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Characterization of Polymer Composites between Stereocomplex Polylactide

Blends with Poly (methyl methacrylate)
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Polylactide stereocomplex (ST) of poly(L-lactide) (PLLA) and poly(D-lactide) (PDLA) (PLLA:PDLA 50:50) was blended
with poly(methyl methacrylate) (PMMA) 1050 wt.%. The materials were dissolved in chloroform at room temperature
and the films were then cast. Differential scanning calorimetry showed a stereocomplex melting peak at 208 °C-50 °C
higher than that for neat PLLA or PDLA - confirming the polylactide stereocomplex crystallites. The PMMA content ratio
of 10—50 wt.% in the stereocomplex showed almost complete stereocomplex crystallites. A peak at about 908 cm™ in
Fourier transform infrared spectra further confirmed the stereocomplex crystallites which indicated that PMMA could
blend and efficiently bond with the stereocomplex. The X-ray diffraction analysis showed that the stereocomplex
crystallinity became smaller when PMMA was added. Morphology from scanning electron microscopy revealed that
phases separated in the ST/PMMA blend when the amount of PMMA was increased. Adding PMMA to stereocomplex
films led to an increased elongation at break which peaked at 30 % added PMMA. Increased PMMA also led to the
improved thermal stability of the stereocomplex. These properties and higher toughness are also needed in common

applications, in particular films for packaging and protection of manufactured products.
Keywords: stereocomplex polylactide, poly (methyl methacrylate), thermal and tensile properties.

1. INTRODUCTION

Biodegradable polymers are important alternatives to
conventional petrochemical-based polymers. Polylactides
are considered interesting and promising biodegradable
materials [1]. Poly(L-lactide) (PLLA) is a thermoplastic
polyester, made from fermented plant starch, e.g. corn,
cassava, sugarcane or sugar beet pulp, which is easy to
process and has good mechanical properties, yet degrades
naturally in the environment [2]. Thus, the control of the
mechanical properties and thermal behaviour based on
studying structure and morphology is a key topic. The
applications of pure PLLA are restricted by its thermal
properties, low toughness and poor elongation at break
[2, 3]. To overcome these limitations, blending PLLA with
other polymers is an inexpensive approach that tailors the
final properties of the composition. Moreover, miscible
blends of PLLA and PDLA, which lead to stereocomplex
crystals, are the basis of this study.

In recent years, poly(methyl methacrylate) (PMMA)
has been extensively used in the fabrication of artificial
dentures, tissue engineering and ophthalmic intraocular
lenses. Zhang et al. [1] explored the miscibility of PLLA and
PMMA through solution precipitation and solution casting
methods. From precipitation, they achieved full miscibility,
whereas casting led to two separate phases. Imre et al. [3]
compared PLLA with 10-90 % polystyrene (PS) and
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PLLA with 10-90 % PMMA blends: the dispersed particle
sizes differed significantly, indicating dissimilar
interactions for the corresponding pairs. The PLLA/PMMA
blends with the smallest dispersed particles exhibited the
highest tensile strength, whereas PLLA/PS blends with the
coarsest structures had the lowest strength. The interfacial
interaction was the strongest for the PLLA/PMMA pair and
weakest for PLLA/PS.

Many researchers studied the application of PLLA by
improving thermal and mechanical properties, such as the
formation of stereocomplex [4—-6]. A promising technique
to enhance the properties of PLLA is blending a 1:1 ratio of
PLLA to PDLA with reinforcing elements by the interaction
between polymers for inducing the stereocomplex crystal
structures [5]. The stereocomplex crystals exhibit improved
thermal properties compared to pure PLLA or PDLA
homocrystallites. The stereocomplex had a higher melting
temperature and a higher crystallization temperature, by
more than 50°C and 25°C, respectively [6]. It was reported
that the PLLA and PDLA (50/50 wt%) with
30-40 %PMMA could be mixed by fusing the mixtures in
twin-screw extruders on the first inspection [7]. However,
in this work, we formed films and showed that the formation
of stereocomplex crystals improved thermomechanical
properties that were effectively developed from high-
molecular-weight PLLA, PDLA, and PMMA blends.



In this study, we prepared equal quantities of PLLA and
PDLA blend to form a streocomplex, with effect of PMMA
10-50 wt.% addition to stereocomplexation by solution
casting. In addition, the chemical structure, mechanical and
thermal properties of the mentioned blends films were
investigated.

