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Abstract: Stereocomplexation between poly(L-lactide) (PLLA) and poly(D-lactide) (PDLA)
provides a feasible route for improving the performance of polylactide (PLA), including
mechanical strength, thermal stability and hydrolysis resistance. In recent years, several effective
methods have been developed to prepare polylactide stereocomplexes (sc-PLA) from
commercial available, linear, high-molecular-weight PLLA and PDLA. However, it is still a big
challenge to attain pure sc-PLA in the melt-processed products because the prepared sc-PLA has
a very poor melt stability, namely, the ability to trigger the reformulation of stereocomplex (sc)

crystallites after complete melting is significantly depressed, resulting in a formation of mixed

’ Corresponding author. Tel./Fax: +86 28 8546 1795. E-mail: qiangfu@scu.edu.cn (Q. Fu).

Page 2 of 25



Page 3 of 25

Polymer Chemistry

homochiral (hc) and sc crystallites. Here we present a facile strategy to fabricate sc-PLA with
good melt stability by low-temperature (180 <C) melt-blending of equimolar PLLA and PDLA in
the presence of trace amount (0.1-0.5 wt%) of cross-linker. During the blending process, sc
crystallites form rapidly, followed by a slight cross-linking of PLLA and PDLA chain couples in
mobile amorphous phase, whereas the chain couples in crystalline phase hardly participate in the
cross-linking reaction. The exclusive cross-linking of PLAs chains in amorphous phase not only
allows for the introduction of abundant cross-linking points at the ends of the chain couples to
prevent them from completely decoupling upon melting but also retains large amounts of long
crystallizable PLAs segments existed in the initially formed sc crystallites to impart the resulting
sc-PLA with an excellent recrystallization ability upon cooling. The formation or reformulation
of sc crystallites in the continuous melting and recrystallization process is found to be perfectly

reversible, without any trace of hc crystallites.

1. Introduction

Nowadays, developing bio-based polymers to replace conventional petroleum-based polymers
has received considerable attention with the growing awareness of sustainability. * Polylactide
(PLA), as one of the most promising bio-based polymers derived from renewable resources such
as corn and sugarcane, exhibits a great potential as an eco-friendly alternative in a wide variety
of applications from biomedical materials to industrial packaging materials because of its
excellent biocompatibility, nontoxicity, favorable biodegradability, extraordinary transparency,
good mechanical strength, and easy processability.>® However, in comparison with generally
used engineering plastics such as poly(butylene terephthalate) (PBT), both the inferior thermal

resistance to deformation limited by the relatively low melting temperature (150-180 <C,
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depending on the optical purity and molecular weight” ) and the poor long-term performance
caused by the degradation during its service life make PLA less competitive in the market. Even
in some biomedical applications, an improvement in the heat resistance of PLA is indispensable
to avoid deformation after steam sterilization (135 <C, high steam pressure) and dry heat
sterilization (160-190 <C).* '° Stereocomplexation between enantiomeric poly(L-lactide) (PLLA)
and poly(D-lactide) (PDLA) provides a feasible and robust route to simultaneously improve the
heat resistance and the durability of PLA so as to fulfill the essential requirements in various
industrial applications.”™ PLA stereocomplexes (sc-PLA) formed by blending of equimolar
PLLA and PDLA have a much higher melting temperature (230 <C) and a far better hydrolysis
resistance as compared with homocrystallized PLLA or PDLA.*™® The highest heat distortion
temperature (HDT) for sc-PLA is over 200 <C, while HDT for highly crystalline PLA is only
100-120 €.*

The physicochemical properties of sc-PLA strongly rely on the level of crystallinity. Thus,
enhancing stereocomplex crystallization becomes a matter of concern.'®! Up to now, extensive
efforts has been devoted to develop useful preparation methods, such as supercritical fluid
technology'® and annealing'” '8, for improving the efficiency of stereocomplex formation.

Recently, Bao et al.*

proposed a simple but effective approach to generating pure sc-PLA by
melt-blending enantiomeric PLAs at low temperatures (160-210 <C) where only stereocomplex
(sc) crystallites can grow but the homochiral (hc) crystallites cannot form. High molecular
weight (M, > 10°) is generally believed to a prerequisite for achieving high performance of
sc-PLA. However, sc-PLA has a weak melt memory to re-form sc crystallites after complete
22,23

melting and the ability of restoring sc-PLA decreases with increasing molecular weight.

