLLA/4-LD (opposite
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Figure 1 Molecular structure of 4-LD and material models of PLLA or PDLA
with 4-LD. The gray and white parts are composed of PLLA and PDLA
segments, respectively. 4-LD, four-armed stereo diblock poly(lactic acid) with
equimolar L- and D-lactide units; PDLA, poly(D-lactic acid); PLLA, poly(L-lactic
acid). A full color version of this figure is available at Polymer Journal online.
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Figure 2 DSC thermograms of melt-quenched samples during heating (a) and as-cast samples during slow cooling from the melt (b), Tcc and ΔHm(H+S) of
melt-quenched samples during heating (c) and Tc and Xc of as-cast samples during cooling from the melt (d). DSC, differential scanning calorimetry; 4-LD,
four-armed stereo diblock poly(lactic acid) with equimolar L- and D-lactide units; PDLA, poly(D-lactic acid); PLLA, poly(L-lactic acid). A full color version of
this figure is available at Polymer Journal online.

Figure 3 WAXD profiles of melt-quenched samples (a) and as-cast samples after slow cooling from the melt (b). 4-LD, four-armed stereo diblock poly(lactic
acid) with equimolar L- and D-lactide units; PDLA, poly(D-lactic acid); PLLA, poly(L-lactic acid); WAXD, wide-angle X-ray diffractometry.
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configurations) than for PDLA/4-LD (identical configurations). After
crystallization during slow cooling, the total crystallinity (Xc(H+S))
of PLLA/4-LD (56.2 %) was 20% higher than that of the neat PLLA
(46.1 %), whereas the Xc(H+S) of PDLA/4-LD (52.0 %) was similar to
that of the neat PDLA (48.7 %).

Polarized optical microscopy
To further investigate the effects of the SC crystallites and configura-
tional disagreement or agreement on PLLA or PDLA homo-crystal-
lization, a POM observation was performed. Figure 4 shows the
polarized optical photomicrographs of the samples crystallized during
slow cooling from the melt. In the neat PLLA and PDLA, homo-
crystallization started at 140 °C and 20–30% and most of the samples
were covered by spherulites at 120 and 100 °C, respectively. For PDLA/
4-LD, crystallization behavior similar to that of the neat PLLA and
PDLA was observed, although the number of spherulites per unit area
was lower for PDLA/4-LD than for the neat PLLA and PDLA. It is
probable that although a portion of 4-LD formed SC crystallites and
functioned as a nucleating agent, the remaining 4-LD acted as an
impurity, which was similar to the case of the linear one-armed PLLA
added to a low concentration of linear one-armed PDLA (for example,
0.1%).10 In PLLA/4-LD, the highest numbers of spherulites per unit
area were formed and occupied ~ 20% of the sample at 140 °C, ~ 80%
at 120 °C and the entire sample at 100 °C. The area covered with
spherulites in PLLA/4-LD at 120 °C was much larger than the area

covered in the neat PLLA, PDLA and PDLA/4-LD, indicating
accelerated crystallization of PLLA/4-LD during slow cooling.

DISCUSSION

Among the biobased biodegradable stereoblock PLAs, star-shaped
four-armed stereo diblock PLA with equimolar L- and D-lactide units,
4-LD, was first revealed to accelerate the crystallization of linear one-
armed PLLA during heating and slow cooling and linear one-armed
PDLA during heating; the accelerating effect of 4-LD was much higher
for linear one-armed PLLA than for linear one-armed PDLA. The
accelerated homo-crystallization in PLLA/4-LD and PDLA/4-LD
compared with the neat one-armed PLLA and one-armed PDLA
was attributable to the presence of SC crystallites, which remained
unmelted during the melting of the homo-crystallites and can act as
crystallization accelerating agents during heating and slow cooling.
In addition, the opposite configurations of linear one-armed PLA and
the shell of 4-LD in PLLA/4-LD enhanced the accelerating effect of
4-LD, whereas the accelerating effect of 4-LD was weaker owing to the
identical configurations of the one-armed PLA and the shell of 4-LD,
as in PDLA/4-LD.
This difference can be partly attributed to differences in the

numbers of SC crystallites as revealed by the WAXD measurements
(Supplementary Table S2), that is, the larger numbers of SC crystallites
in PLLA/4-LD should have a stronger accelerating effect than the SC
crystallites in PDLA/4-LD. The differences in the numbers of SC

