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Mechanical Properties of Poly(L-Lactide) Films
Controlled by Blending with Polyesters

of Lignin-Derived Stable Metabolic Intermediate,
2-Pyrone-4,6-Dicarboxylic Acid (PDC)

By Tsuyoshi MICHINOBU,"*" Masami BITO," Miki TANIMURA," Yoshihiro KATAYAMA,? Eiji MASAL*
Masaya NAKAMURA,> Yuichiro OTSUKA,> Seiji OHARA,> and Kiyotaka SHIGEHARA'>*

Two kinds of polyesters containing 2-pyrone-4,6-dicarboxylic acid (PDC) moieties in poly(L-lactic acid) (PLLA) and
poly(butylene succinate) (PBS) main chains were for the first time employed as an additive to PLLA for improvement of the
mechanical properties. Solution casting of a mixture of PLLA and PDC polyesters provided the blend films, which were
comprehensively characterized by thermal analyses, tensile measurements, and crystallinity evaluation. Differential scanning
calorimetry measurements revealed that PDC incorporation into polymer main chain dramatically improves the miscibility
with PLLA. PDC-incorporated PBS showed better miscibility than PDC-incorporated PLLA. Optical microscopy
measurements also suggested the superior orientation of PDC-incorporated PBS over PDC-incorporated PLLA in the blend
films. The fracture strain of the blend films could be linearly increased by a draw ratio in the region of low PDC polyester
content. On the contrary, the fracture strain decreased at high PDC polyester content due to the restricted strain caused by the
strong dipolar interactions between PDC moieties. Elongation at break was significantly varied as a function of PDC
polyester content, whereas tensile modulus was almost independent of the additive content and draw ratios. It is concluded

that the blend films containing <10 wt % of PDC-incorporated PBS as an additive show the best tensile property.
KEY WORDS: Biomass / Lignin / Mechanical Strength / Polyester / Polylactide /

Poly(L-lactic acid) (PLLA) is one of the most promising
biomass-based polymers for construction of “carbon-neutral”
sustainable society.!”® Because of the biodegradability and
nontoxicity to the environment and human body, it has been
widely used in biomedical applications, but the poor thermal
and mechanical properties of PLLA have hindered other
applications such as engineering plastics. In order to improve
these poor properties and expand the application possibilities of
PLLA, blending with thermally and mechanically stronger
molecules®!'! and polymers!>?* is often employed. However,
since there are not many appropriate additives that are miscible
with PLLA, little success has been achieved.

We previously established the massive production protocol
of a small pseudo-aromatic ring molecule, 2-pyrone-4,6-
dicarboxylic acid (PDC), from the lignin-bio-metabolic inter-
mediates by transformed bacterium.?> By using this molecule
as a bifunctional monomer for polycondensation and polyad-
dition, we have succeeded in the preparation of several
biopolymers containing PDC nuclei in the main chain.?%28
For example, incorporation of PDC moieties into poly(ethylene
terephthalate) (PET) improved the thermal and adhering
properties of the resulting polyesters.” Similarly, the PDC-

incorporated poly(butylene succinate) (PBS) showed a remark-
able increase in the biodegradability.>® Copolyesters of PDC
and L-lactic acid also displayed the comparable thermal
properties to PLLA.3' All these studies revealed that the
excellent properties of PDC are retained after the copolymer-
ization and that the polymer properties can be tunable by a
variation of PDC content. It should be noted that PDC has
never been prepared from petrochemical sources.’>>* There-
fore, other advantageous features of the copolymers have not
yet been clarified completely.

In order to exploit a new use of the PDC copolymers,
we became interested in the employment as a blend material
with PLLA. In view of the maintenance of high biomass
content and miscibility with PLLA, the PDC-incorporated
PLLA and PBS were selected (Scheme 1). They are biomass-
based copolyesters with improved thermal stability and
biodegradability. Herein, we for the first time report the
comprehensive studies of the blend films of PLLA and PDC
copolymers by thermal analysis, tensile measurements, and
X-ray diffraction analysis. For comparison, the blend film of
PLLA and PBS was also prepared and their corresponding
properties are described.
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Scheme 1.

