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Enhanced stereocomplex formation
of high-molecular-weight polylactides
by gelation in an ionic liquid

Jie Zhu, Bing Na,* Ruihua Lv and Chun Li

Abstract

It is still a challenge to achieve a high degree of stereocomplexation in enantiomeric polylactides with high molecular weight.
This study demonstrates that gelation of enantiomeric polylactides in an ionic liquid, a non-volatile solvent, is a facile route
to overcome this problem. The presence of the ionic liquid enhances the molecular mobility and mutual diffusion and thus to
a large extent eliminates the kinetic barrier for stereocomplex formation. The gelation and stereocomplex formation in the
ionic liquid may provide a new opportunity for the application of polylactides as scaffolds with high thermal stability in tissue

engineering.
(© 2013 Society of Chemical Industry
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INTRODUCTION

Stereocomplexation between enantiomeric polylactides, namely
poly(L-lactide) (PLLA) and poly(p-lactide) (PDLA), is a promising
route for improving the thermal stability and hydrolysis resistance
of polylactides.! ~° The side-by-side dense packing between enan-
tiomeric chains in the unit cell, as a result of strong intermolecular
interactions, significantly enhances the melting point of the
stereocomplex, higher by about 50 °C than that of homocrystals
formed by either PLLA or PDLA.'%™" Thus, from the viewpoint
of thermodynamics, stereocomplex formation could be favored
over homocrystallization. However, a high kinetic barrier, i.e.
low molecular interdiffusion, prevents stereocomplex formation,
especially in enantiomeric polylactides with high molecular
weight.?

Because high molecular weight is indispensable for superior
mechanical properties, many attempts have been made to
develop methods for achieving a high degree of stereocom-
plexation from enantiomeric polylactides with high molecular
weight. Annealing at temperatures between the melting
points of stereocomplex and homocrystal is an effective way
to transform homocrystal to stereocomplex.'>~1® Meanwhile,
melt mixing at relatively low temperatures also favors stere-
complex formation by suppressing homocrystallization.'” In
addition, use of a supercritical fluid and repeated casting can
assist stereocomplex formation at the expense of homocrystal
formation.'®1?

lonicliquids are atype of organic salts with low melting pointand
negligible vapor pressure. As non-volatile solvents, ionic liquids
have been extensively used in fabricating novel materials.2°~23 In
the study reported here, a high degree of stereocomplexation was
for the first time achieved by gelation of enantiomeric polylactides
with high molecular weight in an ionic liquid. It is believed that
the kinetic barrier is to a large extent eliminated upon gelation in

the ionic liquid where enhanced molecular mobility and mutual
diffusion are expected.

EXPERIMENTAL

Materials and sample preparation

Two kinds of PLLAs, purchased from Natureworks, USA, were used.
One had M, and M,, of 56 and 74 kg mol~', respectively (PLLA-L);
the other had M, and M,, of 123 and 210 kg mol~", respectively
(PLLA-H). PDLA, having M, and M,, of 254 and 411 kgmol~’,
respectively, was provided by Changchun Sinobiomaterials Co.
Ltd, China. The ionic liquid used, 1-ethyl-3-methylimidazolium
bis((trifluoromethyl)sulfonyl)imide ([EMIMINTf,), was obtained
from Lanzhou Institute of Chemical Physics, China, and used as
received. Figure 1 shows the molecular structure of the ionic liquid.
Of note, the ionic liquid is viscous at room temperature because of
its low melting point. PLLA and PDLA were directly dissolved in the
ionic liquid at 210 °C under stirring to form a transparent solution
with a total polymer concentration of 0.2 g mL~"; the mass ratio of
PLLA and PDLA was 50:50. Upon cooling to room temperature the
solution underwent gelation and thus an opaque gel was obtained
(referred to as wet gel), as shown in Fig. 2(a). After removal of the
ionic liquid by rinsing with methanol, the wet gel was transformed
toadrygel.Forcomparison, chloroformwas used asa conventional
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Figure 1. Molecular structure of ionic liquid [EMIM]NTTf,.
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Figure 2. Optical photographs of PLLA-L/PDLA and PLLA-H/PDLA solution
at room temperature with (a) the ionic liquid and (b) chloroform as solvent.

solvent to generate a PLLA/PDLA solution with the same concen-
tration and mass ratio at room temperature. This solution was sta-
ble and no gelation was observed at room temperature (Fig. 2(b)).
To obtain films, the solution was cast on a glass plate to evaporate
the chloroform.