2. EXPERIMENTAL

2.1. Materials

PLLA (trade name L175) and PDLA (trade hame D120)
were received from Total Corbion Thailand Ltd. PMMA
(grade CM205) was received from Chi Mei Corporation,
Taiwan. Chloroform (CHCI;3) was supplied by RCI Lab scan
Limited, Thailand.

2.2. Processing

To prepare the samples, PLLA, PDLA and PMMA were
dried in a vacuum oven at 80°C for 24h. The
PLLA/PDLA/PMMA blends (100/0/0, 50/50/0, 45/45/10,
35/35/30, 25/25/50, and 0/0/100) were dissolved at a
concentration of 1 g of the materials in 10 mL chloroform
(magnetically stirred, 3 hours, 25 °C). The solutions were
cast onto Petri dishes. The films were dried (24 h, 25 °C) to
allow the solvent to evaporate. Final film thicknesses were
measured approx 0.3 mm. The resulting films were cloudy,
strong (see measured tensile strengths later), and elastic.

2.3. Characterization
2.3.1. Fourier transform infrared spectroscopy (FTIR)

Details of the components of the chemical structures of
the blends were obtained with a Perkin Elmer Frontier FTIR
spectrometer, scanned from 400 to 4000 cm®, in the
attenuated total reflection mode.

2.3.2. X-ray diffraction analysis (XRD)

Sample crystallinities were determined from X-ray
diffraction with an Analytical Bruker/D8 Advance Bruker-
BioSpin (Cu Ko line source, filtered with a thin Ni filter,
scanned at 2°/min, 20 from 5-40°). Film samples were
mounted on the XRD platform and the computer-controlled
goniometer was run in wide-angle mode.

2.3.3. Differential scanning calorimetry (DSC)

Film thermal properties were measured by DSC (Pyris
Diamond DSC4000, MA, USA). Samples weighing 3 to
5mg. were placed in aluminum pans and sealed. The
samples were heated from 25 °C to 250 °C at a rate of
10 °C/min, held for 3 min at 250 °C (first heating cycle) and
cooled at 10 °C/min to 25 °C. The samples were reheated to
250 °C at 10 °C/min (second heating cycle). The cold
crystallization temperature (Te) and its enthalpy, homo-
melting temperature (Tm1) and its enthalpy (4Hmi),
stereocomplex melting temperature (Tm2) and its enthalpy
(4Hmy), the crystallization temperature (T¢) and its enthalpy
were recorded. The glass transition temperature (Tg) was
determined from the second scan. The total degree of
crystallinity (Xc) for both the homo- and stereocomplex-
crystals was calculated with Eq. 1 [8]:

475

AHmM,hc+ AHm,st— AHcc
Xc (%) =

x100%, 1)

w X AHD, prena)
where AHmne and AHms are the melting enthalpies of
homocrystallites and the stereocomplex crystallites,
respectively; AH. is the cold crystallization enthalpy; w is
the weight fraction of PLLA or the stereocomplex in the
polymer blends; Hﬁl(blend) is the theoretical value of the
melting enthalpy for perfect crystals, which can be
calculated as follows:
0 -

Hm(blend) - HT(;’l,hC X th + HT?l,St x fs, (2)
where Hp, . and Hp, o, are the enthalpy value for the
homocrystallites (93.6 J/g) and the stereocomplex
crystallites (142 J/g), respectively; fnc and fs are the relative
amounts of the homo- and streocomplex crystallites,

respectively, using under nonisothermal conditions, and can
be calculated according to Eq. 3 and Eq. 4:

AHmM,hc
AHmM,hc + AHm,st

AHm,st
AHmM,hc + AHm,st

fre (%) = x 100%; 3)

fst (%) = x 100%, 4)
where the AHmnc and 4Hm s values were obtained from the
thermograms as for Eq.1. The crystallinity of
stereocomplex crystallites (Xs) was then calculated (Eq. 5)
from the i calculated in Eq. 4:

Xst (%) = Xc X fst X 100% (5)

2.3.4. Scanning electron microscopy (SEM)

0.3 mm thick films were cryogenically fractured cross-
section surface to expose the internal structure, sputtered
with a ~ 20 nm layer of gold and SEM images were captured
by SEM (TM4000Plus Tabletop Microscope, HITACHI)
under 1000x magnification.

2.3.5. Mechanical testing

15 mm x 50 mm samples were cut from the films. The
modulus of elasticity, tensile strength, and elongation at
break were measured at 25+2°C on a tensile tester
(Texture Analyzer, TA.XT Plus) at a crosshead speed of
2mm/min. Means and standard deviations for five
replicates of each sample were reported.