EXPERIMENTAL

Materials

All reagents were purchased from Kanto Chemical Co.,
Wako Chemical Co., and Tokyo Kasei Co., and used without
further purification. Poly(L-lactic acid) (PLLA) was kindly
supplied from Unitika Co. Ltd. (pure PLLA used in Terramac®,
M, = 1.74 x 10° with L-content of >98%). Polyesters of 2-
pyrone-4,6-dicarboxylic acid (PDC) were prepared by poly-
condensation of either L-lactic acid (LA), PDC, and bis(2-
hydroxyethyl) 2-pyrone-4,6-dicarboxylate (BHPDC)?' or 1,4-
butanediol (1,4-BD), succinic anhydride (SA), and PDC.** The
former copolymer is symbolized as LA copolymer and the
latter as SA copolymer.

Poly(butylene succinate) (PBS) was prepared by polycon-
densation of 1,4-butanediol and succinic anhydride in the
presence of Sb,Os as a catalyst. A mixture of two monomers
and a catalyst was charged in a round-bottle flask, and it was
vigorously stirred at 170°C under N, for 7h to afford the
corresponding oligomers. The subsequent post-polymerization
was performed at 170 °C at 5 mmHg for 17 h and then at 120°C
at SmmHg for 17h. After cooling to room temperature,
chloroform was added to the reaction mixture and poured
into methanol. The precipitates were collected and purified by
reprecipitation from chloroform solution into methanol.

M, (GPC, CHCl3): 15000.

"H NMR (CDCl3, 300 MHz, 20°C): § 1.64-1.73 (-OCH,CH,-
CH,CH;0-), 2.55-2.69 (-OC(=0)CH,CH,C(=0)0-), 4.09-
4.11 (-OCHgCHzCHzCHzO-) ppm.

13C NMR (CDCl3, 75MHz, 20°C): § 25.2 (-OCH,CH,CH,-
CH,0-), 29.1 (-OC(=0)CH,CH,C(=0)0-), 64.2 (-OCH,CH,-
CH,CH,0-), 172.3 (-OC(=0)CH,CH,C(=0)0-)) ppm.

IR (liquid film): v 2946, 2359, 2342, 1714, 1558, 1472, 1447,
1426, 1388, 1338, 1313, 1162, 1047, 956, 919, 807, 754, 668,
453, 407 cm™ .

Blend Polymers and Film Preparation

Chloroform was added to PLLA and the PDC polyesters or
to PLLA and PBS. The ratio of the PDC polyesters and PBS
ranges from O to 20wt %. After the mixture was vigorously
stirred, the solvent was evaporated in vacuo and dried at room
temperature. The obtained solid samples were employed for
thermal analysis. The blended solids were dissolved in chloro-
form again and cast on Petri dishes, and the solvent was
allowed to evaporate at room temperature. The obtained films
were further dried in vacuo to remove the residual solvent.

SA copolymer

Chemical structures of LA copolymer, SA copolymer, and PBS.

Then, they were cut into a certain size (5 x Smm, 0.02—
0.07 mm thickness) and drawn by 3, 4, and 5 times at 50 °C at a
rate of 5mmmin~! with a load of 5kgf using a film-stretching
machine. The original and drawn blend films were employed
for the measurements of the mechanical properties, wide-angle
X-ray diffraction, and optical microscopy images.

Measurements

'H NMR and 3C NMR spectra were measured on a JEOL
model AL300 spectrometer at 20 °C. Chemical shifts of PBS
are reported in ppm downfield from SiMey, using the solvent’s
residual signal as an internal reference. Infrared (IR) spectra
were recorded on a JASCO FT/IR-4100 spectrometer. Number
average molecular weights (M,) of the polyesters were
estimated by a JASCO 980 Gel Permeation Chromatography,
calibrated by polystyrene standards.

