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ABSTRACT

Poly(L-lactide)-b-poly(ethylene glycol)-b-poly(L-lactide) triblock
copolymer, poly(D-lactide) homopolymer and poly(D-lactide)-b-poly(ethylene
glycol)-b-poly(D-lactide) triblock copolymer, designed as PLLA-PEG-PLLA, PDLA
and PDLA-PEG-PDLA, respectively, were synthesized via ring-opening
polymerization in bulk using stannous octoate as a catalyst. PEG with molecular weight
of 20,000 g/mol and 1-dodecanol were used as initiators for synthesizing the triblock
copolymers and PDLA, respectively. These polymers were characterized by a
combination of analytical technigues: molecular weight methods (dilute-solution
viscometry and GPC), spectroscopic method (*H-NMR), thermal analysis methods
(DSC and TGA). The molecular weights of the homo- and copolymers were controlled
by the initiator content. The chemical structures were confirmed from the *H-NMR
spectra. From the DSC results, the triblock copolymers and PDLA were semi-
crystalline. PLLA-PEG-PLLA/PDLA and PLLA-PEG-PLLA/PDLA-PEG-PDLA
blends without and with chain extension were prepared by melt blending method using
an internal mixer. The blend films were prepared using a compression molding
machine. The degrees of crystallinity of stereocomplex crystallites of both the blend
series increased with the PDLA and PDLA-PEG-PDLA ratios as demonstrated by XRD
results. However strain at break of the blend films decreased as increasing the PDLA
and  PDLA-PEG-PDLA  ratio except . the non-chain-extended PLLA-PEG-
PLLA/PDLA-PEG-PDLA blend film series. Heat resistance of the blend films were
better than the PLLA-PEG-PLLA film and increased with the PDLA and PDLA-PEG-
PDLA ratios. The PLLA-PEG-PLLA/PDLA blend films exhibited lower stain at break
but better heat resistance than that of the PLLA-PEG-PLLA/PDLA-PEG-PDLA blend
films. The chain extension significantly improved the tensile properties of the films. In
conclusion, the blend films produced in this work show potential for use as flexible and
high heat-resistant bioplastic films.

Keyword : Polylactide Block copolymers Stereocomplex Chain extension Heat
resistance Bioplastic
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CHAPTER |

INTRODUCTION

1.1. Biodegradable polymers

Nowadays, the petroleum-based polymeric wastes have become a serious
environmental problem in all over the world. Recently, biodegradable polymers are
being intensively studied and developed by as an alternative to petroleum-based
polymers in order to reduce their impact on the environment (Danner & Braun, 1999;
Gross & Kalra, 2002; Ikada & Tsuji, 2000; Yu et. al., 2006).

‘‘Biodegradable’” means ‘‘capable of undergoing decomposition into carbon
dioxide, methane, water, inorganic compounds, and biomass’’ according to ASTM
standard D-5488-94d and European norm EN 13432. The predominant biodegradation
mechanism is the enzymatic action of microorganisms such as bacteria and fungi etc.,
which can be determined by standard tests over a specific period of time, reflecting
available disposal conditions. There are different media (liquid, inert, or compost
medium) to analyze biodegradability. Biodegradation is the degradation of an organic
material caused by biological activity, mainly microorganisms’ enzymatic action. The
biodegraded products are CO, and water (in the presence of oxygen, i.e. aerobic
conditions) or methane (in the absence of oxygen, i.e., anaerobic conditions), as defined
in the European Standard EN 13432:2000 (Avérous & Pollet, 2012).

1.2. Classification of biodegradable polymers

Biodegradable polymers are formed in natural environment during the growth
cycles  of  organisms (e.g. starch, cellulose, chitin, chitosan, silk and
polyhydroxyalkanoates etc.) oraresynthesiged (e.g. polylactide, polycaprolactone and
polyglycolide etc.). Some microorganisms and enzymes capable of degrading such
polymers have been identified (Velde & Kiekens, 2001). Four classifications of
biodegradable polymers have been proposed as shown in Fig.1.: (i) agro-polymers from
agro-resources (e.g. starch or cellulose), (ii) biopolyesters obtained by microbial

production such as the polyhydroxyalkanoates (PHAS), (iii) biopolyesters



conventionally and chemically synthesized from monomers obtained from agro-
resources, e.g. the poly(lactic acid) (PLA), and (iv) polymers obtained from fossil
resources. Only the first three categories (i-iii) are obtained from renewable resources.
We can further classify these biodegradable polymers into two main categories: the
agro-polymers (category 1) and the biodegradable polyesters or biopolyesters

(categories ii—iv).

Biodegradable polymers

Biomass products From micro-organisms From biotechnology (conventional From petrochemical products
From agro-resources (obtained by extraction) synthesis from bio-derived monomers)  (Conventional synthesis from synthetic
= Agro-polymers monemers)

Polysaccharides Proteins, Lignins ... PolyHydroxy-Alkanoates Polylactic acid (PLA) Polycaprolactones (PCL)
(PHA) |
—— Others homo-polyesters
Starches: Wheat | Animals Proteins : Polythydroxybutyrate) (PHB)
Potatoes Maize, Casein Whey Polyhydroxybutyrate co-
Cassava ... Colagen/Gelatin hydroxyvalerate)PHBV), ... — Aliphatic co-polyesters
Ligno-cellulose Plants Proteins:
products: Wood Zein Soya Gluten — Aromatic co-polyesters

Straws,

— Others: Pectins
Chitosan/Chitin Gums,...

| W | T
Agro-polymers Biopolyesters

Fig. 1. Classification of the main biodegradable polymers (Avérous & Pollet, 2012).

The biodegradable and biorenewable polyesters (category iii) have widely
interested because of they can be prepared from renewable resources and processed
using conventional processing machines such as injection molding, melt spinning and

blow film techniques.

1.3. Poly(lactic acid)
Lactic acid (LA)is a chiral molecule existing as two stereoisomers, L-lactic
acid(LLA) and D-lactic acid (DLA) as below.



H4C CHs
HoW Lo

HO H H OH

D-lactic acid L-lactic acid

Usually, the lactic acid is produced by fermentation of carbohydrates by lactic
bacteria belonging mainly to the genus Lactobacillus, or fungi (Wee et al., 2006). This
fermentative process requires a bacterial strain but also a carbon source
(carbohydrates), a nitrogen source (yeast extract, peptides...), and mineral elements to
allow the growth of bacteria and the production of lactic acid. The lactic acid leads to

poly(lactic acid) (PLA) by direct polycondensation as shown in Fig. 2. (Moon et al.,
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Fig. 2. Synthesis methods for preparing the high-molecular-weight PLA (Garlotta,
2002).



However, the resulted PLA is a low molecular weight (<10,000 g/mol) with
low mechanical properties. This due to hydrolysis of water by-product had occurred.
High molecular weight PLA can be obtained by ring-opening polymerization of lactide
monomers due to water by-product did not form. The lactide was synthesized through
direct polycondensation of lactic acid followed with thermal decomposition of low
molecular weight of PLA. The polyester obtained from lactide was then called as
polylactide (PLA). Poly(L-lactide) (PLLA) and Poly(D-lactide) (PDLA) were prepared
by ring-opening polymerization of L-lactide (LLA) and D-lactide (DLA), respectively.

Main disadvantages of the PLA are brittleness and low heat resistance. The
high glass transition temperature (Tg) of the PLA (~60°C) induced high brittleness.
Plasticization effects can reduce the PLA brittleness by decreasing the T4 of PLA
(Martin & Averous, 2001). Moreover the PLA showed very slow crystallization rate
after melt processing. The low crystallinity PLA gave low heat resistant properties. The
crystallinity of PLA has been improved by addition of nucleating agents and
stereocomplex formation (PLLA/PDLA blending) (Saeidlou et al., 2012)

1.4. Stereocomplex polylactides

The PLA is considerate as an environment-friendly polymer due to its
biorenewability, biodegradability and biocompatibility (Fortunati et al., 2010; Pan et
al., 2011). The PLA and modified PLA are possible to use instead of petroleum-based
plastics because of its good processability and mechanical strength etc. (Wei et al.,
2014). The PLA has two optical isomers: the PLLA and PDLA. Repeating units of the
PLLA and PDLA homopolymer synthesized from L-lactide and D-lactide monomer,
respectively are shown in Fig. 3. Stereocomplex PLA (scPLA), which has a melting
temperature around 230 °C higher than both the PLLA and PDLA (~ 170 °C) that is
prepared by blending PLLA with PDLA (He et al., 2008; Tsuji & lkada, 1999). The
scPLA showed thermal resistant property higher than both the PLLA and PDLA (Sun
etal., 2011).
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The stereocomplex crystallites of PLA is stabilized by stronger van der Waals
interactions between opposite configuration of the PLLA and PDLA chains. As results,
thermal stability of stereocomplex was much improved (Brizzolara et al., 1996; Okihara
et al., 1991). Stereocomplexation between the PLLA and PDLA can occur in solution,
in melt blend, during polymerization or hydrolytic degradation, provided that L-lactic
acid and D-lactic acid chains coexist in-a polymer system (lkada & Tsuji, 2000).
Stereocomplex crystallites predominantly formed from the equimolar solutions of the
PLLA and PDLA, as long as either PDLA or PLLA has a low molecular weight (M.W.)
(Quynh et al., 2007; Tsuji et al, 1991). At high processing temperatures (>230 °C), the
ScPLA can also develop from melt blend of the PLLA and PDLA, however PLA
homopolymers might be significant degraded. The tensile properties of PL
stereocomplex films obtained from melt blends of high M.W. PLLA and PDLA slightly



reduced though their heat stability significantly improved (Quynh et al., 2007). This
may be due to the thermal decomposition of PLA homopolymers at high temperature
(Fan et al., 2004).

The use of low M.W. PLLA and PDLA for stereocomplexation can significantly
reduce the processing temperature and increase their crystallinity. On the other hand,
the stereocomplex films and fibers prepared from the low M.W. homopolymers are
reported to be very brittle and weak (Tsuji & Ikada, 1999). The stereocomplexation of
low M.W. PLLA and high M.W. PDLA not only reduce the processing temperature but
also can produce the samples with tensile strength and heat stability higher than that of
both PLLA and PDLA homopolymers, met the practical requirements for specific
applications. However, the scPLA based materials are still brittle. Therefore, their
applications still limited (Celli & Scandola, 1992; Garlotta, 2002; Slager & Domb,
2003).

1.5. Research objectives

Flexible poly(ethylene glycol) (PEG) blocks were attached to the PLLA and
PDLA blocks formed as PLLA-b-PEG-b-PLLA and PDLA-b-PEG-b-PDLA by ring-
opening polymerization of LLA and DLA monomers, respectively. Stereocomplex
PLA-b-PEG-b-PLA triblock copolymers of PLLA-b-PEG-b-PLLA/PDLA and PLLA-
b-PEG-b-PLLA/ PDLA-b-PEG-b-PDLA were prepared by melt blending. Effects of
blend ratio and chain extension on stereocomplexation, thermal properties, mechanical

properties and heat resistance were investigated.