When pure sc-PLA are melted and crystallized again, hc crystallization always prevails over the
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sc crystallization, leading to a coexistence of hc crystallites and sc crystallites in the
melt-processed, high-molecular-weight PLLA/PDLA (50/50) blend.?*** Therefore, it is an
extremely challenging task to prepare stereocomplexed PLA products with good melt stability
from linear high-molecular-weight PLAs by using industrially meaningful melt-processing
technology. Fukushima et al.? attempted to use multi-block copolymer of PLLA and PDLA as a
compatibilizer to overcome the melt instability and thus enhance the reformulation of sc
crystallites after melting of the blend. However, the copolymer can depress the concomitant hc
crystallization, but the exclusive formation of sc crystallites cannot be easily achieved. On the
other hand, several PLA architectures have been applied to improve the melt-stability of
sc-PLA. %3t For example, the formation of well-stereocomplexed crystallites is found to be
complete and perfectly reversible in the melt-crystallization of star-shaped enantiomeric PLAS
and linear stereoblock PLAS due to the hard-lock-type interactions and the neighboring effect of
the stereo-regular sequences, respectively.?® % Nevertheless, a tedious and complex process is
required to synthesize these polymers with special structures, which significantly limits their
utility in large-scale industrial applications at present, so there is a current growing interesting in
developing an economic and facile strategy to fabricate sc-PLA with excellent melt stability
from commercial available, linear, high-molecular-weight PLAS.

Solid-state modification (SSM), such as solid-state polycondensation traditionally used for
increasing molecular weight of semicrystalline polyester, refers to a process of selectively
modifying amorphous phase of semicrystalline polymers.3® 32 Because it is generally carried out

at a temperature between the melting temperature (T,) and the glass-transition temperature (T, )

of the polymer, the SSM allows for the exclusive modification of the chain structures in the

mobile amorphous phase, whereas the chain segments in the rigid crystalline phase do not
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participate in the reactions. Inspired by the idea of SSM to selectively modify amorphous phase,
herein, we propose a facile strategy to achieve high stereocomplexation with good melt stability
from linear high-molecular-weight PLAs by combining low-temperature (180 <C) melt-blending
and solid-state cross-linking (SSC) technologies. It is expected that pure sc crystallites could be
formed rapidly during the melt-blending process, and the subsequent cross-linking of mobile
PDLA and PLLA chain couples in amorphous phase of the initially formed sc crystallites could
prevent them from decoupling in melt state and promote them arrange in a side-by-side manner
at the crystallization frontier. Because the blending temperature is just located in the temperature

window (about 50 <TC below the T, of sc-PLA but well above its T,) required for SSC and the

formation of sc crystallites is much faster than the dicumyl peroxide (DCP) initiated
cross-linking reaction (Scheme 1) between PLAS chains and triallyl isocyanurate (TAIC), both
the formation of sc crystallites and the subsequent cross-linking of mobile PLAs chain couples
have been successfully realized in one-step melt-blending process by taking advantage of the
wide time window and the appropriate temperature window. Influence of cross-linking on the
melt stability of sc-PLA was investigated. And, the thermomechanical properties of the
well-stereocomplex PLAs obtained by slight cross-linking were also highlighted by comparing
with those of highly crystalline PLLA. This work could open a new way to rapidly fabricate
sc-PLA with controllable melt stability by using simple melt-blending technology, without any

further purification step and special processing equipment.
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Scheme 1. Reaction mechanism for chemical cross-linking of enantiomeric PLAs with DCP and

TAIC.