Thermogravimetric analyses (TGA) and differential scan-
ning calorimetry (DSC) measurements were carried out on a
Rigaku Thermo plus TG8120 and DSC8230, respectively,
under nitrogen flow, at a heating rate of 10°Cmin~! from
20°C to 500 °C for TGA and from —50°C to 200 °C for DSC.
Strain-stress (S-S) curves of the blend films were measured at
20 £ 2 °C in an atmosphere of dry nitrogen by using a Tensilon
testing machine (Auto COM/AC-50A, TS Engineering Co.).
Young’s moduli or tensile moduli were estimated from the
initial (less than 0.5% elongation) slopes of S-S curves. Optical
microscopy images were taken with an Olympus BXS51 optical
microscopy. X-Ray diffraction patterns were measured by
using a Rigaku X-ray diffractometer RU-200A. Degree of
crystallinity (x.) of the blend films was calculated as an index
of crystallinity from the reflection intensity of crystalline part
(I.) and the hollow intensity of amorphous part (/,), according
to Natta’s method for polypropylene.®

Xe = C/(Ic + Ia) (1)

RESULTS AND DISCUSSION

Blend Film Preparation

The molecular weight (M,) and the PDC content of the
polyesters employed as an additive to poly(L-lactic acid)
(PLLA) are summarized in Table I. Blend films of PLLA and
the PDC polyesters were prepared by slow evaporation of the
chloroform solution on a Petri dish. Other methods such as hot
press of the molten mixtures of PLLA and the PDC polyesters
did not give a tough film because of the phase separation or
bubble formation.
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Table I. Properties of the polyesters employed as an additive
(co)polyester Ma2 PDC content (mol %)°
LA copolymer 23300 1.5
SA copolymer 16000 2.8

PBS 15000 0

aDetermined by GPC (polystyrene gel, CHCl; eluent). ?Determined by
elemental analysis.
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Figure 1. Thermogravimetric analysis of PLLA and the blend films LA20

(20wt % of LA copolymer) and SA20 (20 wt % of SA copolymer) at
a heating rate of 10°C min~" under N,.

First, thermal properties of the blend films were inves-
tigated. LA20 and SA20 represent the blend films composed of
80wt % of PLLA and 20wt% of LA copolymer and SA
copolymer, respectively. Figure 1 shows the thermogravimetric
analysis (TGA) curves of the blend films. PLLA is thermally
stable up to about 300 °C without any weight loss. The blend
films, LA20 and SA20, started to decompose at slightly lower
temperature than PLLLA. However, their thermal stability was
definitely higher than the original PDC polyesters, which
usually start to decompose at about 250°C, reflecting the
decomposition temperature of PDC moiety.3°

The differential scanning calorimetry (DSC) thermograms
of the blend films with different compositions are shown in
Figure 2. PLLA displays an exothermic peak at 100-120°C,
indicating the crystallization in the heating scan. The sub-
sequently emerging endothermic peak at about 170°C is
derived from the melting of PLLA crystals. In the blend films
LA10 and LA20 (10 and 20wt % of LA copolymer, respec-
tively), the DSC curves were almost the same as that of
PLLA (Figure 2a). The blend film SA10 also displayed the
similar DSC curve, whereas SA20 exhibited a broad weak
melting peak of SA copolymer (Figure 2b). In contrast, the
blend film of PLLA and PBS, prepared for comparison with
SA copolymer, showed a well-defined melting peak derived
from PBS at about 103 °C (Figure 2c). These results indicate
the high miscibility of the PDC polyesters with PLLA at
least up to 20wt %. Miscibility of the additive polymers
increases in the order of PBS < SA copolymer < LA copoly-
mer.