Figure 4 Polarized photomicrographs of samples obtained at the indicated temperatures during slow cooling from the melt. 4-LD, four-armed stereo diblock
poly(lactic acid) with equimolar L- and D-lactide units; PDLA, poly(D-lactic acid); PLLA, poly(L-lactic acid).
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crystallites can be explained as follows. As shown in Figure 1, in the
case of PLLA/4-LD with opposite configurations between the one-
armed PLLA and the PDLA shell of 4-LD, the PDLA shell of 4-LD can
form SC crystallites with the PLLA core of 4-LD, as well as the one-
armed PLLA surrounding 4-LD, whereas in the case of PDLA/4-LD
with identical configurations between the one-armed PDLA and the
PDLA shell of 4-LD, the PDLA shell of 4-LD can form SC crystallites
with the PLLA core of 4-LD. However, we must consider the
possibility that the one-armed PDLA can penetrate into the core of
4-LD and form SC crystallites with the PLLA core. Moreover, in
PLLA/4-LD, the formation of SC crystallites between the one-armed
PLLA and the PDLA shell of 4-LD should increase the interaction
between the SC crystallites and the one-armed PLLA matrix, resulting
in increased numbers of spherulite nuclei and highly accelerated
homo-crystallization. However, in PDLA/4-LD, strong interactions
between the one-armed PDLA and the SC crystallites cannot be
expected because the probability of the one-armed PDLA matrix to
take part in SC formation is very low, and the SC crystallites formed
inside 4-LD were confined. This type of interfacial interaction between
SC crystallites and one-armed PLLA has been previously suggested to
affect the nucleation of SC crystallites.12 In addition, it is possible that
the PLLA and PDLA chains of 4-LD may form SC crystallites and that
the remaining PDLA chains of 4-LD, which did not take part in SC
formation, must be rather short. The SC crystallites covered with these
short PDLA chains, which would form homo-crystallites with a low
melting point, may not act as effective crystallization accelerating
agents for PDLA. Another probable explanation is as follows. The
stability of the SC crystallites formed between the one-armed PLLA
and the PDLA shell of 4-LD in PLLA/4-LD during solvent evaporation
and the 1st heating was greater than the stability of the SC crystallites
formed between the PDLA shell of 4-LD or the one-armed PDLA and
PLLA core of 4-LD in PDLA/4-LD, resulting in greater crystallization
accelerating ability.
The incorporated 4-LD significantly increased Xc of PLLA/4-LD

after slow cooling from the melt, which should be useful for the
preparation of PLLA-based materials with high crystallinities. In
addition, the ΔHm(H+S) of PLLA/4-LD and PDLA/4-LD during
heating and Xc(H+S) of PDLA/4-LD after slow cooling were similar
to enthalpies of the neat PLLA and PDLA. However, the ΔHm(H+S) of
PLLA/4-LD during heating and Xc(H+S) of PLLA/4-LD are expected
to be higher compared with the enthalpies of neat PLLA when the
heating or cooling rate is elevated.

CONCLUSIONS

The incorporated 4-LD formed SC crystallites and facilitated and
accelerated the homo-crystallization of linear one-armed PLLA during
heating and slow cooling and linear one-armed PDLA during heating.
The accelerating effect was greater for PLLA/4-LD with the opposite
configurations of linear one-armed PLLA and the PDLA shell of 4-LD
than for PDLA/4-LD with identical configurations in linear one-armed
PDLA and the PDLA shell of 4-LD. In addition to the finding that the
opposite configurations in PLLA/4-LD increased the numbers of SC
crystallites, the expected stronger interaction between one-armed
PLLA and the SC crystallites should have increased the number of

spherulite nuclei per unit area and the accelerating effect of 4-LD on
the homo-crystallization of one-armed PLA compared with PDLA/
4-LD. Furthermore, the incorporation of 4-LD or SC crystallites
effectively increased the Xc of PLLA/4-LD for slow cooling but did not
affect the crystalline modifications of PLLA or PDLA homo-crystallites
in PLLA/4-LD and PDLA/4-LD for slow cooling.
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