1.6. Expected results obtained from the research

To synthesize triblock copolymers of PLLA-b-PEG-b-PLLA and PDLA-b-
PEG-b-PDLA with controllable molecular weight.

To synthesize PDLA homopolymer with-controllable molecular weight.

To know the effects of blend ratio and chain extension on stereocomplex
formation, thermal properties, mechanical properties and heat resistance of the

stereocomplex triblock copolymers.



1.7. Scopes of research
1.7.1 The PDLA homopolymer with molecular weight of 5,000 g/mol was

synthesized using 1-dodecanol as an initiator and stannous octoate as a catalyst.

1.7.2. The triblock copolymers of PLLA-b-PEG-b-PLLA and PDLA-b-PEG-b-
PDLA were synthesized using PEG as an initiator and stannous octoate as a catalyst.
The PEG middle-block lengths was 20,000 g/mol. The PLA (PLLA and PDLA) block
lengths were around 50,000 g/mol.

1.7.3. The PDLA and triblock copolymers were characterized by various
analytical techniques including diluted-solution viscometry, polarimetry, Gel
permeation chromatography (GPC), Differential scanning calorimetry (DSC),
Thermogravimetric analysis (TGA) and *H-NMR spectrometry.

1.7.4. Stereocomplex triblock copolymers with and without chain extension
prepared by melt blending were characterized by various analytical techniques
including DSC, XRD, tensile testing, dynamic mechanical analysis (DMA) and
dimensional stability to heat. The blend ratios of 100/0, 90/10, 80/20, 70/30 and 60/40
(w/w) with a major PLLA-b-PEG-b-PLLA component and chain extender content of

4.0 phr was investigated.

1.8. Research Place
SC1 - 406, Department of Chemistry, Faculty of Science, Mahasarakham

University
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LITERATURE REVIEW

2.1. Block copolymers of poly(ethylene glycol) and polylactide

The universal use of non-biodegradable plastic products has caused serious
environmental pollution. One of the most effective ways to solve the problem is the
development of biodegradable polymers. Among these biodegradable polymers,
poly(L-lactide) (PLLA) is one of the most important polyesters that are derived from
renewable biomass such as corn and sugar beets. It is known for its biocompatibility,
low toxicity and immunogenicity and resorbability through natural pathway (Ren et al.,
2005) and it has a variety of application in many fields such as drug delivery ( Lee et
al, 2007; Prabaharan et al, 2009) tissue engineering (He et al., 2011), food packaging
(Martinez-Abad et al., 2014; Plackett et al., 2006). For a widely commodity
applications, a good material must has good mechanical and processability. However,
the disadvantages of poor mechanical properties and slow crystallization rate of PLLA
limit its wide application. The PLLA is a rather brittle and rigid polymer. While PLLA
has a glass transition temperature well above room temperature and was amorphous at
room temperature, the elongation ratio is only about 5%. Crystallinity, if developed,
increases the elastic modulus and further enhance the brittleness (Pan et al., 2011,
Perego et al., 1996). Considerable efforts have been made to improve the mechanical
properties of PLLA, such as blending, copolymerization and plasticization (Li &
Shimizu, 2009; Zhang et al., 2011).

Plasticizers are widely used in the plastics industry to improve processability,
flexibility and ductility of glassy polymers ((Sears et al., 1982)). The PLLA was
plasticized with various plasticizers and their efficiency was evaluated in two aspects:
one is the shift of glass transition temperature (Tg), the other is the improvement
mechanical properties (Martin & Averous, 2001). Poly(propylene glycol) (PPG) and
poly(ethylene glycol) (PEG) were found to be efficient plasticizers for PLLA
(Piorkowska et al., 2006). The elongation at break of PLLA was greatly increased. The
PLLA has melt-blended with an ethylene glycol/propylene glycol random copolymer
poly(ethyleneglycol-co-propylene glycol) (PEPG)(He et al., 2008). With 5~20% PEPG
additive, the toughness increased. The PLLA was plasticized with triphenyl phosphate



(TPP) and the results showed that the crystallinity of plasticized PLLA markedly
increased when compared with neat PLLA (Xiao et al., 2011). Oligomeric lactic acid
(OLA), glycerol, epoxidized palm oil, and partial fatty acid eaters also have been used
as plasticizers for PLLA (Giita Silverajah et al, 2012; Martin & Averous, 2001).

Table 1. shows effect of PEG blend ratio on the Tq of PLLA. Molecular weights
of the PLLA and PEG were 200,000 and 8,000 g/mol, respectively (Hu et al., 2003). It
can be seen that the Ty values decreased steadily as the PEG ratio increased. The
elongation at break of the PLLA blend films also increased with the PEG blend ratio as
shown in Fig. 4. Aging PLLA/PEG 70/30 films under ambient conditions (23°C, about
50%RH) produced the changes in tensile properties seen in Fig. 5. With time, the films
changed from low modulus elastomer-like materials to higher modulus thermoplastic-
like materials. After aging for 500 h the modulus increased almost two orders of
magnitude and the fracture strain decreased from 500 to 250%. This suggests that
migration of PEG on PLLA/PEG blends had occurred during aging to decrease

plasticization effect.

Table 1 Effect of PEG blend ratio on the T4 of the PLLA (Hu et al., 2003).

PLLA/PEG blend ratio (w/w) Tg of PLLA (°C)
100/0 58
90/10 36
85/15 30
80/20 21
70/30 9




10

60
60
g
50 - s 50
= g 40
o ]
._5_, 40 - o 30
@ PLA T 20
g ‘%, 10 |
17} 4
o 30 5
£ 0
@ 0 2 4 6 8 10 12 14 16 18 20|
E 20 4 Engineering strain (%)
©
c
w

0 100 200 300 400 500

Engineering strain (%)
Fig. 4. Tensile stress-strain behavior of quenched PLLA and PLLA/PEG blends at
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Fig. 5. Effect of aging under ambient conditions(23°C, about 50% RH) on the tensile
stress-strain behavior of the PLLA/PEG 70/30 blend (Hu et al., 2003).

PEG was considered a good plasticizer for PLLA, the hydrophility,
crystallization behavior, melting behavior and its application in drug release of PLLA-
PEG diblock or triblock copolymers were always been investigated in most works.
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Triblock copolymers of PEG and PLLA were synthesized by ring-opening
polymerization of L-lactide monomer using PEG and stannous octoate as initiator and
catalyst, respectively. As shown in Table 2., melting temperature (Tm) and glass
transition temperature (Tg) of the PLLA blocks decreased as the feed ratio and
molecular weight of PEG increased. This indicates the PEG act as plasticizer for PLLA
to reduce the Tg of PLLA. The molecular weight of most PLLA-PEG copolymer been
investigated in most works are not more than 50,000 g/mol and the molecular weight
of PEG are always range from 400-4,000 g/mol. These copolymers can use in drug
delivery applications but did not in packaging applications. High molecular weight of

the triblock copolymers need to prepared for this purpose.

Table 2. Properties of triblock copalymers of PEG and PLLA (Hu and Liu, 1994).

PEG feed M.W. of Final wt% PEG | Tm | Tq M.W. of
ratio (%wt.) | PEG (g/mol) ratio (NMR) (°C) | (°C) copolymer
(g/mol, GPC)
2 2,000 4.4 161 | 51 24,100
3 2,000 5.4 156 | 45 19,812
5 2,000 9.6 150 | 43 15,783
10 2,000 18.3 134 | 43 9,801
10 4,000 16.2 131 | 41 21,035
10 6,000 12.7 117 | 41 30,760

For further use in food packaging, both the crystallinity and toughness of PLLA
need to be further improved. Soft PEG segment was used to accelerate the
crystallization rate and improve the toughness of PLLA in this study. To avoid the
migration of PEG from the plastic result in lower the mechanical properties of
packaging film and the contamination of foods, high molecular weight PLLA-PEG-
PLLA triblock copolymers with various lengths of the PLLA segment was synthesized
by copolymerization.

The PEG, for its part, is well known for its hydrophilicity, water-solubility, lack
of toxicity and excellent biocompatibility (Stefani et al., 2006). The interest of the
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association of PLA and PEG is that it combines the mechanical properties of PLLA and
the hydrophilicity and flexibility of PEG. The PLLA-b-PEG-b-PLLA triblock
copolymers with various block lengths allow larger range of mechanical properties and
degradation rates (Garric et al., 2012). That leads this copolymer an excellent candidate
for tissue engineering applications (Tessmar & Gaopferich, 2007). Block copolymers
based on PEG and poly(a-hydroxyacid) such as poly(D,L-lactide) (PDLLA) and
poly(lactide-co-glycolide) (PLG) are being studied for drug delivery, owing to their
biocompatibility, controlled biodegradability of poly(a-hydroxy acid) (Discher &
Ahmed, 2006). It is reported that folate conjugation can increase the stability of FA-
copolymer micelle compared to copolymer (PLA-MPEG) only, which was in part due
to the lower micelle concentration (Zhu et al., 2011). In the latter case, feasibility of
controlled release of insulin from a poly(D,L-lactide-co-glycolide)-b-poly(ethylene
glycol)-b-poly(D,L-lactide-co-glycolide) (PDLLAG-b-PEG-b-PDLLAG) sol-gel has
been established (Zhang et al., 2011).

2.2. Stereocomplexation of PLLA/PDLA blends

The scPLAs were first prepared by solution blending of low molecular weight
PLLA and PDLA before solvent evaporation (lkeda et al., 2011). After that, many
researchers have investigated full stereocomplex formation. Heat resistant property of
melt blended scPLA did not significant increase for the co-existence of homo-
crystallites and stereocomplex crystallites. Thus the melt mixing process of PLLA and
PDLA became a challenge because it was valuable in the industrial scale.

Stereocomplex formation of PLLA/PDLA blends is shown in Fig. 6.
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Fig. 6. Stereocomplex formation of PLLA/PDLA blends.

2.2.1 Effect of PLLA/PDLA blend ratio on stereocomplexation
The scPLA showed Tm around 230 °C that was higher than the T of both PLLA

and PDLA (~ 170 °C). Fig. 7 shows effect of PLLA/PDLA blend ratio on
stereocomplex formation. The PLLA/PDLA blends show two Tm of homocrystallites
and stereocomplex crystallites. Only 50/50 (w/w) PLLA/PDLA blend ratio exhibits

complete stereacomplex formation. The Tm of homo-crystallites has disappeared ( Tsuji

etal., 1991).
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Fig. 7. DSC thermograms of PLLA, PDLA and PLLA/PDLA blends (M.W. of PLLA

and PDLA = 60,000 g/mol) (Tsuji et al., 1991).
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2.2.2 Effect of M.W. of PLLA and PDLA on sterecomplexation
Influence of M.W. of PLA on stereocomplex formation is shown in Figs. 8 and
9. The blending ratio was kept constant at 50/50 w/w PLLA/PDLA. As shown in Fig.
8, low-low and medium-medium M.W. can induce complete stereocomplexation. In
addition, the low M.W. PDLA gave complete stereocomplex formation with low,

medium and high M.W. PLLA as shown in Fig. 9 (Tsuji etal., 1991).
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Fig. 8. DSC thermograms of 50/50 PLLA/PDLA blends prepared with different
M.W. of PDLA and PLLA (Tsuji etal., 1991).
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Fig. 9. DSC thermograms of 50/50 PLLA/PDLA blends prepared with different
M.W. of PLLA (M.W. of PDLA = 5,000 g/mol) (Tsuji et al., 1991).

