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ABSTRACT

The stereocomplex polylactide (scPLA) films of star-shaped poly(L-lactide) (PLLA)/linear
poly(D-lactide) (1PDLA) blends were prepared by solution blending before film casting. The influences
of the PLLA/1PDLA blend ratios (75/25, 50/50 and 25/75 w/w), 1PDLA molecular weights (30,000
and 60,000 g/mol) and PLLA arm numbers (1-, 4- and 16-arm) on the crystallinity and mechanical
properties of the scPLA films were investigated. The stereocomplex crystallinity (c_), stress at
break and elongation at break of the scPLA films were the highest in the 50/50 (w/w) blend ratio.
The c_, of the scPLA films decreased and the mechanical properties slightly increased as the
1PDLA molecular weight increased. For the same blend ratio and 1PDLA molecular weight, the
scPLA films prepared from the 16PLLA blending had the highest c_, values.

Key words: Bioplastics, Stereocomplex polylactides,
Star-shaped polymers, Thermal properties, Mechanical properties.

INTRODUCTION

Poly(L-lactide) (PLLA) is a biodegradable
semi-crystalline polylactide (PLA) that has attracted
much interest for bioplastic and biomedical
applications because of its renewability and
biodegradability'+. However, poor mechanical
properties, non-heat resistance and slow
crystallization of the PLLA products are major
disadvantages for bioplastic applications, but they
have been improved by blending with some

additives®® and the formation of stereocomplex
polylactides (scPLAs)".

In the past few decades, scPLAs prepared
from linear PLLA/linear poly(D-lactide) (PDLA)
blending have been extensively investigated’. The
PDLA is an optical isomer of PLLA. The
homocrystallites of both PLLA and PDLA have
melting temperatures (T, s) about 180 °C.The T_ of
the scPLAs or PLLA/PDLA blends (T » 230 °C)
are approximately 50 °C higher than the T_ of both
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the original PLLA and PDLA, due to the strong van
der Waals interactions in the stereocomplex
crystallites®'®. The thermal resistance and
mechanical properties of the scPLA products were
better than the PLLA products” "2, However, scPLA
with controllable properties are still required for each
specific process and application.

PLAs with block'® and star-shaped''”
structures have been used to prepare scPLAs.
However, to the best of our knowledge, the
influences of arm number and molecular weight of
the star-shaped PLAs on the stereocomplex
crystallinity and mechanical properties of the scPLAs
are still not clear. Thus the purpose of this work is to
investigate the effects of the blend ratio, PDLA
molecular weight and arm number of the PLLA on
the thermal and mechanical properties of star-
shaped PLLA/linear PDLA blends. For this purpose,
1-, 4- and 16-arm PLLA were synthesized for
blending with 1-arm PDLAs with molecular weights
of 30,000 and 60,000 g/mol.

EXPERIMENTAL

Materials

The L-lactide and D-lactide monomers
were synthesized by polycondensation followed by
thermal decomposition of L-lactic acid (88%, Purac,
Thailand) and D-lactic acid (90%, Haihang Industry
Co., Ltd., China), respectively. The both L- and D-
lactides were purified by repeated re-crystallization
four times from ethyl acetate before drying for 48 h
in a vacuum oven at 55 °C. 1-dodecanol (98%,
Fluka, Switzerland) with one-hydroxyl end group
was purified by distillation under reduced pressure
before use for preparing the linear polylactides.
Pentaerythritol (99%, Aldrich, USA) and Boltorn H20
containing 4- and 16-hydroxyl end groups,
respectively were dried for 48 h in a vacuum oven
at 55 °C before use as the initiators for synthesis of
the star-shaped polylactides. Stannous octoate
(95%, Sigma, USA), Sn(Oct),, was used without
further purification. All reagents used were analytical
grade.

Synthesis of Polylactides

The poly(L-lactide) (PLLA) and poly(D-
lactide) (PDLA) were synthesized by ring-opening
polymerization of L-lactide and D-lactide,
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respectively, in bulk at 165 °C for 2 h under a nitrogen
atmosphere using 0.01 mol% Sn(QOct), as a catalyst.
The 1-arm linear, 4-arm star-shaped and 16-arm
star-shaped polylactides were prepared using 1-
dodecanol, pentaerythritol and Boltorn H20 as
initiators, respectively. The resulting polylactides
were purified via dissolution in chloroform before
being precipitated in cool n-hexane and dried to a
constant weight in a vacuum oven at 50 °C.