2. Experimental Section

2.1 Materials

Commercial poly(L-lactide) (PLLA, grade 4032D, D-isomer

1.2-1.6%, M, = 170000

g mol1) was purchased from NatureWorks LLC, U.S.A. Poly(D-lactide) (PDLA, D-isomer =

M

w

99.5%, = 120000 g mol™) was kindly supplied by Zhejiang Hisun Biomaterial Co. Ltd.,

China. Dicumyl peroxide (DCP) used as a radicals initiator and triallyl isocyanurate (TAIC) used

as a cross-linker were supplied by Sinopharm Chemical Reagent Co., Ltd., China.
Hexafluoroisopropanol (HFIP) and other chemical reagents were obtained from Aladdin
Industrial Inc. (Shanghai, China).
2.2 Sample preparation

PLLA/PDLA (50/50) blend without and with various concentrations of DCP (0.3 wt%) and
TAIC (0.1, 0.2, 0.3, and 0.5 wt%) were prepared using a Haake Rheomix 600 internal mixer

(Germany) at a temperature of 180 < and a rotor speed of 60 rpm for 5 min. The obtained
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samples were denoted as a code of LD-x, where x represents the weight percentage of TAIC in
the blend. For comparison, PLLA without and with cross-linker (coded as PLLA-x) were also
processed with the same procedure. Both PLLA and PDLA were dried overnight in a vacuum
oven at 60 <C prior to use. Specially, to achieve precise loading and good dispersion of trace
amounts of radicals initiator and cross-linker in the PLLA and PLLA/PDLA blend, both DCP
and TAIC was firstly dissolved in dry ethanol and then mixed with the granules of PLAs before
the melt-blending. During the entire blending period, the evolution of torque with blending time
was recorded in order to detect the stereocomplex formation and the cross-linking reaction. The
specimens of LD-x used for mechanical testing were fabricated using a HAAKE MiniJet 1l
injection molder (Germany) at a barrel temperature of 250 <C under a dry nitrogen flow. The
mold temperature was determined according to the crystallization temperature of each sample.
For convenience, the injection molded samples were designated as PLLA-x@y and LD-x@y,
where y indicates the mold temperature.
2.3 Characterizations and measurements

The gel fraction in the cross-linked samples was estimated by the weight percentage of
insoluble gel in HFIP using the following equation:

Gel fraction (%) = (W, /W,)x100 1)
where W, and W, are the dried weights of initial cross-linked specimen and remaining gel

component after dissolving in HFIP at room temperature for 48 h, respectively.
The obtained dried gel can reach the equilibrium state of swelling after immersion in HFIP
again for 48 h at room temperature. The degree of swelling (volume ratio of absorbed HFIP

solvent to dried gel) was calculated as following:

Degree of swelling =[(W, -W,) /W, 1(p, / oyep) (2)
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where W, is the weight of dried gel, W, is the weight of swollen gel in HFIP; p and pqp

are the densities of PLA and HFIP, respectively.

The structural changes involved in the cross-linking reaction were examined using a Thermo
Nicolet 3700 spectrometer (U.S.A.) equipped with an attenuated total reflectance (ATR)
accessory. Fourier transform infrared spectroscopy (FT-IR) spectra were collected by adding 32
scans at a resolution of 4 cm™. For each cross-linked sample, the dry gel prepared by extracting
with HFIP was used for the FT-IR measurement.

Thermal analysis was performed on a Perkin-Elmer pyris-1 differential scanning calorimeter
(DSC, U.S.A)) at heating/cooling rates of 10 <T/min in the temperature range of 30 <C to 250 <C.
For each specimen, the DSC nonstop cycle was repeated four times under a dry nitrogen
atmosphere to highlight the stability of observed thermal properties. To ensure the reliability of
data obtained, high-purity indium was used as standard to calibrate the heat flow and temperature
before the measurements.

Crystalline structure was analyzed using a Philips X Pert pro MPD diffractometer with a CuKa
radiation. The wide-angle X-ray diffraction (WAXD) spectra were recorded at 40 kV and 40 mA

with a scanning angle from 10°to 40< The crystallinity of homochiral crystallites (X.,.),

stereocomplex crystallites ( X, .), and overall crystallites ( X, ) can be evaluated from WAXD

profiles according to the method reported by Tsuji et al*®.
Dynamic mechanical analysis (DMA) was performed on a TA Q800 equipment (U.S.A.) in a

single-cantilever mode with a sinusoidal oscillating strain of 10 um and a frequency of 1 Hz.
Dynamic storage modulus (G') was measured from 0 to 200 <T at a heating rate of 3 <T/min. To

ensure the reproducibility of results obtained, two independent specimens were tested for each

sample.
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Figure 1. Torque-time curves for the melt blending of PLLA and PLLA/PDLA blend with and

without 0.5 wt% TAIC at 180 <C.