2.2.3 Effect of stereocomplexation on mechanical properties

15

Fig. 10 illustrates influence of M.W. of PLAs on tensile strength and elongation
at break of PLLA, PDLA and scPLA. It can be seen that the scPLA exhibited higher
tensile strength and elongation at break than both the PLLA and PDLA. In addition, the

tensile strength and elongation at break increased as the M.W. of PLAs increased (Tsuji

& Ikada, 1993).
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Fig. 10. Tensile properties of PLLA, PDLA and scPLA (Tsuji & lkada, 1993).
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2.2.4 Effect of stereocomplex on thermal stability
Fig. 11 presented thermogravimetric (TG) thermograms of PLLA, PDLA and
scPLA in isothermal mode at different temperatures. It can be seen that the scPLA
showed higher thermal stability at 250°C and 260°C than both PLLA and PDLA. The
stronger van der Waal forces of scPLA enhanced its thermal stability (Tsuji & Fukui,
2003).

100 T N 100 T
At 250°C At 260°C

50

Remaining weight / %
Remaining weight / %

Tim (min) Tim (min) 2

Fig. 11. TG thermograms of PLLA, PDLA and scPLA in isothermal mode at 250 °C
and 260 °C (Tsuji & Fukui, 2003).

2.3. Stereocomplexation of PLLA/PDLA-PEG-PDLA blends

2.3.1. Effect of PLLA/PDLA-PEG-PDLA blend ratio on

stereocomplexation

The PDLA-PEG-PDLA triblock copolymers were blended with the PLLA for
improve flexibility of the resulted scPLA. (Liu et al., 2014) have synthesized two
PDLA-PEG-PDLA copolymers with different PDLA end-block lengths, as presented
in Table 3. The PLLA/PDLA-PEG-PDLA blend films were prepared by solution
blending. The stereocomplex formed between PLLA and PDLA blocks of PDLA-PEG-
PDLA occurred during the solvent evaporation. The wide-angle X-ray diffraction
(WAXD) and DSC methods are used to determine the crystalline state of these blend
films. Fig. 12 shows WAXD profiles of the blend films prepared with different blend
ratios and PDLA end-block lengths. The diffraction peaks around 12°, 21° and 24°
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corresponding to stereocomplex crystallites could be observed with the presence of
PDLA-PEG-PDLA copolymer. And intensity of these peaks increases with the addition
of the amount, irrespective with the copolymer type. On the contrary, the intensity of
diffraction peaks around 16.8° and 19.1° assigned to the homo-crystallites of PLA
(Shao et al.,, 2012) decreases as the PDLA-PEG-PDLA ratio increased. The
stereocomplex crystalline state becomes the major one, and the homo-crystalline state
disappears when the PDLA-PEG-PDLA ratio reaches 50 wt%. These results are quite
consistent with the results reported for the PLLA/PDLA blends that the stereocomplex
crystallites preferentially formed at a blend ratio close to 50/50 (w/w) (Tsuji et al.,
1991).

Table 3. Information of PDLA-PEG-PDLA copolymers using PEG M.W. of 10,000
g/mol (Liu et al., 2014).

Code PEG/PDLA (wt/wt) M (g/mol) Mw/Mn
EG2D3 2:3 11,500 1.73
EG1D3 1:3 17,900 1.79




18

d

PLLAVEG2D3

100/0
Z 0Moo
]
=
]
£

5 10 15 20 2I5 30 35

20/degree

b

PDLA/EG1D3
£
w
=
['F]
E

20/degree

Fig. 12. WAXD profiles of (a) PLLA/EG2D3 and (b) PDLA/EG1D3 with different
weight ratios (Liu et al., 2014).

In Figs. 13(a), the heating curves of PLLA/EG2D3 and PDLA/EG1D3 are
presented. The Tm of neat PLLA was detected at 178°C corresponding to homo-
crystallites. The neat PDLA-PEG-PDLA copolymer, the Tm values of PEG and PDLA
blocks were found at 39°C and 154°C, respectively. The homo-crystalline of PLLA and
PDLA blocks were suppressed when the PDLA-PEG-PDLA was blended and its blend
ratio was increased, which s consistent with ‘the WAXD results. The
stereocomplexation efficiency between the PLLA and PDLA chains is enhanced by the
presence of PEG part of the copolymers. The full stereocomplex could be obtained
when the amount of copolymer reaches 40 wt% (the actual amount of PDLA is less
than 40 wt%), while the general opinion is that the full stereocomplex could be formed
at PDLA to PLLA ratio from 40/60 to 60/40 (Kakuta et al., 2009).
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The homo-crystallization temperature (T¢) of neat PLL (~110°C) increased with
the PDLA-PEG-PDLA ratio owing to the nucleation effect caused by
stereocomplexation during the cooling process [Figs. 13(b)], and it disappears when the
PDLA-PEG-PDLA ratio exceeds 40 wit%. Whereas the T. of stereocomplex
crystallization also increases with the PDLA-PEG-PDLA ratio.
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Fig. 13. Heating (a) and cooling (b) curves of PLLA/PDLA-PEG-PDLA blends with
different weight ratios (Liu et al., 2014).

Fig. 14 shows tensile results of the blend films. The tensile strength of the blend
films slightly increased with increase in the content of PDLA-PEG-PDA ratio. The
maximum values of tensile strength was obtained with 30 wt% PDLA-PEG-PDLA
ratio, then the decreased of tensile can be observed. These tensile behaviors can be seen

as the synergistic effect of stereocomplexation and molecular weight. The PLLA/PDLA
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stereocomplexation give higher tensile strength (Tsuji & Ikada, 1999), but the M.W. of
PDLA-PEG-PDLA copolymer is much lower than PLLA in this case, so the tensile
strength is governed by the M.W. of PDLA-PEG-PDLA copolymers after a critical
amount.

The elongations at break were no obvious increase when 10 wt% and 20 wt%
PDLA-PEG-PDLA were blended, but enormous increase of elongation at break can be
found with 30 wt% and 40 wt% PDLA-PEG-PDLA ratio. However the elongation at
break decreases to around 50%, when 50 wt% copolymers are added, which might be
caused by physical crosslinking effect of stereocomplex that limits the mobility of
molecular chains, or by the M.W. of copolymers thjat lower than the critical value.

The relative content of PEG/PDLA has significant effect on mechanical
properties of blends, as can be seen in Figs. 14(c) and (d). The PLLA/PDLA
stereocomplexation increases the tensile strength with the PDLA content less than 25
wt%, whereas the copolymer with higher PDLA content (EG1D3) has greater
contribution on tensile strength [Fig. 14(c)]. On the contrary, the copolymer with
higher PEG content (EG2D3) has greater effect on elongation at break as can be seen
in Fig. 14(d).

The toughening effect of the addition of PDLA-PEG-PDLA into PLLA could be
explained by the synergistic effect of stereocomplexation between PLLA and PDLA
blocks of PDLA-PEG-PDLA copolymer and plasticization effect from PEG blocks of
PDLA-PEG-PDLA copolymer for short. The stereocomplexation could form a 3D
crosslinking structure that increase the tensile strength whereas the existence of
sufficient PEG promotes the slippery of crystallites, thus increasing the elongation at
break of the samples. The balanced mechanical properties with good tensile and
toughness could be achieved when 30 wt% PDLA-PEG-PDLA copolymer are added.
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Fig. 14. Mechanical properties of PLLA/PDLA-PEG-PDLA blends of various

compositions (Liu et al., 2014).

2.3.2. Effect of PEG block length on stereocomplexation

The effect of PEG block length of PDLA-PEG-PDLA on streacomplexation was
investigated by using PLLA with M.W. of 45,000 (45k) g/mol. The PDLA block length
of PDLA-PEG-PDLA was kept constant at 2,000 (2k) g/mol. The various PEG block
lengths (0.4k, 1k and 2k g/mol) were used to synthesize the PDLA-PEG-PDLA

copolymers (Song et al.,

prepared by solution blending before film casting.

2015). The PLLA/PDLA-PEG-PLLA blend films were

Fig. 15 shows the heating scans of blend films after quenched from the melt. The
Tg of neat PLLA is 62°C. For PLLA/PDLA, it decreases to 56°C with low molecular
weight of PDLA acting as a plasticizer. For the blends of PLLA/PDLA-PEG-PDLA,
the T4 of the blend with the longer PEG block is lower than that of the blend with a
shorter PEG block. These results indicate that both the low molecular weight PDLA

Elengation at break (%)
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and PEG blocks could act as a plasticizer to reduce the T4 of PLLA after blending due
to the higher chain mobility of PDLA and the flexibility of PEG chains.

Moreover, upon heating, both neat PLLA and the PLLA/PDLA blend show only
one crystallization peak (the peak temperature was marked with Tc1), whereas
PLLA/PDLA-PEG-PDLA blends show two crystallization peaks (Tc1and Te2). Also,
with the increasing length of PEG, these crystallization peaks become sharper and the
Te1and Teo shift to lower temperaters. This result indicates that the longer PEG block

is more conductive for improving the crystallization rate of the blends.

(1) PLLA45sx

(2) PLLA4sw/PDLA2-8%

(3) PLLA4sw/PDLA2k=-b-PEGo.ax-b-PDL A2k-10%
(4) PLLA4si/PDLA2-b-PEG1x=-H-PDLA 2x-10%
(5) PLLAssW/PDLA2k-b-PEG2k-5-PDLA2k-10%

Heat Flow Endo >

1

0 50 100 150 200
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Fig. 15. DSC scans of PLLA and its blends after quenched from 230°C and then

heated at a rate of 20°C/min (Song et al., 2015).