2.3.6. Thermogravimetric Analysis (TGA)

Thermal properties were measured by TGA
(PerkinElmer, TGA4000, MA, USA) from 30 to 600 °C at
10 °C/min under a constant N, flow. Each test used
10-15mg of the films. Mass loss was recorded and
normalized against the initial mass. The temperature at 5 %
weight loss (Tsy») was reported as the decomposition
temperature.

3. RESULTS AND DISCUSSION
3.1. Chemical structure

Fig. 1 a shows the FTIR spectra of the blends. PMMA
spectra identified the functional groups present in the



synthesized PMMA.. A sharp intense peak at 1.731 cm
showed the presence of the acrylate carboxyl group. The
broad peak from 1.260-1.000 cm™ was attributed to the
|C-O (ester bond) stretching vibration.
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Fig. 1. FTIR spectra: a—PLLA, ST, PMMA, and ST/PMMA
blends; b—expanded region from 850 to 950 cm’?

The band at 1.433 cm™ was attributed to C-H stretching
vibrations of the CH; group. The 2.950 cm™ band can be
assigned to the bending vibrations of the CH3 groups [9].
The ST sample had a strong peak corresponding to carbonyl
(C=0) stretching at 1.744 cm™ [10]. After ST and PMMA
were blended, the FTIR spectrum contained absorption
peaks at similar locations to those of pristine ST and
PMMA. The C-O stretching vibrations of the blends, that
were not compatible, showed a split peak with similar
intensities at 926 and 986 cm™. The presence of this split
peak indicates the presence of both polymers in the blend.
When loading of PMMA increased, the infrared spectrum of
ST/50%PMMA appeared very close to PMMA, which may
indicate some intramolecular interactions between the
PMMA and ST. In addition, ST and PLLA show a peak with
similar, but wave range extends number from 850 to
950 cm™ were different as shown in Fig.1b. Fig.1b
(expands the region from 850 to 950 cm™ of Fig. 1 a) shows
the neat PLLA with an obvious peak of about 922 cm?,
assigned to the PLLA homocrystallites [11]. When PLLA
and PDLA were blended, stereocomplexes formed,
confirmed by a peak appearing at about 908 cm* assigned
to the stereocompex crystallites [12]. This peak became
weaker as the PMMA content increased.
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3.2. X-ray diffraction analysis

XRD diffractograms are shown in Fig. 2. PLLA had 26
reflections at 16.7° and 19.2° [13].
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Fig. 2. XRD profiles of PLLA, ST, PMMA, and ST/PMMA blends

Peaks at 11.68°, 20.68° and 23.58° were assigned to
planes of the stereocomplex crystallites [14]. PMMA
showed large scattering, the center of the peak at about 14.3°
and 31.7° indicated that PMMA structure was amorphous
[15]. When the stereocomplexes were mixed with PMMA,
all the diffraction peaks of the blends gradually became
smaller or essentially disappeared as the amount of PMMA
increased. This indicated that the film became amorphous
and the degree of crystallinity of the polymer decreased.

3.3. Thermal properties
3.3.1. First heating cycle

Fig. 3 shows the DSC thermograms of the films and
Table 1 summarizes the data. The neat PLLA had a melting
peak (Tm1) at ~ 175 °C. The pure PMMA revealed a typical
amorphous behavior with no melting temperature and had a
glass transition temperature at ~ 98 °C [16].
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Fig. 3. DSC first heating thermograms of ST, PMMA, and
ST/PMMA blends

In the stereocomplex, two Tr, peaks were observed: the
first peak was the homocrystallites, Tmi1, melted at ~ 173 °C
and the second was the stereocomplex crystallites, Tma,
melted at ~ 208 °C. The stereocomplex structure moved the
melting temperature higher that than of PLLA by ~50 °C
[6, 17]. This significant increase is due to hydrogen bonding
interactions in the stereocomplex crystalline structure [6].