3. Results and Discussion
3.1 Stereocomplex formation and cross-linking

Torque-time curves can be used to explore the structural change of polymers during melting or
melt-blending in a torque rheometer.®* * If there is a strong interaction between polymer chains,
a relatively high torque value will be observed in the torque-time curves. Figure 1 shows the
torque evolution with time during melting of PLLA and blending of equimolar PLLA and PDLA
in the presence of cross-linker. The first sharp and strong peak in each curve is the melting peak
of PLA pellets. For pure PLLA, the torque value drops rapidly with the melting of PLLA pellets
and then reaches a stable plateau. However, with the introduction of 0.5 wt% TAIC into PLLA, a
substantial enhancement in torque is noted after the melting peak, confirming the occurrence of
chemical cross-linking reactions between PLLA and TAIC. Similar tendency can also be seen in
the torque-time curve of PLLA/PDLA blend. The notable increase in torque after the melting
peak has been demonstrated to be associated with the stereocomplex formation.*® Very
interestingly, the level of torque for PLLA with 0.5 wt% TAIC is found to be comparable to that

for pure PLLA before the onset of the cross-linking reactions (Figure 1), but PLLA/PDLA blend
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exhibits a much higher torque in this situation (as highlighted by the arrow) because of the much
slower decrease in torque with the melting of PLAs pellets. This result indicates that the
stereocomplex formation proceeds much more quickly than the cross-linking reactions. As soon
as part of PLAs pellets are melted during the melting process, the stereocomplextion between the
mobile PLLA and PDLA chains occurs immediately under the drive of strong shear stress in the
internal mixer. Because the cross-linking network can only be introduced into the amorphous
regions of semicrystalline polymers,36 the big time lag between the formation of sc crystallites
and the onset of cross-linking reactions provides a good chance for the exclusive cross-linking of
PLLA and PDLA chain couples located in the mobile amorphous phase of the preformed sc
crystallites. Unexpectedly, no evident difference in the evolution of torque with time can be
observed in PLLA/PDLA blend with 0.5 wt% TAIC as compared with PLLA/PDLA blend,
suggesting that no noticeable cross-linking reactions occur when a small amount of cross-linker
is added into the blend. The appearances of the as-prepared samples are given in Figure 2.
Clearly, the final shapes of the melt-processed PLLA and PLLA/PDLA blend are glassy solids
hard to make into powders (Figure 2a and b) and powdery crystallites (Figure 2c and d),
respectively, independent of the presence of cross-linker. WAXD analysis provides clear
evidence for the exclusive formation of sc crystallites in both the PLLA/PDLA blend without
and with various amounts of TAIC. As shown in Figure 3, the WAXD profiles of the blends
show three characteristic diffraction peaks of sc crystallites at around 12.0< 20.9< 24.0%
corresponding to the (110), (300)/(030), and (220) planes, respectively,'® but no characteristic
peaks of usually observed o-form hc crystallites at around 14.8< 16.9< 19.0°and 22.5%

assigned to the  (010), (200)/(110), (203), and (210) planes, respectively,®” can be detected.

10
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Figure 2. Appearance of (a) PLLA, (b) cross-linked PLLA, (c) PLLA/PDLA blend, and (d)

cross-linked PLLA/PDLA blend.
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Figure 3. WAXD profiles of as-prepared PLLA/PDLA blend with various amounts of TAIC.
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Figure 4. (a) Gel fraction and (b) swelling degree of cross-linked PLLA and PLLA/PDLA blend

as a function of TAIC concentration.