2.3.3. Effect of PDLA block length on stereocomplexation

The effect of PDLA block length of PDLA-PEG-PDLA on streocomplexation
was investigated by using PLL with M.W. of 160,000 g/mol. The PEG block length of
PDLA-PEG-PDLA was kept constant at 8,000 g/mol (PEGis2). The various PDLA
repeating units (53, 81, 126 and 213 units) were prepared (Tacha et al., 2015). The
PLLA/PDLA-PEG-PLLA blend films were prepared by solution blending before film

casting.
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The DSC thermograms of the films prepared from blending PLLA with PDLAs3—
PEG1s>-PDLAs3, PDLAg1—PEG1g>-PDLAg1;, PDLA126PEG1s-PDLA12s  and
PDLA213-PEG18>-PDLA213 are shown in Figs. 16 (a) - (d), respectively. All T, at about
150°C corresponding to homo-crystalline melting temperatures were clearly observed
in both the neat PLLA film and the blend films with added copolymer up to 30 wt%.
Unlike PLLA/PDLA blend films, the addition of, at least, 40 wt% copolymer brought
the complete stereocomplexation of the two PLA enantiomers, i.e. PLLA and PDLA,
in all blend films as can be seen from a single melting peak observed at about 200°C,
corresponding to a characteristic melting temperature of stereocomplex crystallites
(Tsuji & Ikada, 1999; Tsuji et al., 1991). The stereocomplex crystallinity (% Xsc) was,
in addition, increased with increasing the copolymer composition in the blend films. It
should be noted that all the PLLA/copolymer blend films, with the addition of
copolymers higher than 20 wt%, demonstrated the amount of % Xsc more than
PLLA/PDLA blend films. These relative high values of % Xsc were resulted from the
plasticization effect of PEG in the copolymers that facilitated the mobility of the
polymer chains and, thus, substantial alignment of the PLLA and PDLA blocks
(Kulinski & Piorkowska, 2005). The mobility of the polymer chains, however, was
restricted by the increase of PDLA blocks in the copolymers. The longer PDLA blocks

leaded to the progressive decrease of % Xsc of the films for the same blend ratios.

Also, it should be noted that the melting peaks of PEG block in the copolymer
was decreased in its intensity when the PDLA block increased from 53 (in PDLAs3-
PEGis2-PDLAs3) t0 81 (in PDLAg1-PEG1s2-PDLAg1), respectively shown in Figs. 16(a)
to (b) bottom thermograms, and the PEG melting peak was completely disappeared
when the PDLA block further increased, i.e. from 126 (in PDLA126-PEG1g-PDLA126)
to 213 (in PDLA213-PEG1s-PDLA213) as respectively observed in Figs. 16(c) to (d)
bottom thermograms. The effect was clearly exemplified in Fig. 16(e), showing the
thermograms in second heating scan where the thermal history of the copolymers was
erased. The gradual decline and eventual disappearance of PEG melting peak with
increasing PDLA block length in the copolymers clearly suggested that the
crystallization of PEG was restricted by the addition of PLA. This effect was also
emphasized when blending PLLA with the copolymers. The thermograms of

PLLA/copolymer films mostly exhibited no PEG melting temperature. The
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crystallization of PEG, therefore, was interrupted and, thus, prohibited by either adding
PDLA or PLLA in the system (Kulinski & Piorkowska, 2005). In addition, the melting
temperature of PDLA in the copolymers slightly shifted to higher temperature with

increasing PDLA block length.
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Fig. 16. DSC thermograms of PLLA/copolymer blended-films prepared from blending
PLLA with (a) PDLAs3—PEG182-PDLAs3, (b) PDLAg1—PEG18>-PDLAg1, (C) PDLA126—
PEG1s2—PDLA126 and (d) PDLA213-PEGis2—PDLA?13 in various compositions; (e) the

second heating run thermograms of the copolymers (Tacha et al., 2015)
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2.4. Stereocomplexation of PLLA-PEG-PLLA/PDLA-PEG-PDLA blends

The PLLA-PEG-PLLA (LEL) and PDLA-PEG-PDLA (DED) were synthesized
by ring-opening polymerization of L- and D-lactide monomers, respectively using PEG
as the initiator. The PLLA-PEG-PLLA/PDLA-PEG-PDLA blend films were prepared
by solution blending before solvent evaporation. These copolymers with different PEG,
PLLA and PDLA block lengths were synthesized as reported in Table 4 (Han et al.,
2016).

Table 4. Molecular characteristics of PLLA-PEG-PLLA and PDLA-PEG-PDLA
triblock copolymers (Han et al., 2016).

Sample? M th” Mn,NMR® M gpc® PDI mpec®
(kDa) (kDa) (kDa) (Wt%)
LE2kLaak 78.8 89.3 125.9 1.30 2.2
DE2kDa4zk 77.1 87.4 105.9 1.25 2.3
L EskLaak 88.9 93.8 94.4 1.32 6.4
DEskDa2k 86.2 89.8 90.8 1.26 6.7
LE2okLask 104.1 110.2 100.5 1.43 18.1
DE20kDask 102.4 109.3 99.0 1.25 18.3
LE2okL3ok 83.7 79.5 60.3 1.29 25.2
DE20kD32k 84.6 83.4 61.5 1.28 24.0
LE2okL22k 65.7 63.2 45.0 1.27 31.6
DE20kD21k 64.5 62.2 41.6 1.35 32.2

2 PLLA-PEG-PLLA and PDLA-PEG-PDLA are abbreviated as LExLy and DExDy,
respectively, where x is the M, of PEG middle-block and y is the My (calculated from
'H-NMR) of each PLLA or PDLAend-block.

b M calculated theoretically, Ma .t = [M]/[1] x 144.13 x yield + Mm, rec, Where Mm, pec
is the My of PEG middle-block.

¢ My, determined by *H-NMR.

4 M, measured by GPC.

¢ Weight percentage of PEG in triblock copolymer.
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Fig. 17 shows the DSC curves of 50/50 (w/w) PLLA-PEG-PLLA/PDLA-PEG-
PDLA blends obtained in the cooling and subsequent heating scans. DSC curves of
PLLA/PDLA blend with the similar molecular weight are included in Fig. 17 for
comparison. Crystallization and melting behavior of enantiomeric blends depend
strongly on the lengths of PEG middle-block and PLLA, PDLA end-blocks. For the
enantiomeric blends with similar PLLA, PDLA block lengths (i.e., PLLA/PDLA,
LE2kLaak/DE2kDask, LEskLa2k/DEekDagk, LE20kLask/DE2okDask), their AHe, AHm sc, Xe.sc,
and fsc psc values increase and the cold crystallization peaks observed in subsequent
heating scans gradually diminish as the length of PEG middle-block increases (Fig. 17).
This suggests that the presence of flexible PEG middle-block enhances the
crystallization rate and stereocomplexation ability of PLLA and PDLA. Similar
acceleration effects of PEG on the crystallization of PLLA have been found in the
PLLA/PEG blends (Hu et al., 2003; Lai et al., 2004; Wei et al., 2014) Previous reports
have demonstrated that PLLA and PEG have good miscibility (Hu et al., 2003; Lai et
al., 2004) and the PLLA/PEG block copolymers with a wide My range of PLL and PEG
blocks are miscible in melt state (Yang et al., 2015; Yang et al., 2012; Zhou et al.,
2015) . The acceleration effects of PEG on PLLA/PDLA crystallization are attributed
to the enhanced chain diffusion and mobility (Wei et al., 2014).
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Fig. 17. DSC curves of PLLA-PEG-PLLA/PDLA-PEG-PDLA and PLLA/PDLA
blends: (A) cooling scans from the melt state (250 °C); (B) subsequent heating scans

after cooling. Both the cooling and heating rates are 10 °C/min (Han et al., 2016).
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As shown in Fig. 18. PLLA homopolymer and PLLA/PDLA blend are brittle.
The PLLA/PDLA blend has a tensile strength of 53.7 MPa, a modulus of 1.38 GPa, and
an elongation-at-break of 11.9%, compared to the 41.5 MPa, 1.35 GPa, and 4.6% of
PLLA. As the length of PEG middle-block increases, the tensile strengths and moduli
of PLLA-PEG-PLLAS, PLLA-PEG-PLLA/PDLA-PEG-PDLA blends decrease and
their elongations-at-break increases, because the flexible PEG segments promote the
slippery of PLLA, PDLA crystallites under mechanical deformation (Nijenhuis et al.,
1996). Interestingly, the stereocomplexation of PLLA/PDLA blends exerts dual effects
on the mechanical properties. It not only enhances the mechanical strength but also
improves the ductility and toughness of stereocomplexed materials. The PLLA/PDLA
and PLLA-PEG-PLLA/PDLA-PEG-PDLA blends exhibit larger tensile strength and
elongation at break than the corresponding PLLA and PLLA-PEG-PLLA. The tensile
strength and elongation at break of LE2okL22k increase from 12.3 MPa, 41.1% to 31.6
MPa, 410.4% after stereocomplexation with the same amount of LEakL21k,
respectively. The elongation at break of PLLA-PEG-PLLAs having the PEG2ok middle-
block enhance by 4-10 folds after stereocomplexation with the corresponding PDLA-
PEG-PDLAs. The increased strength of enantiomeric blends is stemmed from the
higher strength and compact chain packing in SCs; this is consistent with the results of
the PLLA/PDLA blend (Tsuji & lIkada, 1999) and stereocomplex thermoplastic
elastomers (Chang et al., 2015; Huang et al., 2016; Huang et al., 2014). On the other
hand, SC formation is a typical process of intermolecular crystallization, in which the
PLLA and PDLA blocks coming from different macromolecules pack together in the
same crystal lattice. Accordingly, SCs can serve as the physical crosslinks in the PLLA-
PEG-PLLA/PDLA-PEG-PDLA blends (Wei et al., 2014; Yamane et al., 2004). The
presence of such physically-crosslinked domains would facilitate the energy absorption
and dissipation when the external stress is applied, leading to the increased ductility

and toughness for the stereocomplexed materials.
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Fig. 18. Tensile stress vs strain curves for solution-cast films of (A) PLLA-PEG-
PLLAs and (B) PLLA-PEG-PLLA/PDLA-PEG-PDLA blends (Han et al., 2016).



3.1.1 Chemicals

CHAPTER IlI
RESEARCH METHODOLOGY

3.1 Chemicals and instruments

The chemicals used in this research were listed in Table 5.

Table 5. Chemicals used in this research.
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Chemicals Usage Grade Supplier
D-Lactic acid Monomer D-form > 99% Haihang
precursor (China)
L-Lactic acid Monomer Heat stable grade PURAC
precusror (L-form > 95%) (Thailand)
Ply(ethylene glycol) Initiator Molecular weight of | Sigma-Aldrich
(PEG) 20,000 g/mol
Zinc Oxide Catalyst AR Ajax Finechem
1-Dodecanol Initiator 98% Acros Organis
Stannous octoate Catalyst 95% Sigma
Ethyl acetate Solvent Commercial grade* Carlo Erba
Chloroform Solvent AR Merck
Joncryl® ADR-4386 | Chain extender ADR 4368 BASF
(Thailand)

* Fraction distillation before use.



3.1.2 Instruments

The main items of instruments used in this research were listed in Table 6.

Table 6. Instruments used in this research.