Table 1. DSC first heating data of PLLA, ST, PMMA, and ST/PMMA blends film

o Melting 1 Melting 2
Sample Tg, °C T, °C AHmne, J/g T2, °C AHms, J/g X YoXa
ST _ 173.6 54 208.2 38.1 320 28.0
ST/10%PMMA - 1746 3.8 208.2 29.4 27.0 238
ST/30%PMMA Z 172.8 43 205.9 195 255 208
ST/50%PMMA Z 1704 34 205.4 8.8 19.0 136
PMMA 985 - - - - - -
PLLA Z 175.60 311 Z Z 332 Z

When PMMA was added 10 to 50wt.% to the
stereocomplex, the samples also showed two T points, and
the enthalpy of melting of both AHm and AHm, decreased
as the amount of PMMA increased. The crystallinity (Xc) of
PLLA was 33.2 % due to the slow cooling in casting the
film. Furthermore, the total degree of crystallinity (Xc) of ST
was 32.0 % and the crystallinity of the stereocomplex
crystallites (Xs) of ST was 28.0 %. The crystallinity of the
blends reduced gradually as the PMMA content increased
and pure PMMA became fully amorphous.

3.3.2. Cooling cycle

Fig. 4 shows the crystallization temperatures, Tc, on

crystallites formed and the crystallization enthalpies, AH,
were 6.2 and 0.8 J/g, respectively. This indicated that the
PLLA and PDLA of ST were easily separable [18].

3.3.3. Second heating cycle

Fig. 5 and Table 2 show the thermograms of the second
heating cycle for the PLLA, ST, PMMA and ST/PMMA
blend films.
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Fig. 4. DSC cooling thermograms of ST, PMMA, and ST/PMMA
blends

However, the stereocomplex had two crystallization
peaks, with T¢’s at 112.6 and 85.6 °C. This might be the
crystallization of homocrystal and stereocomplex crystals
indicating that both homocrystallites and stereocomplex

observed, due to faster cooling than the first heating scan
and increased with the addition of more PMMA. The
stereocomplex had a glass transition, Tg, at 57.1 °C. When
it was mixed with 50%PMMA, the Tg increased to 65.2 °C.
With increased amounts of PMMA, the ability of the
stereocomplex to cold crystallize also systematically
decreased and the point of cold crystallization shifted to a
higher temperature [20].

Table 2. DSC second heating data of PLLA, ST, PMMA, and ST/PMMA blends film

o Cold crystallization Melting 1 Melting 2
Sample ToC I"7,.°C | AHewdlg | Ton°C | AHmJg | Twe°C | AHmdg | 2% | %X«
ST 57.1 92.8 5.6 169.5 15.4 208.3 25.9 28.8 18.1
ST/10%PMMA 60.8 119.8 20.0 1704 14.8 207.1 23.8 16.7 10.2
ST/30%PMMA 61.3 148.0 7.9 - - 206.1 17.3 - 9.6
ST/50%PMMA 65.2 - - - - 206.5 5.5 - 7.7
PMMA 99.6 - - - - - - - -
PLLA 61.1 107.2 13.3 173.4 25.5 - — 13.0 -
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ST/50%PMMA  samples showed no  cold
crystallization, homocrystals disappeared and fewer
stereocomplex crystals formed. The Tr, of the films changed
slightly to a lower temperature with increasing amounts of
PMMA. Moreover, ST/30%PMMA, ST/50%PMMA
showed a complete stereocomplex structure without any
homocrystallites and T ~ 206 °C. The smaller crystallite
enthalpy implied a reduction of crystallization.

3.4. Morphology

The morphology of PLLA, ST and ST/PMMA blends
was examined by scanning electron microscopy (see Fig. 6).
The PLLA, ST and PMMA samples (Fig. 6 a, b, and f)
showed a smooth fracture surface, the morphology is highly
homogeneous, a relatively brittle morphology after a
fracture. When the ST blended with PMMA 10 and 30 wt.%
as shown in Fig. 6 ¢ and d, the surfaces showed craggy and
exhibited more ductile behavior than the pure polymer. On
the other hand, when the content of the PMMA increased to
50 wt.%, the surface morphology changes, larger PMMA
particles appeared on the fracture surface, indicating that
PMMA promoted phase separation [9], and poor
compatibility.

3.5. Tensile test

Fig. 7 shows the results of tensile tests on solution cast
films made of PLLA, ST, PMMA and ST/PMMA blends.
PMMA was introduced to enhance the mechanical
properties of polylactide stereocomplex, hypothesizing that
PMMA would serve as a reinforcement to enhance the
physical cross-linking points and confine the polymer chain
motion and facilitate good interaction between the
stereocomplex matrix and the PMMA [21].
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As shown in Fig. 7 a, neat PLLA had a tensile strength
of ~ 19 MPa, whereas the stereocomplex was much stronger
at ~37 MPa. Tsuji et al. and Xu et.al. [22, 23] measured the
mechanical properties of pure PLLA/PDLA blends and
showed that the mechanical strength of stereocomplexes
was almost 60 % higher than that of PLLA. Furthermore,
pure PMMA had a tensile strength of ~ 36 MPa, adding
PMMA 10-50 wt.% into the stereocomplex increased the
tensile strength to similar a similar level at 34 — 35 MPa.