Considering that the torque may become less sensitive to the structural changes induced by the
cross-linking reactions when large amounts of powdery sc crystallites are rapidly formed in the
melt of PLLA/PDLA blend, the gel fraction and swelling degree were measured to clarify
whether the cross-linking reactions occurs in the blend during the melt-blending process as
expected. Figure 4a compares the changes in gel fraction of PLLA and PLLA/PDLA blend with
increasing TAIC concentration from 0.1 wt% to 0.5 wt%. The gel fraction of PLLA increases
dramatically from 17.4 % to 48.2 % with the TAIC concentration up to 0.3 wt% and then levels
off. However, blending PLLA with equimolar PDLA gives rise to a much lower extent of
cross-link reactions and the maximum gel fraction is only 9.2 %, clearly indicating that the
formation of sc crystallites in the melt can distinctly depress the cross-linking reactions because
of the rapid decrease in the volume fraction of amorphous phase and thus only small amounts of
cross-linking structures are formed between mobile PLAs chains and TAIC molecules. On the

other hand, in comparison with PLLA, PLLA/PDLA blend exhibits a looser cross-linking

12
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network after being cross-linked, as evidenced by the reduced swelling capacity of the obtained

gel (Figure 4b).
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Figure 5. FT-IR absorption spectra of PLLA/PDLA blend with various amounts of TAIC.

In order to gain insight into the structural changes involved in the cross-linking reactions,
FT-IR absorbance spectra of PLLA/PDLA blend with different amounts of TAIC were recorded
and results in the range of 800-2200 cm™ are presented in Figure 5. The strong peak at 1747 cm™
is associated with the carbonyl vibration of PLA. Before the FT-IR measurements, the
cross-linked blend was purified by HFIP extraction to remove free PLAs chains and possible
residual TAIC. When compared with un-cross-linked blend, one noticeable feature in the spectra
of the cross-linked blend is the appearance of a weak shoulder peak (as indicated by the arrow)
attributed to the carbonyl group of TAIC at about 1705 cm™® implying the occurrence of
cross-linking reactions between PLAS chains and TAIC molecules. Moreover, the peak intensity
(can be regarded as an indicator of cross-linking density) increases with increasing TAIC
concentration, which is consistent with the gradually decreased swelling degree (Figure 3b). The
cross-linking reaction between PLA and TAIC in the presence of DCP has been discussed in the
literature.®® It is generally believed that DCP can decompose into cumyl radicals in PLA melt to

initiate the macro-radicals in the backbone of PLA and the double bonds of allyl groups in TAIC

13
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can easily break into monomer radicals at the same time, consequently, the cross-linking
structures are generated by radicals reaction between PLA and TAIC. In the present study, the
radical reaction between hetero-chiral PLAs chain couples and TAIC molecules is more likely to
happen as compared to that between homo-chiral PLA and TAIC because the stereocomplex
crystallization could promote the major fraction of PLLA and PDLA chains interact with each

other in amorphous phase. The cross-linking reaction mechanism is given in Scheme 1.
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Figure 6. DSC thermograms of PLLA/PDLA blend with and without TAIC (a) during the first
heating run, (b) during the cooling run after melting at 250 <C for 3 min, and (c) during the
second heating run after melting recrystallization. The rate of heating and cooling was 10 <C/min.
) and hc crystallites (AH

(d) Melting enthalpies of sc crystallites (AH ) obtained in the

m,sc m,hc

DSC heating runs for PLLA/PDLA blend without and with various amounts of TAIC.
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3.2 Melt stability

Melt stability of the melt-blended PLLA/PDLA (50/50) blend with and without cross-linking
structures has been comparatively studied by DSC and WAXD. Figure 6a-c present the DSC
thermograms of the blends and a summary of the DSC data are listed in Table S1 and Figure 6d.
In the first heating scans, both the un-cross-linked blend and the cross-linked blends exhibit very
similar thermograms, all showing only one strong melting peak characteristic of sc crystallites at
around 231.5-233.5 <C (Figure 6a), further confirming the exclusive formation of sc crystallites
without any trace of hc crystallites.