Instruments Model Company
X-ray diffractometer D8 Advance Bruker
Thermogravimetric analyzer SDT Q600 TA Instruments
Vacuum oven Vacucell MMM Group
Tensile tester LRX+ Lloyds
High vacuum pump Rv. 8 Edward
Ubbelohde viscometer 12350 Schott Gerate
Melt flow indexer MP1200 Tinius Olsen
Internal mixer Rheomex Haake
Compression molding Auto CH 25 Ton Carver, Inc.
machine
'H-NMR Spectrometer DPX 400 Bruker Advance
Dynamic mechanical analysis Q800 TA Instruments

(DMA)

3.2 Monomer preparation and characterization

L-lactide (LLA) and D-lactide (DLA) monomers were synthesized from its
cheaper precursors; L-lactic and D-lactic acid, respectively. The synthesis of monomer
is a two-step process involving, firstly, the direct polycondensation of lactic acid to low
molecular weight poly(lactic acid) (low M.W. PLA) followed, secondly, by thermal
decomposition  of -the low M.W. PLA to 'yield crude lactide as the primary

decomposition product, as shown below:
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Step 1
CH; CH; O
linear [ | || ]
polycondensation n
Lactic acid Low M.W. PLA
Step 2 HsC
o @)
CH; O H
[ | | ] thermal i
[ 0—CH—-C ] » " H
n decomposition O O CHs,
Low M.W. PLA Lactide

In a typical synthesis experiment in this work, approximately 5,000 g lactic acid
was added into a 5 L round-bottomed flask which contained about 3 g zing oxide as a
catalyst. The flask was then heated at 180°C in a conventional short-path distillation
apparatus for 3 h [see Fig. 19 (a)]. The pressure of system was reduced (ca. -25 inch
Hg) for 1 h to facilitate further removal of water and to increase the polymer yield. The
product at this stage was low M.W. PLA.

The 5 g of Sn(Oct), was added before adjusting to higher vacuum. The
temperature was kept constant at 230-240°C under a reduced pressure of -28 inch Hg
for 2 h to thermally degrade the low M.W. PLA to yield lactide as the primary product
[see Fig. 19 (b)]. Crude lactide began to distill out of the flask as a pale brown
crystalline solid in approximately 50-60% yield based on the initial lactic acid.
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Drying tube
or vacuum

Lactic acid + Zing oxide

vacuum

cold water

lactide

(b)
Fig. 19. Apparatus used in the two-step preparation of lactide: (a) direct
polycondensation of lactic acid and (b) thermal decomposition of low M.W. PLA.

The crude lactide which had collected in the round bottom flask [Fig. 19(b)]
was carefully and quickly removed due to its hygroscopic nature. After that it was
purified at least 4 times by re-crystallisation from distilled ethyl acetate. The purified
lactide was obtained as a white, needle-like, crystalline solid. It was dried in a vacuum
oven at 55°C for at least 48 h before use in polymerization.
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Optical rotation property of LLA and DLA monomers were determined by
polarimetry. The approximate 0.1 g of sample was dissolved in 10 mL of benzene
before determining at 25 °C with sodium D line of 589 nm Degree of optical rotation
of lactide unit (ocuactice) Was calculated from equation (3.1). Specific optical rotation of
lactide unit measured at 25 °C with sodium D line of 589 nm ([a]sse?®) was calculated

from the auactide, @8 Shown in equation (3.2). (Feng et al., 2010; Kumar et al., 2016)

Ollactide = OU/2 (3-1)
[(1]58925 = Olfactide/CI (3-2)
a = degree of optical rotation of lactide unit (deg)

alactide = degree of optical rotation of lactide unit (half of lactide unit) (deg)

[0]s89%° = specific optical rotation of lactide unit (half of lactide unit) (deg - g™ ml- dm-
Y

c = lactide concentration (g ml™?)

I = length of sample tube (1 dm)

Fractions of L-lactide unit (Xv) and D-lactyl unit (Xp) were determined from
equations (3.3) and (3.4), respectively.

XL (%) = 100([a]s89% — 297)/(-297 — 297)  (3.3)
XL+ Xp =100 (3.4
Xu = fraction of L-lactide unit
XL = fraction of D-lactide unit

Where [a]ss0?° of 100% pure L-lactide (Xi =100%) is -297 deg ' g* ml- dm
for benzene (Zhang et al., 2005) and [a]sse> 0f 100% pure L-lactide (X, =100%) is -
287-deg - g1 ml- dm for chloroform. (Feng et al., 2010)

Thermal decomposition of LLA and DLA monomers were characterized from
TGA. The 5 - 10 mg of sample was heated at the heating rate of 20 °C/min under
nitrogen flow.

3.3 Synthesis of polylactides

3.3.1 Synthesis of triblock copolymers
Poly(D-lactide) (PDLA) with feed M.W. of 5,000 g/mol was synthesized by ring-
opening polymerization of DLA at 165°C for 2.5 h using Sn(Oct)2 (0.01 mol%) as a
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catalyst and 1-dodecanol (26.92 mol%) as an initiator. The polymerization reaction was
presented in Fig. 20. The obtained polymers were granulated before dried in a vacuum

oven at 110°C for 2 h to remove some un-reacted DLA.

" ° g CHj
' Sn(Qct), |
eC 3 P> HyC(H,C)y;——O0—C—C
1-dodecanol CHC | ”
o) o} CHj ML n
Lactide Polylactide

Fig. 20. Polymerization reaction of PDLA.

3.3.2 Synthesis of triblock copolymers

Triblock = copolymers of poly(L-lactide)-b-poly(ethylene glycol)-b-poly(L-
lactide) (PLLA-PEG-PLLA) and poly(D-lactide)-b-poly(ethylene glycol)-b-poly(D-
lactide) (PDLA-PEG-PDLA) with feed M.W. of 120,000 g/mol were synthesized by
ring-opening polymerization in bulk of LLA and DLA monomers, respectively, under
a nitrogen atmosphere at 165°C for 6 h using Sn(Oct)2 (0.075 mol%) as a catalyst. The
PEG with M.W. of 20,000 g/mol were used as an initiator. The polymerization reaction
was presented in Fig. 21. The obtained copolymers were granulated before dried in a

vacuum oven at 110°C for 2 h to remove some un-reacted lactides.
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Fig. 21. Polymerization reaction of triblock copolymers.

3.4 Characterization of polylactides

The PDLA, PLLA-PEG-PLLA and PLLA-PEG-PDLA were characterized by the
following of instrumental methods:
3.4.1 Optical rotation property
Optical rotation property of polymer sample was studied from polarimetry. The
approximate 0.1 g of sample was dissolved in 10 mL of chloroform before determining
at 25 °C with sodium D line of 589 nm (Kumar et al., 2016). Degree of optical rotation
of lactyl unit (ouacty) Was calculated from equation (3.5). Specific optical rotation of
lactyl unit measured at 25 °C with sodium D line of 589 nm ([c]sss%°) was calculated

from the cuactyl, @S shown in equation (3.6). (Feng et al., 2010; Kumar et al., 2016)

COllactyl = o/2 (35)
[0]589%° = auacwyi/Cl (3.6)
o = degree of optical rotation of lactyl unit (deg)

alactyl = degree of optical rotation of lactyl unit (deg)

[o]s89%° = specific optical rotation of lactyl unit (deg - g* ml-dm™)
c = lactylconcentration (g ml)

I = length of sample tube (1 dm)

Fractions of L-lactyl unit (X.) and D-lactyl unit (Xp) were determined from
equations (3.7) and (3.8), respectively.
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XL (%) = 100([a]ss9> — 157)/(-157 — 157)  (3.7)
XL+ Xp =100 (3.8)
XL = fraction of L-lactyl unit
XL = fraction of D-lactyl unit
Where [o]sge?> of 100% pure L-lactyl (X, =100%) is -157 deg - g*-ml- dm™.
(Feng et al., 2010)

3.4.2 Diluted-solution viscometry
Intrinsic viscosity, [#], of PDLA and triblock copolymers directly related
to its molecular weight was determined by diluted-solution viscometry in chloroform
solution at 25°C using an Ubbelohde-type viscometer. Polymer concentration with
approximate 0.02 g/dL was used to determine the [#] by equation (3.9) (Feng et al.,
2013). Viscosity-average molecular weight (My) of PDLA was calculated by Mark—
Howing-Sakurada equation (3.10). (Garlotta, 2002).

. / 2(sp - In7pr)

D — (39)

[#] = 5.45 x 10 M\*"3 (3.10)
Where: [5] is the intrinsic viscosity of samples, dL g, #sp = (t-to)/to; ¢ is the sample
concentration, g dLL; t and to are the elution time for the sample solution and the CHsCl,

s and My is a viscosity-averaged molecular weight.

3.4.3 Gel permeation chromatography (GPC)
Number-average molecular weight (Mn) and dispersity index (DI) of PDLA
and triblock copolymers were determined by GPC method at 40°C with flow rate of 1.0
mL/min. Tetrahydrofuran was used as a solvent at 40 °C. Polystyrenes with narrow DI

value were used as standard for calibration curves.
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3.4.4 Thermogravimetric analysis (TGA)
Thermal decomposition behaviors of PDLA and triblock copolymers were
determined by thermogravimetric analyzer (TGA). The 5 - 10 mg of sample was heated
at the heating rate of 20 °C/min under nitrogen flow.

3.4.5 Differential scanning calorimetry (DSC)

Thermal transition properties of PDLA and triblock copolymers were
studied by differential scanning calorimeter (DSC). The 2 - 5 mg of sample was sealed
in an aluminum pan that was melted at 200°C for 2 min to eliminate its thermal history
before quenching to 0°C and re-heated from 0 to 200°C at the rate of 10 °C/min under
nitrogen atmosphere in order to observe their glass transition temperature (Tg), cold
crystallization temperature (Tcc), enthalpy of cold crystallization (AHc), melting

temperature (Tm) and enthalpy of melting (AHm).

3.4.6 'H-NMR spectrometry
Chemical functional groups and compositions of PDLA and triblock
copolymers were determined by H-NMR spectrometer at room temperature.

Deuterated chloroform (CDCl3) was used as a solvent.

3.5 Preparation of stereocomplex polylactides

3.5.1 PLLA-PEG-PLLA/PDLA blends

Prior to mixing, all materials were vacuum dried at 55°C overnight. The
stereocomplex - polylactides (scPLA) of PLLA-PEG-PLLA/PDLA blends were
fabricated by melt blending using an internal mixer at 200°C for 4 min-with rotor speed
of 100 rpm. The films of scPLA were fabricated by compression molding at 240°C. The
films were pre-melted for 1.0 min before being compressed with 5 ton for 1.0 min.
Allowed to cool to room temperature with water. The formulations of the scPLA with
different PLLA-PEG-PLLA/PDLA weight ratios (100/0, 90/10, 80/20, 70/30 and
60/40) and Joncryl® contents (0.0 and 4.0 phr) were prepared. Table 7 shows

formulations of the scPLA.
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Table 7. Formulations of PLLA-PEG-PLLA/PDLA blends.