Mechanical Properties

The blend films of about 0.02-0.07 mm thickness were cut
into about 5 x 5mm blades and were subjected to the strain-
stress (S-S) measurements by a Tensilon testing machine in dry
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Figure 2. DSC curves (2nd heating scan) of PLLA, additive polymers, and
the blend films at a scanning rate of 10°C min~" under N,.
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Figure 3. Strain-stress curves of PLLA and the blend fims of PDC
polyesters at different draw ratios.

nitrogen at 20 =2 °C. Since it is reported that the mechanical
properties of PLLA is dependent on a draw ratio (DR),%’
several samples with different draw ratios of 1, 3, 4, and 5 were
prepared for each blend film. When the blend films were drawn
at 60°C, the glass transition temperature of PLLA, the films
were often fractured. After several attempts at different
temperatures, the appropriate drawn temperature was found
to be 50°C. Figure 3 depicts some examples of the typical S-S
curves of PLLLA and the blend films, LA10 and SA7.5, at
different draw ratios. Both PLLA and the blend films showed
the yield point at the strain of about 7-9% with the maximum
stress of 25-40 MPa. Beyond the yield points, the blend films
showed further ductility up to the strain of about 100% for
LA10 and 150% for SA7.5 with the almost constant stress,
reflecting the viscoelastic properties. When SA7.5 was drawn
by 3 times, the yield point disappeared and the maximum stress
at break increased to about 50 MPa. Thus, mechanical proper-
ties of PLLA blend films largely depend on the blend materials
and the draw ratio.
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Figure 4. Relationship between the mechanical properties of PLLA blend films and the content of the additives: (A) LA copolymer, (B) SA copolymer, and

(C) PBS.

It is reported that the tensile strength at break of PLLA
linearly increases with a draw ratio.’” This is also true for the
blend films when the PDC polyester content is less than
10wt %. For example, the blend films of LA copolymer
showed the almost linear relationship in the range of LA
copolymer content of 1-10 wt % (Figure 4(A)a). However, the
tensile strength at break of the film with DR = 5 significantly
decreased when the LA copolymer content exceeded 15 wt %.
In the case of the blend films of SA copolymer, a similar trend
was observed. The tensile strength at break showed the
maximum value at the SA copolymer content of 2.5—
7.5 wt %, and the highest value was 128 MPa for the film with
DR =5 (Figure 4(B)a). Since the same behavior was also
observed for the blend films of PBS, a succinic polyester is
supposed to significantly contribute to the enhancement of the
tensile strength in the region of a low additive content. The
films with DR = 1 showed the almost constant tensile strength
irrespective of the additive species and content, whereas the
tensile strength always decreased in the region of a high
additive content for the drawn samples.

PLLA without additives is reported to show a maximum
value of elongation at break at DR = 2.37 However, in this
study, the maximum value of elongation at break was observed
at DR = 1. The ductility at DR = 1 displayed the maximum
value at the PDC polyester content of 7.5-10wt% (Figure
4(A)b and 4(B)b). The drawn blend films of PDC polyesters
also exhibited a similar trend, but the change in the elongation
became negligible as an increase in the draw ratio. The
difference in the blend films between LA copolymer and SA
copolymer might reflect the PDC content in the additive
polymers. The blend film of SA copolymer (7.5 wt %) showed

the largest elongation of 148% at DR = 1. Remarkably, this
result is in sharp contrast to the blend films of PBS. With the
increasing amount of PBS content in the blend films, the
ductility gradually decreased (Figure 4(C)b). A small amount
of polar PDC nuclei integrated into the succinic polyester was
supposed to effectively interact with each other even in the
dispersed blend films, leading to the good tensile properties.
However, when the density of PDC moiety is too high, the
restricted strain in the polymer blend networks would result in
the brittleness of the films. In other words, the intermolecular
dipolar interactions of PDC moieties, as revealed by the crystal
structures of PDC,% are in competition with the van der Waals
interactions of PLLA and the blending polyesters. This
relationship is also regarded as an important factor in
optimizing the adhesive properties of the PDC polymers.?