The 1-arm (1PLLA120K) and 4-arm
(4PLLA120K) PLLAs with a theoretical number-
average molecular weight of 120,000 g/mol were
synthesized using 0.12 mol% 1-dodecanol and 0.12
mol% pentaerythritol, respectively. The 16-arm PLLA
with a theoretical number-average molecular weight
of 480,000 g/mol designed as 16PLLA480K was
synthesized using a 0.03 mol% Boltorn H20. The 1-
arm PDLAs with theoretical number-average
molecular weights of 30,000 and 60,000 g/mol were
prepared and designed as 1PDLA30K and
1PDLABOK, respectively. 1-dodecanol initiators at
0.48 and 0.24 mol% were used to synthesis the
1PDLA30K and 1PDLAGOK, respectively. The
molecular weight characteristics of these
polylactides were summarized in Table 1.

Preparation of Stereocomplex Polylactide Films

The stereocomplex polylactide films of
1PLLA120K/1PDLA, 4PLLA120K/1PDLA and
16PLLA480K/1PDLA blends were prepared via
solution blending followed by solvent evaporation.
The PLLA and PDLA were dissolved separately in
chloroform at a concentration of 1 g/dL and then
mixed together under vigorous stirring for 30 min.
The blend solution was then poured onto a glass
Petri dish followed by solvent evaporation at 40 °C
in an air oven for 24 h. The film was then dried in a
vacuum oven at 70 °C for 48 h to remove any residue
solvent. The blend films with PLLA/1PDLA blend
ratios of 75/25, 50/50 and 25/75 (w/w) were
prepared. The 1PLLA, 4PLLA, 16PLLA and 1PDLA
films were also prepared by the same method for
comparison.
Characterization of Polylactides and
Stereocomplex Polylactide Films

The intrinsic viscosities, [h], of PLLA and
PDLA were determined by flow-time measurements
from a diluted series of solutions in chloroform at 25
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°C using an Ubbelohde viscometer. The viscosity-
average molecular weight (M) of polylactides was
calculated from equation (1)@.

[n]= 5.45 x 10*M 7 (1)

The thermal transition properties of the
polylactides and their stereocomplex polylactide
films were investigated using a Differential
Scanning Calorimeter (DSC; Perkin-Elmer Pyris
Diamond) under a nitrogen flow. For DSC, 5 — 10
mg of sample was heated at 10 °C/min over a
temperature range of 0 to 250 °C (the 1t heating
scan) to observe the melting temperature (T, ). Then
the samples were quenched to 0 °C according to
the DSC instrument’s own default cooling mode
before heating from 0 to 250 °C (the 2™ heating
scan) to observe the glass transition (T ) and
crystallization  (T)) temperatures. The
homocrystallinity (x,,) and stereocomplex
crystallinity () of the polylactides were calculated
from the heats of melting of the homocrystallites
(AH_ ) and stereocomplex crystallites (AH
using equations (2) and (3), respectively.

m, SC)

Tn (%) = [AH, ,/93.7] x 100 ~(2)
Yo (%) = [AH, /142] x 100 ~(3)

where 93.7 J/g and 142 J/g are the
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Fourier Transform Infrared spectroscopy
(FTIR; Spectrum GX, Perkin Elmer) was used to
study stereocomplex formation of polylactide
blends. The scan was conducted in the range of
500—-2000 cm™ at a resolution of 1 cm™. The number
of scans was set to 32. Air was used as a reference.

Mechanical properties including stress at
break, elongation at break and initial Young’s
modulus, of the PLLA, PDLA and stereocomplex
polylactide films were investigated at 25 °C and
65% relative humidity using a Lloyds LRX+
Universal Mechanical Testing Machine. Film
samples with 10 ~ 80 mm sizes were tested with a
gauge length of 25 mm and a crosshead speed of
20 mm/min. The mechanical properties were
determined from an average of three replicate films.

The data were expressed as mean + SD.
Statistical analysis was performed using a one-way
Analysis of Variance (ANOVA).