PLLA-PEG-PLLA/PDLA ratio | PLLA-PEG-PLLA | PDLA | Joncryl®
(w/w) () @) (@)
100/0 50 - -
90/10 45 5 -
80/20 40 10 -
70/30 35 15 -
60/40 30 20 -
100/0 50 - 2.0
90/10 45 5 2.0
80/20 40 10 2.0
70/30 35 15 2.0
60/40 30 20 2.0

3.5.2 PLLA-PEG-PLLA/PDLA-PEG-PDLA blends

Prior to mixing, all materials were vacuum dried at 55°C overnight. The
stereocomplex polylactides (scPLA) of PLLA-PEG-PLLA/ PDLA-PEG-PDLA blends
were fabricated by melt blending using an internal mixer at 200°C for 4 min with rotor
speed of 100 rpm. The films of scPLA were fabricated by compression molding at
240°C. The films were pre-melted 1.0 min before being compressed with 5 ton for 1.0
min. Allowed to cool to room temperature with water. The formulations of the scPLA
with different PLLA-PEG-PLLA/ PDLA-PEG-PDLA weight ratios (100/0, 90/10,
80/20, 70/30 and 60/40) and Joncryl® contents (0.0 and 4.0 phr) were prepared. Table

8 shows formulations of the scPLA.



Table 8. Formulations of PLLA-PEG-PLLA/PDLA-PEG-PDLA blends.

PLLA- PDLA-
PLLA-PEG-PLLA/PDLA-PEG- Joncryl®
_ PEG- PEG-
PDLA ratio (w/w) (0)
PLLA(Q) PDLA(9)

100/0 50 - -
90/10 45 5 -
80/20 40 10 -
70/30 35 15 -
60/40 30 20 -
100/0 50 - 2.0
90/10 45 5 2.0
80/20 40 10 2.0
70/30 35 15 2.0
60/40 30 20 2.0

3.6 Characterization of scPLA

3.6.1 Differential scanning calorimetry (DSC)
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Thermal transition properties of SCPLA pellets were studied by DSC. For heating

scan, the 2 - 5 mg of sample was sealed in an aluminum pan that was melted at 250°C

for 2. min to eliminate its thermal history before quenching to 0°C and re-heated from

0 to 250°C at the rate of 10 °C/min under nitrogen atmosphere in order to observe their

Tg, Tee and Tm of homo-crystallites (Tmnc) and stereocomplex crystallites (Tm,sc).
Degree of crystallinity from DSC (DSC-Xc) of homo-crystallites (DSC-Xc,nc) and

stereocomplex crystallites (DSC-Xcsc) were calculated using equations (3.11) and

(3.12), respectively.

DSC-Xohe (%) = [AHm, ne/(93 x Wria)] x 100

DSC-Xe,sc (%) = [AHm, SC/(142 X WPLA)] x 100

(3.11)

(3.12)
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Where AHmnhc and AHmsc are enthalpies of melting for homo- and stereocomplex
crystallites, respectively. The 93 and 142 J/g are theoretical 100%X. for
homocrystallites and stereocomplex crystallites, respectively (Xie et al., 2018). WpLa
is weight fraction of PLA that are 1.00 and 0.83 for PDLA and triblock copolymer,
respectively (Baimark et al., 2018).

For cooling curves, the sample was melted at 250°C for 2.0 min to remove
thermal history before cooling from 250 to 0°C at the rate of 10°C/min to observe

crystallization temperature (Tc) and enthalpy of crystallization (AHc).

3.6.2 X-ray diffractometry

The crystalline structure of the film samples was determined by wide-
angle X-ray diffractometry (XRD) at 25°C operated at 40 kV and 40 mA CuKa
radiation. For XRD, the film samples were recorded in a 20 range 5° to 30° at a scan
rate of 3°/min. The degree of crystallinity from XRD (XRD-Xc) for homo-crystallites
(XRD-Xche) [equation (3.13)] and stereocomplex crystallites (sc-Xcxrp) [equation
(3.14)] of the film samples were calculated. (Pan et al., 2018)

XRD-Xcne (%) = She/(She + Ssc + Sa) X 100 (3.13)

XRD-Xcc (%) = Sse/(She + Sse + Sa) x 100 (3.14)

Where She, Ssc and S, are the integrated intensity peaks for homo-crystallites and
stereocomplex crystallites as well as the integrated intensity of the amorphous halo,

respectively.

3.6.3 Tensile testing
Tensile properties including stress at break, elongation at break and
Young’s modulus of the scPLA films were investigated by Universal Testing Machine.
The films (10x100 mm) were performed at 25 °C and 65% relative humidity with the
speed of 50 mm/min. The gauge length of 50 mm was used. The experimental values
for mechanical properties represent averages of measurements from the five replicate

films.
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3.6.4 Thermo-mechanical properties
The thermo-mechanical properties of the film samples (5 x 20 x 0.2 mm) were
measured by dynamic mechanical analysis (DMA) under a tensile mode with the scan
amplitude of 10 um and the scanning frequency of 1 Hz from 40 to 140°C at a heating
rate of 2°C/min. The scan amplitude was set to be 10 um and the scanning frequency
was 1 Hz.
3.6.5 Dimensional stability to heat
The dimensional stability to heat of film samples with 0.2 mm thickness was
observed by hanging in the air oven at 80°C for 30 sec with a 200 g load. The final
length was determined after test. Initial gauge length of film samples was 20 mm. The
dimensional stability was calculated as below equation (3.15) (Baimark & Kittipoom,
2018).

Dimensional stability to heat (%) = [initial length (mm)/final length (mm)] x 100
(3.15)

3.7 Data analysis
The data from characterization of sample analysis including viscosity, tensile
properties and tensile testing were carried out in five samples (n = 5). The data was

expressed as means and standard deviation (S.D.).



42

CHAPTER IV
RESULTS AND DISCUSSION

4.1 Characterization of lactides

4.1.1 Optical rotation property

Table 9 shows optical purities of LLA and DLA monomers in benzene. The X,
and Xp of LLA and DLA were 99.20% and 96.98%, respectively. These monomers had
very high optical purity (> 95%). These monomers can be used to prepare the
polylactides with high optical purity.

Table 9. Optical rotation properties of D-lactide and L-lactide in chloroform at 25
°C.

25
[a] X X
Lactide 0 - P
(deg'g ‘mi'dm)| (% (%)
LLA -292.29 99.20 0.79
DLA 279.12 3.01 96.98

4.1.2 Thermal decomposition
The thermal decomposition of LLA and DLA was determined from
thermogravimetric (TG) curves as rillustrated in Fig. 22. It can be seen that both the
LLA and DLA monomers started weight loss at around 100°C. They were complete
thermal decomposed at around 160°C. The temperature of maximum. decomposition
rate (Tqmax) Obtained from DTG curves were summarized in Table 10. The thermal

decomposition of LLA and DLA were similar.
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. Td max
Lactide ’
(9]
LLA 153.3
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4.2 Characterization of PLLA-PEG-PLLA, PDLA-PEG-PDLA and PDLA
In this work, the PLLA-PEG-PLLA, PDLA-PEG-PDLA and PDLA were
characterized by the following of instrumental methods.

4.2.1 Optical rotation property
Optical rotation property of palymer sample was studied from polarimetry. The
approximate 0.1 g of sample was dissolved in 10 mL of chloroform before being
determined at 25 °C with sodium D line of 589 nm. (Kumar et al., 2016) The data of
optical rotation property are summarized in Table 11.

Table 11. Optical rotation property of PLLA-PEG-PLLA, PDLA-PEG-PDLA and
PDLA.

25
[0]550 Xy Xp
Sample
(deg g_1 ‘ml dm_l) (%0) (%)
PLLA-PEG-PLLA -122.5 - -
PDLA-PEG-PDLA +121.5 - -
PDLA +143.1 4.44 95.56

4.2.2 Measurement of intrinsic viscosity

Table 12 reports the [n] and My of PDLA and triblock copolymers. The [#] and
My of PDLA were 0.28 dL/g and 5,200 g/mol, respectively. The My of triblock
copolymers could not calculate because of there are no constant values for Mark-
Houwing-Sakurada equation. However, the [#] of PLLA-PEG-PLLA and PDLA-PEG-
PDLA were similar.
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Table 12. [n] and M of PDLA and triblock copolymers.

Polylactide [#] (dL/g) M, (g/mol)
PLLA-PEG-PLLA 1.20 *
PDLA-PEG-PDLA 1.21 *

PDLA 0.28 5,200

* The My of triblock copolymers could not calculate.

4.2.3 Molecular weight characteristics

Figs. 23, 24 and 25 show GPC curves of PDLA, PLLA-PEG-PLLA and PDLA-
PEG-PDLA, respectively. GPC traces of these sample are unimodal. The GPC results
are summarized in Table 13. The My of PDLA was nearly value with the feed M, (5,000
g/mol) suggested that the 1-dodecanol initiator can control molecular weight of the
PDLA. However, the M, of triblock copolymers were lower than the feed M, (120,000
g/mol). This may be due to thermal decomposition and transesterification may occur
during polymerization. The dispersity (P) of molecular weights of these polymers were
in range 1.9-2.8.

15.88
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Fig. 23. GPC curve of PDLA.
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Table 13. Molecular weight characteristics from GPC of PDLA and triblock

copolymers.

Polylactide Mn b
(g/mol)

PLLA-PEG-PLLA 90,000 2.8

PDLA-PEG-PDLA 85,400 2.1

PDLA 5,700 1.9

4.2.4 Thermal decomposition

47

Fig. 26-28 shows TG/DTG curves of PDLA, PLLA-PEG-PLLA and PDLA-
PEG-PDLA, respectively. The PDLA exhibited a single step of decomposition in range
200-400°C while both the PLLA-PEG-PLLA and PDLA-PEG-PDLA exhibited two-

step decompositions in ranges 200—300°C (PLA blocks) and 300—450°C (PEG blocks).

The TG results suggested that these polylactides contained low residue lactide

monomer (< 5 wt%). The polymerization reactions were nearly complete. The Tqmax

values were reported in Table 14. It should be noted that the Tqmax of PLA blocks of

triblock copolymers were lower than that of the PDLA. This may be explained by the
flexible PEG blocks reduced thermal stability of the PLA blocks by decreasing the

intermolecular interactions between the PLA chains.
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Table 14. Tgmax of PLLA-PEG-PLLA, PDLA-PEG-PDLA and PDLA.

Td,max Of PLLA bIOCk Td,max Of PEG bIOCk
Polylactide
(°C) C)
PDLA 316 -
PLLA-PEG-PLLA 292 406
PDLA-PEG-PDLA 298 409

4.2.5 Thermal transition properties
Fig. 29 shows DSC heating curves of PLLA-PEG-PLLA, PDLA-PEG-PDLA
and PDLA. Both the triblock copolymers had lower T4 and T¢c than the PDLA. This

49

due to the PEG middle blocks acted as plasticizers to enhance chain mobility of the
PLA blocks. There are no T of PEG (60°C). The PEG middle-blocks were connected
with the PLA end-blocks. Therefore, the PEG chains could not crystallize.
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Fig. 29. DSC second heating thermograms of PLLA-PEG-PLLA, PDLA-PEG-PDLA
and PDLA.