In the second heating scans after cooling to 30 <C, three melting peaks, the one at 164.6 <C for
PLLA, the second at 173.6 <C for PDLA, and the third at 220.0 <C for sc-PLA, are observed,
indicating formation of a mixture of hc and sc crystallites (Figure 6¢). In contrast to this, it is
very interesting that increasing cross-linking extent gives rises to a substantial decrease in the

melting enthalpy of hc crystallites (AH_, ) as well as a remarkable enhancement in the melting

m,hc

enthalpy of sc crystallites (AH_. ) (Figure 6d and Table S1), although the content of sc

crystallites in the melt-blended PLLA/PDLA blend decreases apparently with increasing TAIC
concentration up to 0.5 wt%, clearly demonstrating that the selective cross-linking of mobile
PLAs chain couples can significantly enhance the ability of PLLA/PDLA blend to re-form sc
crystallites from the melt as expected. The crystallization temperature for stereocomplex

formation (T, ) is between 160.6 < and 173.7 <C, depending on the cross-linking extent

(Figure 6b). Particularly, the PLLA/PDLA blend cross-linked with 0.5 wt% TAIC gives only one
sharp melting peak of sc crystallites at 218.5 <C (Figure 6c¢) and three main diffraction peaks of
sc crystallites (Figure 7), suggesting an excellent melt stability of the blend. Meanwhile, the

observed AH (47.5 J/g) (Figure 6d and Table S1) is comparable to that of the sc crystallites

m,sc

15

Page 16 of 25



Page 17 of 25

Polymer Chemistry

formed from well-defined star-shaped PLAs.”® With regard to the decrease in T . and

m,sc

AH after melting and recrystallization (Table S1), it should be attributed to the two

m,sc
completely different formation conditions. The original sc crystallites prepared by melt-blending
is formed under a strong shear field, whereas the recrystallized sc crystallites is obtained under a
quiescent condition. The shear stress can drastically influence the crystallization of
semicrystalline polymers, e.g., accelerating crystallization, increasing crystallinity, and
improving crystalline perfection.®® Most importantly, the good melt stability of sc crystallites
formed in the cross-linked blend can be further verified by applying multiple DSC
heating/cooling/heating thermal cycles in the temperature range of 30 <C to 250 <C. As presented
in Figure 8, the exclusive formation of sc crystallites is found to be perfectly reversible after
remain constant in three

melting and recrystallization. The values of T ..., T ., and AH

thermal cycles. To the best of our knowledge, this is the first example of preparing sc-PLA with
good melt stability from linear high-molecular-weight PLAs by selectively cross-linking

amorphous phase during the melt-blending process.
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(300)/(030)__

1/
LD-0.5 (200) $110)hc
I
LD-0.3
M

(010),  (203), (210),
T T T ™ T T
8 12 16 20 24 28
20 ()

Intensity (a.u.)

Figure 7. WAXD profiles of melt-recrystallized (cooling down to 30 <C at a rate of 10 <T/min

after melting at 250 <C for 3 min) PLLA/PDLA blend with various amounts of TAIC.
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Figure 8. DSC thermograms of PLLA/PDLA blend with 0.5 wt% TAIC. The DSC nonstop cycle

was repeated three times in the temperature range of 30 <C to 250 <C after eliminating thermal

history at 250 <C, and the rate of heating and cooling was 10 <T/min.
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Figure 9. DSC thermograms of PLLA/PDLA blend cross-linked with 0.5 wt% TAIC (solid line)

and c-PLLA/c-PDLA blend (dashed line) during first heating run and during second heating run

after melting recrystallization at a rate of 10 <T/min.

To further make it clear whether the selective cross-linking is the main contributor for the

inspiring enhancement in the melt stability, other two different samples were prepared. Figure 9

17



Page 19 of 25

Polymer Chemistry

shows the DSC thermograms of the obtained samples. It is very interesting to find that, after
melting and recrystallization, the sc crystallites are almost exclusively formed in the blend
prepared by cross-linking of pre-prepared PLLA/PDLA blend with 0.5 wt% TAIC. Formation of
a few hc crystallites may be caused by the insufficient diffusion of TAIC molecules into the
amorphous phase of the sc crystallites with high crystallinity due to the time limitation during the
blending process. In this case, some PLAs chain couples cannot react with TAIC, forming
cross-linking structures to prevent them from decoupling in the melt. However, for the blend
prepared by melt-blending of pre-cross-linked PLLA and PDLA with 0.1 wt% TAIC and 0.3
wt% DCP (denoted as c-PLLA and c-PDLA, respectively), no obvious difference in the melt
stability can be observed as compared with the un-cross-linked PLLA/PDLA blend. These
results further confirm that the selective cross-linking of the mobile hetero-chiral PLAs chain
couples is of great benefit to improving the melt stability, but the formation of cross-linked
structure between homo-chiral PLA chains has no apparent influence on the melt stability.