Characterization

DSC measurements were conducted at a heating rate of
10 °Cmin~" in a nitrogen atmosphere using a PerkinElmer
Pyris-1 DSC instrument. Fourier transform infrared (FTIR) spectra
were measured using a Thermo Nicolet FTIR spectrometer with
a resolution of 4 cm™'. To obtain structural changes with
temperature, a hot stage was coupled with the FTIR spectrometer
in its sample compartment. XRD profiles were obtained using
an X-ray diffractometer equipped with an X-ray generator and a
goniometer at room temperature. The X-rays were generated at
35 kV and 60 mA, and the wavelength of the monochromated
X-rays was 0.154 nm.

RESULTS AND DISCUSSION

Figure 3 shows DSC heating traces of wet gel, dry gel
and cast film of PLLA-L/PDLA blends. Two main thermal
transitions, in the temperature range of about 160-180 and
200-220 °C, are observed for the cast film. These correspond
to the melting of homocrystal and stereocomplex, respectively,
when their thermal stability is considered.'>?* Compared to that
of homocrystal, the endotherm of stereocomplex is relatively
insignificant, suggesting that only a part of PLLA-L and PDLA takes
part in the stereocomplexation during solution casting. This is a
common observation in the solution casting of PLLA/PDLA blends
with high molecular weight.'”'® However, this situation is totally
changed upon gelation of PLLA-L and PDLA in the ionic liquid.
For the dry gel, the melting of stereocomplex in the temperature
range of about 200-220 °C becomes overwhelming, whereas
the endotherm related to homocrystal nearly disappears. This
means that gelation in the ionic liquid is a promising route for
achieving a high degree of stereocmplexation in the polylactides.
The relatively low melting temperature exhibited by the wet gel
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Figure 3.DSC heating traces of wet gel, dry geland cast film of PLLA-L/PDLA
blends.
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Figure 4. Room temperature XRD profiles of wet gel, dry gel and cast film of
PLLA-L/PDLA blends. The labels ‘sc’ and ‘homo’ represent stereocomplex
and homocrystal, respectively.

is because the presence of the ionic liquid suppresses the melting
point of stereocomplex, similar to that observed for other polymer
systems containing ionic liquids.>

To further confirm stereocomplex formation in the ionic liquid,
XRD and FTIR measurements were conducted. Figure 4 shows the
XRD profiles of wet gel, dry gel and cast film of PLLA-L/PDLA blends.
The diffractions at 26 of around 12°,21° and 24° are assigned to the
(110), (300)/(030) and (220) planes of stereocomplex, respectively;
the homocrystal has characteristic diffractions at 26 of about
16.5° and 19°, corresponding to the (200)/(110) and (203) planes,
respectively.?® Stereocomplex formation in the wet and dry gels
is marked, whereas homocrystal prevails in the solution-cast film.
Of note, the weak diffractions from the wet gel are mostly related
to the low concentration of polylactides in the gel. In addition, FTIR
spectroscopy is a powerful tool for distinguishing stereocomplex
from homocrystal, as shown in Fig. 5. The absorption bands at 921
and 908 cm~! are assigned to the 103 helix of homocrystal and
the 3; helix of stereocomplex, respectively.?’ ~2° Both wet and
dry gels of PLLA-L/PDLA blends show remarked absorption at 908
cm~!, whereas the absorption at 921 cm™" is nearly absent (Fig.
5(a)). This suggests that stereocomplex formation occurs during
gelation and has little to do with the rinsing with methanol.
In contrast, formation of stereocomplex in the films cast from
chloroform solution is less significant, and homocrystallization is
dominant. The degree of stereocomplexation, deduced from the
relative peak area of the 908 cm~' band, is 97, 96 and 15% for
dry gel, wet gel and cast film of PLLA-L/PDLA blends, respectively.
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Figure 5. Room temperature FTIR spectra of gel and cast film of (a) PLLA-
L/PDLA and (b) PLLA-H/PDLA blends. The spectra are vertically shifted for
clarity.
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Figure 6. FTIR spectrum and optical photograph of PLLA-L solution with
ionic liquid as solvent at room temperature.

Similar results are also observed for PLLA-H/PDLA blends (Fig. 5(b));
the degree of stereocomplexation is 96 and 8% for wet gel and cast
film, respectively. Again, this confirms that gelation in the ionic
liquid benefits stereocomplex formation even for enantiomeric
polylactides with extremely high molecular weight.