Table 15. Summary of thermal transition properties of PLLA-PEG-PLLA, PDLA-
PEG-PDLA and PDLA.

Tg Tee | AHee | T | AHm
(°C) | (°C) | Jlg) | (°C) | (Ig)
PLLA-PEG-PLLA 34 75 75.9 170 37.7
PDLA-PEG-PDLA 33 76 76.5 170 41.3

PDLA 47 81 81.0 161 50.1

Sample

4.2.6. Chemical structures

Chemical functional groups of PLDA and triblock copolymers were determined
by 'H-NMR_ spectrometry. Fig. 30 shows polymerization reaction and *H-NMR
spectrum of PDLA. The peaks of methyl (peak a) and methine (peak b) protons of DLA
units were detected. Figs. 31(a), 31(b) and 31(c) show polymerization reaction of PLA-
PEG-PLA, 'H-NMR spectrum of PLLA-PEG-PLLA and *H-NMR spectrum of PDLA-
PEG-PDLA, respectively. The peaks of methyl (peak a) and methine (peak d) protons
of lactide units and methylene protons (peak b) of ethlylene oxide (EO) units (repeating
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units of PEG blocks) were observed. The last methylene protons of EO units (peak f)
are shown in the inset spectra in Figs. 31(b) and 31(c), indicating that the reaction
between PEG and LLA had successfully occurred (Tacha et al., 2015).

o]

(a) o )‘\/%

Sn(Oct)zl DLA
a a

g§e, g2
iOf&CMHﬂL

b b

(b)

Fig. 30. (a) Ring-opening polymerization reaction of PDLA and (b) *H-NMR
spectrum of PDLA in CDCls (peak assignments as shown).
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spectrum of PLLA-PEG-PLLA and (c) *H-NMR spectrum of PDLA-PEG-PDLA in
CDCl3 (peak assignments as shown).
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4.3 Characterization of PLLA-PEG-PLLA/PDLA blends

4.3.1. Thermal transition properties

Fig. 32 shows DSC heating curves of PLLA-PEG-PLLA and blends. The
corresponding DSC data are reported in Table 16. The Tg of PLLA-PEG-PLLA and
blends were in range 30—35°C was lower than those of the PLLA (approximately 60°C).
This can be explained by flexible PEG middle-blocks act as plasticizers to decreasing
Tg of PLLA end-blocks. The Tm of homo-crystallites (Tmnc) decreased and that of the
stereocomplex crystallites (Tm,sc) slightly increased as the PDLA ratio increased. This
indicating that PLA crystallization with higher PDLA ratio improves the integrity of

the stereocomplex crystallites and their lamella thickness.

It was also found that the Tmnc peaks of blends disappeared for 30 wt% and 40
wt% PDLA for both the blend series with and without chain extender. This indicated
that the stereocomplexation of PLLA end-blocks was complete with 30 wt% PDLA or
higher. This low M.W. PDLA acted as a good stereocomplex enhancer after complete
melting because its highly chain-diffusion (Shao et al., 2015; Srisuwan & Baimark,
2018). For degree of crystallinity from DSC, the DSC-Xcnc significantly decreased and
DSC-Xcsc steadily increased as the PDLA ratio increased.

The chain-extended blends had lower DSC-Xcne than the non-chain-extended
blends for the same blend ratio. It has been reported that the branched structures of
PLLA inhibited its homo-crystallization (Baimark & Kittipoom, 2018) However, it is
surprising that the DSC-Xc sc of chain-extended blends was slightly larger than the non-
chain-extended blends. This can be explained by more free-volume of branching
structures of chain-extended PLLA-PEG-PLLA blends enhanced chain mobility of
flexible PEG middle-blocks. (Baimark et al.; 2018) This improved stereocomplexation
between PLLA and PDLA chains because interactions between PLLA and PDLA were
stronger than between PLLA and PLLA. ( Lee et al., 2018).

The non-chain-extended PLLA-PEG-PLLA had no peak of cold-crystallization
temperature (Tcc) as shown in Fig. 32 (above, a). The good chain-mobility of PLLA-
PEG-PLLA due to flexible PEG middle-blocks enhancing crystallization of PLLA end-
blocks. However, the chain-extended PLLA-PEG-PLLA showed a T peak at 74°C



54

[Fig. 32 (below, a)]. For the non-chain-extended blend series, only the 90/10 PLLA-
PEG-PLLA/PDLA blend had a T¢c peak at 122°C while all the chain-extended blends

had no T peaks. Meanwhile all the chain-extended blends had no T peaks.

Crystallization behavior of the samples was investigated from DSC cooling
curves as illustrated in Fig. 33. The T¢ and enthalpy of crystallization (AHc) of PLLA-
PEG-PLLA without chain extension (105°C and 28.4 J/g, respectively) were higher
than that of the PLLA-PEG-PLLA with chain extension (91°C and 24.6 J/g,
respectively). This confirms the branching structures of chain-extended PLLA-PEG-
PLLA inhibited homo-crystallization of PLLA end-blocks.

For the blends, the T¢ peaks shifted to higher temperature and AHc: values
increased as the PDLA ratio increased because the crystallization speed of sterecomplex
crystallites was faster. The chain-extended blends showed faster crystallization (higher
T¢ peaks and AHc values) than the non-chain-extended blends for the same blend ratio.
The results confirmed that the chain-extension reaction improved stereocomplex
crystallization of PLLA-PEG-PLLA/PDLA blends.
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Fig. 32. DSC second heating thermograms of (above) non-chain-extended and (below)
chain-extended blends with PLLA-PEG-PLLA/PDLA ratios of (a) 100/0, (b) 90/10, (c)
80/20, (d) 70/30 and (e) 60/40 (w/w).
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Table 16. DSC results of PLLA-PEG-PLLA/PDLA blends from Figure 4.11.

PLLA-PEG- Ty AHee | AHmpe | AHmse | DSC-Xche | DSC-Xcsc
PLLA/PDLAratio | (°C) | (Ilg) | (/g) | (3/9) (%) (%)
(wiw)

Non-chain-extended
100/0 30 - 42.5 - 55.0 -
90/10 32 9.4 15.6 15.0 -2 -8
80/20 31 - 5.3 30.2 6.6 24.6
70/30 - - - 45.0 - 36.0
60/40 - - - 50.2 - 39.4
Chain-extended
100/0 35 21.0 41.8 - 26.9 -
90/10 32 6.4 8.4 13.8 -8 -8
80/20 32 - 2.0 29.5 2.5 24.0
70/30 - - - 42.3 - 33.8
60/40 - - - 45.6 - 38.8

a could not calculate.
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Fig. 33. DSC cooling thermograms of (above) non-chain-extended and (below) chain-
extended blends with PLLA-PEG-PLLA/PDLA ratios of (a) 100/0, (b) 90/10, (c) 80/20,
(d) 70/30 and (d) 60/40 (w/w) (T peak and AH¢ as shown).
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4.3.2. Crystalline structures

Fig. 34 shows XRD patterns of film samples. For the blend film without chain
extension in Fig. 34 (above), the PLLA-PEG-PLLA film [Fig. 34 (above, a)] only had
a diffraction peak at 17°, indicating the only homo-crystallites of PLLA ( Lee et al.,
2018). Usually the compressed pure PLLA films were completely amorphous.
Therefore the crystallization of the PLLA end-blocks was improved by increasing their
chain-mobility due to the flexible PEG middle-blocks. (Baimark et al., 2018) For all
the non-chain-extended blend films with non-equivalent blend ratios, the diffraction
peak assigned to homo-crystallites disappeared, and the diffraction peaks at 12°, 21°
and 24° ascribed to stereocomplex crystallites ( Lee et al., 2018) were the only peaks
observed. As PDLA ratio increased, the intensity of these diffraction peaks tended to
increase. The results indicate that only stereocomplex crystallites formed in the blend
films. This can be explained by external compression-forces induced

stereocomplexation of the blend films (Cui et al., 2016).

The chain-extended PLLA-PEG-PLLA film in Fig. 34 (below, a) was completely
amorphous. This film did not have any diffraction peaks. Only diffraction peaks of
stereocomplex crystallites were detected for all the chain-extended blend films [Fig. 34
(below, b-e)]. These diffraction peaks of stereocomplex crystallites more obvious as the

PDLA ratio increased.
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Fig. 34. XRD patterns of (above) non-chain-extended and (below) chain-extended
blend films with PLLA-PEG-PLLA/PDLA ratios of (a) 100/0, (b) 90/10, (c) 80/20, (d)

70/30 and (e) 60/40 (w/w).
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The XRD-Xcne and XRD-Xcsc of the film samples without and with chain
extension were compared in table. 17. The pure PLLA-PEG-PLLA film without chain
extension had only a homo-crystallite peak (XRD-Xcnc = 7.5%) while all the blend films
had only stereocomplex crystallite peaks. The PLLA-PEG-PLLA film with chain
extension was completely amorphous. From table. 17, it can be seen that the XRD-Xc s
of the blend films increased as the PDLA ratio increased. The larger XRD-Xcsc values
were observed for the blend films with chain extension. This is due to the blends with
chain extension experiencing faster stereocomplex crystallization than without chain

extension according to the T results in Fig. 33.

Table 17. XRD results of PLLA-PEG-PLLA/PDLA blend films.

PLLA-PEG-PLLA/PDLA XRD-Xc,he XRD-Xcsc
(W/w) (%) (%)
Non-chain-extended

100/0 7.5 -

90/10 - 3.41

80/20 - 11.56

70/30 - 12.63

60/40 - 15.44

Chain-extended

100/0 - -
90/10 - 9.5
80/20 - 12.57
70/30 - 13.56

60/40 S 31.2




61

4.3.3. Tensile properties

Fig. 35 shows selected tensile curves of the film samples, except the 60/40 (w/w)
PLLA-PEG-PLLA/PDLA blend film without chain extension because it was highly
brittle. The inset tensile-curves are also presented for clarity. The averaged tensile
results are compared in Fig. 36. The blend films exhibited a yield point except the chain-
extended 60/40 blend film indicating more flexibility of the blend films. For the blend
films without chain extension, the stress at break of the films increased until the PDLA
ratio was 20 wt% or higher. The stereocomplex crystallites linked between the PLLA-
PEG-PLLA chains acted as cross-linkers to improve stress at break of the blend films
(Tsuji etal., 1991; Tsuji & lkada, 1991). However the stress at break of the blend films
dramatically dropped when the 30 wt% PDLA ratio was blended. The latter films
became brittle because they contained a larger fraction of low M.W. PDLA (30 wt%).

The strain at break of PLLA-PEG-PLLA film without chain extension increased
from 33% to 148% as the 10 wt% PDLA was blended due to plasticizing effect of PEG
middle-blocks for the film with low crystallinity (DSC-Xcsc = 3.4%). However, the
strain at break largely decreased to 10% when the 20 wt% PDLA was blended. This is
due to increasing the XRD-Xc sc.