Fig. 7 b shows the change of Young’s modulus as more
PMMA was blended into the stereocomplex. An increase in
PMMA content resulted in a gradual increase of Young’s
modulus. The lowest moduli were ~ 3.6 MPa for neat
PLLA, while the stereocomplex showed ~ 4.2 MPa, and the
highest was ~ 6.8 MPa for PMMA. When the amount of
PMMA increased, the tensile modulus of films increased.
Similar results were reported in a study of the increase in
PMMA content in PLLA/PMMA blends and PMMA
monotonically increased the tensile modulus and tensile
strength of the resulting material [24].

Fig. 7 ¢ shows that the elongation at break of neat PLLA
was 192 %, ST was 187 %, and PMMA was 51 %. For the
stereocomplex blended with 30 wt.% PMMA, it increased
by 383 %. Lopez-Rodriguez et al. [25] also reported that a
blend of pure PLLA and PMMA enhanced the strength and
elongation at thebreak due to a high density of
intercrystalline connections through a mobile amorphous
phase. On the other hand, when adding PMMA at 50 wt.%
content to PLLA, the elongation at break started to decrease.
This suggested that the PMMA was dispersed well at
concentration levels below 50 wt.%, but, when further
PMMA was added, the blended films became brittle again.

i
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Fig. 6. Scanning electron micrographs of the quenched fractured surface: a—PLLA; b—-ST; ¢-ST/10%PMMA,; d—ST/30%PMMA;

e—ST/50%PMMA,; f—-PMMA images at 1000x magnification
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3.6. Thermal Stability

The thermal stability was measured by thermal
gravimetric analysis. Mass loss due to thermal
decomposition was measured at temperatures from 30 to
600 °C [26]. Because the thermal stability of the 10, 30 and
50 % PMMA blends were not significantly different, only
the ST/50% PMMA was compared with PLLA, ST and
PMMA as shown in Fig. 8. The thermal decomposition
temperatures (based on the 5% loss criterion, T5%) of
PLLA was 334 °C, the stereocomplex, ST, was 354 °C, and
the PMMA was 362 °C. Purnama and Kim [27] also
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reported that the stereocomplex decomposition temperature
was higher than the PLLA homopolymer [27].
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Fig. 8. TGA curves for PLLA, ST, PMMA and ST/50%PMMA
blends

Moreover, when ST was mixed with 50% PMMA, T5%
of the blend material was ~ 361 °C, higher than the
stereocomplex (ST), but slightly less than PMMA. As the
PMMA content increased, the dispersion of PMMA
increased overall thermal stability, reflected in a higher
decomposition temperature, possibly due to the higher
thermal stability of PMMA itself. Teoh et al. [28] also
reported that the addition of PMMA to pure PLLA improved
thermal stability.

100 200 600

4. CONCLUSIONS

Films were formed from PLLA, PDLA and PMMA
blends by dissolving them in chloroform at room
temperature and cast. FTIR spectra showed intermolecular
reactions between the stereocomplex and PMMA blends.
XRD diffraction peaks of the stereocomplex/PMMA blends
gradually became smaller as the PMMA content increased
showing that the crystallinity of the polymer composites
decreased and at high PMMA concentrations the films were
essentially amorphous. DSC studies for the stereocomplex
and PMMA added at 10 to 50 wt.% found that there were
almost complete stereocomplex polylactide crystallites. The
stereocomplex structure improved the melting temperature
to be ~ 50 °C higher than pure PLLA. In SEM images, when
the amount of PMMA was increased, phase separations
were seen in the stereocomplex’lPMMA blends. Tensile
modulus and elongation-at-break of the blended materials
improved, but tensile strength did not change significantly,
demonstrating that the PMMA interfered with the
stereocomplex chains, to enhance physical cross-linking
points and markedly confine polymer chain motion.
However, toughness diminished as the amount of PMMA
was increased above 30 wt.%. The optimal addition was
30 wt.% leading to the best elongation at break and
toughness. Additionally, the thermal stability of the polymer
blends improved with the addition of PMMA and made
them more suitable for several common applications, e.g.
for packaging and protection of manufactured.
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