RESULTS AND DISCUSSION

Thermal transition properties

Thermal transition properties including
melting temperature (T ), glass transition
temperature (T ) and crystallizing temperature (T )
of the polylactides (PLAs) and stereocomplex

polylactide (scPLA) films were determined from

theoretical heats of melting for 100% DSC thermograms, examples of which are shown
homocrystallinity and 100% stereocomplex in Fig. 1 for the 16PLLA480K/1PDLA blend films.
crystallinity, respectively® ™. The T _s of the homocrystallites (T, ) and
Table 1: Molecular weight characteristics of polylactides
Polylactides Arm number Theoretical M, M_of arm [h] M,
(g/mol)? (g/mol)® (dL/g)° (g/mol) ¢
1PLLA120K 1 120,000 120,000 2.50 103,700
4PLLA120K 4 120,000 30,000 1.54 -
16PLLA480K 16 480,000 30,000 1.90 -
1PDLA30K 1 30,000 30,000 1.02 30,400
1PDLAGBOK 1 60,000 60,000 1.50 51,500

2 Calculated from ratio of weight of lactide (g)/mole of initiator (mol).

® Calculated from ratio of theoretical M /arm number.

¢ Determined from PLA solution in chloroform at 25 °C.
d Calculated from equation (1).

¢ M, of the star-shaped PLAs could not be calculated
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stereocomplex crystallites (T ) of the film samples
were detected from the first heating scan DSC
thermogram [Fig. 1(a)]. While the T_ and T_ of the
films were detected from the second heating scan
DSC thermogram [Fig. 1(b)].

The homopolymeric films of 1PLLA120K,
4PLLA120K, 16PLLA480K, 1PDLA30K and
1PDLAGOK showed a single T, of homocrystallites
in the range 171 — 175 °C. All PLLA/PDLA blend
films exhibited both lower T  of homocrystallites and
higher T _ of stereocomplex crystallites, except the
50/50 w/w 16PLLA480K/1PDLAS3OK blend film, that
onlyhadaT_of stereocomplex crystallites. This may
be explained by the high molecular weight PLLAs
(1PLLA120K, 4PLLA120K and 16PLLA480K)
blending with the medium (1PDLA30K) and high
(1PDLAB0OK) molecular weight 1PDLAs induced
both homocrystallization and stereocomplex
crystallization?°. However, the homocrystallization
of PLA was not obtained for the 50/50 w/w
16PLLA480K/1PDLA30OK blend film.

The crystallinities of the homocrystallites
(c,.) and stereocomplex crystallites (c_ ) of the PLLA/
1PDLA blend films calculated from equations (2)
and (3), respectively, are compared in Figs. 2 and 3,
respectively. It can be seen that the c,  of
4PLLA120K/1PDLA and 16PLLA480K/1PDLA
blend films were lower than their PLLA and PDLA
films and similar to the 1PLLA120K/1PDLA blend
films (Fig. 2). The 50/50 w/w PLLA/PDLA blend films
showed the lowest ¢, . The equimolar of PLLA and
PDLA blending showed better stereocomplex
formation than the non-equimolar blending?®. It
should be noted that the ¢, of the blend films slightly
increased as the molecular weight of 1PDLA
increased from 30K to 60K.

The PLLA/PDLA blend films showed the
highest c_, values in the 50/50 w/w blend ratio (Fig.
3). The c_, values of 4PLLA120K/1PDLA blend films
in all blend ratios (25/75, 50/50 and 25/75 w/w) and
both 1PDLA molecular weights (1PDLA30K and
1PDLAG6OK) were lower than the 1PLLA120K/
1PDLA blend films. This indicates that the 4-arm
star-shaped structure of 4PLLA120K inhibited
stereocomplex formation. However, the c_ values
of 16PLLA480K/1PDLA30K blend films in all blend
ratios were higher than the 1PLLA120K/1PDLA
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blend films. The results suggest that the 1PDLA30K
molecules could penetrate into the highly branched
structures of 16PLLA molecules to form strong van
der Waals forces. This then induces complete
stereocomplex formation. But the c_ values of the

8 Wy JEPLLASSKIPOLAIK fmim)
g o . (a)

.
g- 1535
i 13
= s0s80
:

.
2 TS
g
2. ] A

[}

Wy TEPLLAABDR POLASI [wiw] (b}

108G _‘j\

- W
e
§ 1.
P00 oA
-1

L]
f S U ———
Z &

- A

- - - ] LE] 18 1 3 £ ] EE
Tomperaturs (T}

Fig. 1: (a) First and (b) second heating scans
DSC thermograms of 16PLLA480K/1PDLA30K
blend films prepared with different blend ratios
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Fig. 2: Homocrystallinities of ((0) 1PLLA120K/
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16PLLA480K/1PDLA blend films prepared with
different 1PDLA molecular weights and blend ratios
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16PLLA480K/1PDLAB0OK blend films were nearly
the same as the 1PLLA120K/1PDLA blend films.
This suggests that the stereocomplex formation was
inhibited when the molecular weight of 1PDLA
increased from 30,000 to 60,000 g/mol.