From the initial slope of S-S curves, tensile moduli of the
blend films were roughly estimated. The rigid and brittle nature
of PBS blend films was characterized by the high tensile
moduli as compared to the blend films of PDC polyesters. The
tensile moduli were almost independent of the draw ratio, but
the maximum value was obtained at the additive polymer
content of 5 wt % for the blend films of SA copolymer and PBS
(Figure 4(B)c and 4(C)c). The tensile modulus of the blend
films of LA copolymer slightly decreased with the increasing
amount of LA copolymer (Figure 4(A)c).

Degree of Crystallinity

Since the mechanical properties are mainly reflected by
molecular orientations in the solid state, the degree of
crystallinity induced by drawing was investigated for each
blend film by X-ray diffraction (XRD). As an example, the

©2009 The Society of Polymer Science, Japan
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(a)

Figure 5. XRD patterns of PLLA film at a draw ratio of (a) 1 and (b) 5.
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Figure 6. Relationship between the crystallinity of PLLA blend films and the

content of the additives: (a) LA copolymer, (b) SA copolymer, and
(c) PBS.

DR1 DR3

XRD patterns of PLLA at DR = 1 and DR = 5 are shown in
Figure 5. PLLA at DR =1 or without drawing showed a
typical isotropic peak profile, whereas PLLA at DR =5
displayed a characteristic diffraction peak of partial orienta-
tions. The degree of crystallinity calculated according to
Natta’s method® was 31.7%. PBS is known to be more
crystalline than PLLA. Addition of 5wt % of PBS into PLLA
increased the degree of crystallinity to 34.6% without any
drawing, but the subsequent drawing did not improve the
degree of crystallinity in this case (Figure 6¢). Similarly to the
relationship between PBS and PLLA, SA copolymer is
supposed to be more crystalline than LA copolymer. However,
the degree of crystallinity estimated for each blend film was
almost constant within experimental errors, regardless of the
additive content and draw ratio (Figure 6a and 6b). Thus,
effects of different polymer additives and draw ratios were not
apparent in the XRD experiments.

In order to elucidate the difference in the molecular
orientation, the sample blades were subjected to optical
microscopy measurements. Figure 7 shows the optical mi-
croscopy images of the blend films of 10wt % of the additives
with different draw ratios. The blend films of LA copolymer
and SA copolymer were transparent, whereas that of PBS was a
slightly turbid film, reflecting the partial phase separation due
to the poor miscibility of PLLA and PBS. This result is
consistent with the DSC thermograms of the blend films (vide
supra). Incorporation of a small amount of PDC nuclei (merely
2.8%) into the polymer main chain could improve the
miscibility of succinic polyesters with PLLA. After drawing
at 50°C, the partial orientation in the films was clearly
observed. The degree of orientation is more significant for
SA copolymer than for LA copolymer, consistent with the
mechanical properties.

DR4 DR5

0 200pm
nnnn

Figure 7. Optical microscopy images of the blend films of PLLA and additive polymers at different draw ratios.
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CONCLUSION

The mechanical properties of the blend films of PLLA and
PDC polyesters were studied by tensile measurements. SA
copolymer was found to be a better additive than LA
copolymer, because of the superior crystalline feature and
excellent miscibility with PLLA. Thus, the highest tensile
strength at break was 128 MPa for SA2.5 with DR = 5. In
contrast to PBS, which dramatically decreased viscoelastic
features of the blend films, SA copolymer could also improve
the elongation at break. The highest fracture strain 148% was
recorded for SA7.5 with DR = 1. The degree of crystallinity
determined by X-ray diffraction analysis did not show the
difference in the molecular orientation, whereas optical mi-
croscopy images clarified the partial orientation by addition of
SA copolymer and drawing. Combined with the recently
reported biodegradability of the blend films,*® PDC polyesters
are useful biomass-based polymers for construction of carbon-
neutral sustainable society.
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