From above considerations, it is clear that sc crystallites form rapidly during the blending
process, followed by a slight cross-linking of mobile PLLA and PDLA chain couples in their
amorphous phase. These selectively cross-linked chain couples play a vital role in enhancing the
melt stability. Because the chain couples in the sc crystallites obtained from linear PLAs can be
regard as zippers,?® formation of a few cross-linking points at both ends of each chain couple
could not only prevent it from completely unzipping after melting but also promote the two
crystallizable segments between the cross-linking points interact and pack together in a
side-by-side fashion upon subsequent cooling, thus endowing the obtained sc-PLA with an

excellent ability to reassemble sc crystallites after melting and recrystallization. The role of the
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selectively cross-linked chain couples on the enhancement in the melt stability of sc crystallites

can be depicted by a simplified schematic shown in Scheme 2.

/ sc-PLA lamellae  Amorphous regiol

l

™

YaYa
ﬂi JUUL x’l

Melting
PLLA chain - o 2
PDLA chain S Croslinking - B rysrallization

v

Scheme 2. A schematic representation showing the well-stereocomplexed PLAs with good

a

melt-stability and excellent recrystallization ability.

3.3 Thermomechanical Properties

To highlight the importance of improving melt stability of PLLA/PDLA blend in practical
applications, injection molded PLLA/PDLA blend with and without 0.5 wt% TAIC were
prepared after melt-blending and their heat resistance was analyzed with DMA. For comparison,
pure PLLA was also processed with the same procedure. All the injection molded samples have
the same high level of crystallinity (40-45%) but different crystalline structures (Figure 10a).
Evolution of storage modulus with the temperature for each sample is shown in Figure 10b.
Clearly, the storage modulus of PLLA with 100 % hc crystallites drops considerably above the

glass transition temperature (T,) and no effective resistance to deformation is available with

further increasing temperature up to T_ .. For PLLA/PDLA blend with 25 % hc crystallites and
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75% sc crystallites, although the presence of sc crystallites can enhance the heat resistance

between T, and T, the storage modulus is almost the same as that in PLLA when the

m,hc

temperature exceeds T, .. However, for PLLA/PDLA blend with 100% sc crystallites, the

value of G at 200 <T is also comparable to that for PLLA at 94 < and that for PLLA/PDLA
blend at 149 <C, indicating that excellent melt stability is a prerequisite for achieving pure sc

crystallites and resulting high heat resistance in melt-process sc-PLA products.

(a)

(110, (300)/(030),,

W
M

(200)/(110), .

LD-0.5@17

0.14

Intensity (a.u.)

A LD-0.5@175
e LD@125
O PLLA@90

Storage Modulus (GPa)

(010), /\ (203),. (210,

PLLA@90

0.01

16 20 24 28 40 80 120

20 ()
Figure 10. (a) WAXD profiles and (b) storage modulus (G') vs. temperature curves of injection

8 12

Temperature (°C)

molded PLLA, PLLA/PDLA blend, and PLLA/PDLA blend with 0.5 wt% TAIC.

4. Conclusions

In conclusion, we demonstrate a facile strategy to fabricate pure sc-PLA with good melt
stability from linear high-molecular-weight PLLA and PDLA through selective cross-linking of
mobile PLLA/PDLA chain couples in the amorphous phase of sc crystallites during the
melt-blending process. The exclusive cross-linking could not only introduce abundant
cross-linking points at the ends of the chain couples to prevent them from completely decoupling

upon melting but also promote long crystallizable PLAs segments pack together in a side-by-side
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manner upon subsequent cooling, thus endowing the obtained sc-PLA with an impressive ability
to re-form sc crystallites from melt. Moreover, the formation of sc crystallites by melting and
recrystallization is perfectly reversible in several thermal cycles. More importantly, the injection
molded PLA article with 100% sc crystallites has been successfully prepared from cross-linked
PLLA/PDLA blend and its outstanding heat resistance at the temperatures higher than the
melting temperature of hc crystallites has been highlighted. We believe that this work could open
a promising way toward industrial-scale fabrication of high-performance PLA products using

conventional melt-processing equipments.
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