In addition, these PLLA/1PDLA blend films
had similar T  and T_ values in the ranges 55 — 62
°C and 93 — 106 °C, respectively. The results
suggested that the PLLA arm number, blend ratio
and 1PDLA molecular weight did not significantly
affectthe T and T _ values of scPLA films.

FTIR spectroscopy

The stereocomplex formation of linear
PLLA/linear PDLA blends was evaluated by FTIR
spectroscopy?'. The absorbance band with a wave
number in the range 920 — 925 cm™ is attributed to
the coupling of C-C backbone stretching with the
CH, rocking mode, and is considered as the PLLA
and PDLA homocrystallites. This absorbance band
was shifted to a lower wave number (910 — 915 cmr
") when the stereocomplex crystallites of PLAs were
formed.

Fig. 4 shows the FTIR spectra of
16PLLA480K/1PDLA blend films. The
16PLLA480K, 1PDLA30K and 1PDLAGOK films
showed C-C stretching bands of homocrystallites
in the range 920 — 921 cm'. Meanwhile the
16PLLA480K/1PDLA blend films in all blend ratios
exhibited lower wave number bands of
stereocomplex crystallites in the range 909 — 915
cm. The C-C stretching bands of the 1PLLA120K/
1PDLA and 4PLLA120K/1PDLA blend films were
also shifted to lower wave numbers similar to the
16PLLA480K/1PDLA blend films. The FTIR results
supported that the stereocomplex formation of
PLLA/PDLA blend films had occurred?'.

Mechanical properties

The mechanical properties of PLA and
scPLA films were analyzed from tensile testing. The
tensile stress and elongation at break of the PLA and
scPLA films are illustrated in Figs.5 and 6, respectively.
The Young’s modulus of all PLA and scPLA films are
values in the range 1,000 — 1,500 MPa.

It was found that the tensile stress and
elongation at break of the scPLA films were higher
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than those of their PLLA and 1PDLA films. The
stronger van der Waals forces of the
stereocomplex crystalline structure induced higher
mechanical properties®'. The 50/50 (w/w) PLLA/
1PDLA blend films exhibited the highest tensile
stress and elongation at break similar to a previous
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report’. This may be due to the 50/50 (w/w) PLLA/
1PDLA blend films having the highest c_, (see
Fig. 3). It should be noted that the stress and
elongation at break of the scPLA films slightly
increased as the molecular weight of 1PDLA
increased. It is well known that the mechanical
properties of polymeric films are directly related to
their molecular weight.

In addition, the mechanical properties of
the 1PLLA120K/1PDLA, 4PLLA120K/1PDLA and
16PLLA480K/1PDLA blend films were similar for
the same blend ratios and 1PDLA molecular
weights. From Fig. 3, the 16PLLA480K/1PDLA blend
films had higher c_ values than both 1PLLA120K/
1PDLA and 4PLLA120K/1PDLA blend films. This
suggests that the stereocomplex formation did not
have a significant effect on the mechanical
properties of the PLLA/PDLA blend films.

CONCLUSIONS

The ¥, and x_ of PLLA/1PDLA blend films
depended upon the blend ratio, molecular weight
of 1PDLA and arm number of PLLA. The equimolar
PLLA/1PDLA blend ratio (50/50 w/w) had the lowest
%, @nd highest y_ values. The y, of scPLA films
increased and _ decreased as the molecular weight
of 1PDLA increased. The y_ values of 4PLLA/
1PDLA blend films were lower than the 1PLLA/
1PDLA blend films but their y, were similar for the
same blend ratio. The 16PLLA/1PDLA blend films
had lower y, and higher c_ than both the 1PLLA/
1PDLA and 4PLLA/1PDLA blend films. The results
suggested that the stereocomplexation content of
16PLLA/1PDLA blend films was higher than both
the 1PLLA/1PDLA and 4PLLA/1PDLA blend films.
The FTIR results confirmed the stereocomplexation
of PLLA/1PDLA blend films.

The stress and elongation at break of the
scPLA films strongly depended upon the blend ratio
and molecular weight of 1PDLA, but not on the arm
number of PLLA. The 50/50 w/w PLLA/1PDLA blend
films showed the highest stress and elongation at
break. The mechanical properties of the scPLA films
increased with the molecular weight of 1PDLA. The
effects of blend ratio, PLLA arm number and
molecular weight of 1PDLA of the star-shaped
PLLA/linear PDLA blends on their thermal
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resistance and thermo-mechanical properties will
require further investigations.

10.
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