The results discussed above clearly demonstrate that the
enantiomeric polylactides with high molecular weight can attract
each other to yield a high degree of stereocomplexation in the
ionic liquid. In contrast, in chloroform no gel is produced and no
and stereocomplexation occurs during the experimental period;
only in the cast film is some amount of stereocomplex induced
after evaporation of chloroform. This difference could be related to
the distinctly different solubility of the polylactides in ionic liquid
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Figure 7. Temperature-dependent FTIR spectra upon cooling of (a) PLLA-
L/PDLA blend and (b) PLLA-L in ionic liquid. Insets: change in absorbance
of (a) 908 cm~" band and (b) 921 cm~" band with temperature.

and chloroform. Chloroform is a good solvent for polylactides and
a clear solution can be prepared at room temperature. But, the
solubility of the polylactides in the ionic liquid is relatively low, and
they are only dissolved at high temperatures. Of note, the solubility
parameteris 9.3 and 13.6 (cal cm—3)"/2 for chloroform and the ionic
liquid [EMIM]INTF,, respectively.3® Upon cooling, polylactides tend
to crystallize and thus gelation is induced due to the construction
of a three-dimensional network by crystallites. However, gelation
as well as crystallization are also observed for single PLLA
(PLLA-L or PLLA-H) in the ionic liquid. Figure 6 shows the results
for PLLA-L in the ionic liquid; the concentration of PLLA-L in the
jonic liquid is 0.2 gmL~". Thus, low solubility in the ionic liquid
cannot account for the stereocomplex formation of enantiomeric
polylactides, different from that observed for isotactic and
syndiotactic poly(methyl methacrylate)s in ionic liquids.3'

The presence of the ionic liquid could enhance the molecular
mobility and mutual diffusion of the enantiomeric polylactides,
and thus eliminate the kinetic barrier for stereocomplex formation
to a large extent. In such a sense, stereocomplexation should take
over the crystallization process when thermodynamic factors are
considered. To confirm this, in situ FTIR measurements of the wet
gel of PLLA-L and PLLA-L/PDLA blend upon cooling were carried
out. The wet gel was first heated to 210 °C and then cooled
at 5 °Cmin~". As shown in Fig. 7(a), stereocomplex formation,
characterized by the 908 cm~' band, in the PLLA-L/PDLA blend
appears around 164 °C and becomes almost complete before
120 °C. As a comparison, homocrystallization of PLLA-L in the
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Figure 8. Room temperature FTIR spectra of (a) PLLA-L/PDLA and (b)
PLLA-H/PDLA blends with and without ionic liquid (IL) after cooling from
230 °Cat 20 °Cmin~". The spectra are vertically shifted for clarity.

ionic liquid occurs only at around 76 °C, as demonstrated by the
absorbance change of the 921 cm~! band (Fig. 7(b)). This means
that the driving force for stereocomplexation in the ionic liquid
is larger than that for homocrystallization, consistent with the
thermal stability of crystals.

The ionic liquid is non-volatile and thermally stable, which
benefits stereocomplexation and gelation thermoreversibil-
ity. Above the melting point of stereocomplex, the gel
disappears, resulting in homogenous and stable solution. Upon
cooling, gelation as well as stereocomplexation are induced again.
Due to the enhanced molecular mobility and mutual diffusion,
stereocomplex formation takes over the gelation process even at
a cooling rate of 20 °Cmin~', as evident from the FTIR results in
Fig. 8. The characteristic 908 cm~' band of stereocomplex pre-
vails in both PLLA-L/PDLA and PLLA-H/PDLA blends with the ionic
liquid. As a comparison, without the ionic liquid crystallization
from bulk is significantly suppressed due to limited molecular
mobility; and little stereocomplex formation is observed in either
PLLA-L/PDLA or PLLA-H/PDLA blends. These results further con-
firm that the enhanced molecular mobility and mutual diffusion
caused by the ionic liquid contributes to stereocomplex formation
of enantiomeric polylactides with high molecular weight.

CONCLUSIONS

A high degree of stereocomplexation is achieved by gelation
of enantiomeric polylactides with high molecular weight in
the ionic liquid. In contrast, in chloroform no gelation and

stereocomplexation are observed; only in the cast films is some
stereocomplex induced with evaporation of chloroform. The
overwhelming stereocomplex formation in the ionic liquid is
a thermodynamically controlled event, and the kinetic barrier
for molecular interdiffusion is eliminated to a large extent. In
addition, gelation as well as stereocomplex formation in the ionic
liquid are thermoreversible, which facilitates the high-temperature
processing and low-temperature application of the gel.
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