The strain at break of the PLLA-PEG-PLLA film was largely improved with
chain extension. This is due to the long-chain branching structures suppressed the
homo-crystallization of the PLLA end-blocks and enhanced plasticizing effect of the
PEG middle-blocks (Baimark et al., 2018). The blend films with chain extension
showed better stress and strain at break than the blend films without chain extension for
the same blend ratio. The results may be due to the longer chains of chain-extended
blend films increased tie-chain density between stereocomplex crystallites (Tsuji &
Ikada, 1991).

The stress and strain at break of the blend films with chain extension decreased
as increasing PDLA ratio. The larger low M.W. PDLA fraction made film brittleness.
The larger PDLA ratio induced higher sc-Xcxrp that decreased the plasticizing effect
of flexible PEG middle-blocks. The Young’s moduli of blend films with and without
chain extension were in ranges 705-846 MPa and 490—-714 MPa, respectively.
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Fig. 36. Tensile properties of (1) non-chain-extended and (M) chain-extended blend
films with various PLLA-PEG-PLLA/PDLA ratios (* = could not determine).
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4.3.4 Thermo-mechanical properties

Changes of storage modulus as a function of temperature from DMA analysis
have been used to investigate the heat-resistant property of scPLA (Masutani et al.,
2018; Si et al., 2017) The storage modulus of amorphous PLLA with poor heat-
resistance largely dropped in the Tgy region before rising up again due to cold
crystallization during the DMA heating scan. (Vadori et al., 2013) Meanwhile high
crystallinity PLLA with high heat-resistance maintained stiffness of PLLA in the Ty
region. ( Zhang et al., 2016).

Fig. 37 shows storage modulus from DMA of film samples. For the films without
chain extension in Fig. 37 (above), the 100/0 and 90/10 (w/w) PLLA-PEG-
PLLA/PDLA films exhibited cold crystallization at around 100°C and 110°C,
respectively, during DMA heating. Therefore these films had poor heat-resistance. The
storage modulus in the range 70-90°C increased with the PDLA ratio. The results
suggests the heat-resistance of films increased with increasing PDLA ratio because the
higher PDLA ratio induced larger values of XRD-Xcsc [see Table. 17]. The heat-
resistance of chain-extended films also improved by increasing the PDLA ratio as
shown in Fig. 37 (below). Their storage modulus in the range 70-90°C increased with
the PDLA ratio.
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4.3.5 Dimensional stability to heat

The film samples before and after testing of dimensional stability to heat are
shown in Fig. 38. The 60/40 PLLA-PEG-PLLA/PDLA blend film was not determined
due to its high brittleness. Both the PLLA-PEG-PLLA films with and without chain
extension exhibited the largest film-extension [Fig. 38(above)] indicating they had poor
heat-resistance. All the blend films after testing exhibited shorter film-extension than
the PLLA-PEG-PLLA film. The results suggested that the blend films had better heat-
resistance because they contained stereocomplex crystallites. The film extension
significantly decreased as the PDLA ratio was increased from 10 to 20 wt% This is due
to increasing the XRD-X¢sc of the blend films.
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Fig. 38. Photographs of dimensional stability to heat at 80°C of (above) non-chain-
extended and (below) chain-extended blend films with PLLA-PEG-PLLA/PDLA ratios
of (a) 100/0, (b) 90/10, (c) 80/20, (d) 70/30 and (e) 60/40 (w/w) (* = could not

determine).
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The heat resistance of the film samples was clearly compared with the
dimensional stability to heat. Fig. 39 shows the results of dimensional stability to heat.
The dimensional stability to heat of PLLA-PEG-PLLA films were 26% and 31% for
with and without chain extension, respectively. These values increased up to 56% and
53% when the 10 wt% PDLA was blended. The results of dimensional stability to heat
of blend films were in the range 83—91% for the PDLA ratios of 20—40 wt%. Thus, the
heat resistances of the blend films were better than the PLLA-PEG-PLLA films for both
the blend films with and without chain extension. The PLA stereocomplexation with
the PDLA can improve heat resistance of the PLLA-PEG-PLLA films.
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Fig. 39. Dimensional stability to heat of ([.]) non-chain-extended and (M) chain-
extended blend films with various PLLA-PEG-PLLA/PDLA ratios (* = could not
determine).
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4.4. Characterization of PLLA-PEG-PLLA/PDLA-PEG-PDLA blends
4.4.1. Thermal transition properties

The stereocomplexation between PLLA and PDLA end-blocks of the blends
was investigated from DSC heating thermograms as shown in Fig. 40. The DSC results
are summarized in Table 18. The T4 of the non-chain-extended and chain-extended
blends were in ranges 27—29°C and 34-38°C, respectively. The stereocomplexation of
PLLA and PDLA end-blocks did not affect glass-transition behaviours of the blends.
The long-chain branching structures of chain-extended blends inhibited chain mobility
to increase the Tg.

The PLLA-PEG-PLLA had only a Tmnc at 169°C, while the blends had both Tm,nc
and Tm,sc in the ranges 161-168°C and 216—218°C, respectively. There were no peaks
of cold crystallization suggested that crystallization completed during the quenching
process in the DSC method. As shown in Table 18, a large decrease in DSC-Xchc and
considerable increase in DSC-Xcsc steadily with increasing PDLA-PEG-PDLA ratio
from O to 40 wt% were observed. The higher PDLA-PEG-PDLA ratio gave larger
PDLA fraction for stereocomplex formation with the PLLA end-blocks of PLLA-PEG-
PLLA.

All the chain-extended blends exhibited T peaks indicated the crystallization did
not complete during quenching in DSC method. The DSC-X¢ nc and DSC-Xc sc could not
calculate because of T peaks of homo- and stereocomplex crystallites could not
separate (see Fig. 40 (below)). However, the AHmnc Of the blends significantly
decreased and the AHm sc steadily increased as increasing the PDLA-PEG-PDLA ratio.
This suggests the stereocomplexation increased with the PDLA-PEG-PDLA ratio.
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Fig. 40. DSC second heating thermograms of (above) non-chain-extended and (below)
chain-extended blends with PLLA-PEG-PLLA/PDLA-PEG-PDLA ratios of (a) 100/0,
(b) 90/10, (c) 80/20, (d) 70/30 and (d) 60/40 (w/w).
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properties of PLLA-PEG-PLLA/PDLA-PEG-PDLA

blends.
PLLA-PEG- Ty AHce | AHmpe | AHmse | DSC-Xche | DSC-Xcsc
PLLA/PDLA-PEG- | (°C) | (J/g) | @/g) | (@lg) (%) (%)
PDLA ratio (w/w)
Non-chain-extended
100/0 29 - 44.9 - 58.1 -
90/10 28 - 30.7 7.6 39.8 6.5
80/20 27 - 21.0 20.0 27.2 17.0
70/30 28 - 12.6 27.4 16.3 23.2
60/40 28 - 10.5 40.3 13.6 34.2
Chain-extended
100/0 34 19.6 41.0 - 26.9 -
90/10 37 -a -2
80/20 36 11.6 24.1 6.8 R L
70/30 38 7.9 18.9 15.9 - -2
60/40 38 -2 -2
7.7 18.1 25.9
7.5 14.5 26.7

a could not calculate.

Fig. 41 shows DSC cooling thermograms of the PLLA-PEG-PLLA and blends,
after being melted at 250°C. The non-chain-extended PLLA-PEG-PLLA had T. at
105°C with a AH. of 27.4 J/g. The flexible PEG middle-blocks enhanced plasticizing

effect for homo-crystallization of PLLA end-blocks during DSC cooling scan. The
90/10 blend exhibited T at 84°C that is lower than the pure PLLA-PEG-PLLA.

However, the T and AH. values of the blends significantly increased with increasing
of the PDLA-PEG-PDLA ratio. This suggests the crystallization of the blends was

accerelated during the DSC cooling scan by increasing the PDLA-PEG-PDLA ratio.

The results could be explained by the crystallization of stereocomplex crystallites of
PLA being faster than that of the homo-crystallites (Shi et al., 2018).
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For chain-extended blends, the PLLA-PEG-PLLA and 90/10 blend had similar
the Tc (91 and 89°C, respectively). When the PDLA-PEG-PDLA ratios of chain-
extended blends were higher than 10 wt%, the T shifted to higher temperature. This
suggests faster crystallization was obtained for the higher PDLA-PEG-PDLA ratio. In
addition, the T of 80/20, 70/30 and 60/40 blends with chain extension were higher
temperature than the non-chain extended blends for the same blend ratio. The results
confirmed that the chain-extension reaction improved stereocomplex crystallization of
PLLA-PEG-PLLA/PDLA-PEG-PDLA blends similar to the PLLA-PEG-PLLA/PDLA

blends as previous described above.
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Fig. 41. DSC cooling thermograms of (above) non-chain-extended and (below) chain-
extended blends with PLLA-PEG-PLLA/PDLA-PEG-PDLA ratios of (a) 100/0, (b)

90/10, (c) 80/20, (d) 70/30 and (d) 60/40 (w/w) (T peak and AH. as shown).
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4.4.2. Crystalline structures

The crystalline structures of the PLLA-PEG-PLLA and blend films were
determined from XRD patterns as presented in Fig. 42. For non-chain-extended films
in Fig. 42(above), the PLLA-PEG-PLLA film exhibited a diffraction peak at 17°
attributed to homo-crystalline structure of polylactide matrix (Baimark et al., 2018).
While all the blend films showed weak diffraction-peaks at 12°, 21° and 24° ascribed
to stereocomplex-crystalline structure (Cui et al., 2016; Han et al., 2016). This suggests
the compression molding enhanced stereocomplexation of chain-extended blend films.
The XRD-X¢he of PLLA-PEG-PLLA film and XRD-Xc s of blend films are summarized
in Table 19. The XRD-X,sc of blend films increased with the PDLA-PEG-PDLA ratio.
The XRD-Xche and XRD-X¢sc Values in Table 19 were lower than the DSC-X¢ne and
DSC-Xcsc values in Table 18. This may be related to the easier mobility of the
copolymer chains, having occurred during the quenching process, without compression
forces in the DSC method to enhance more crystallisation of PLA end-blocks. In
addition, some disagreements among the quantitative results of the crystallinity by
different measurement methods are frequently encountered.

For the chain-extended blend films in Fig. 42(below), the PLLA-PEG-PLLA film
did not show any XRD peaks attibutable to completely amorphous states. The long-
chain  branching structures —of  chain-extended PLLA-PEG-PLLA inhibited
crystallization of PLLA end-blocks (Baimark et al., 2018). All the blend films exhibited
only stereocomplex-crystalline structure with XRD peaks at 12°, 21° and 24° ( Baimark
& Kittipoom, 2018). The XRD-X, s of chain-extended blend films increased with the
PDLA-PEG-PDLA ratio. It should be noted that the chain-extended blend films had
higher XRD=Xcsc than the non-chain-extended blend films. This indicates the branching
structures of chain-extended blend films enhanced stereocomplexation-between PLLA
and PDLA end-blocks. More free-volume of branching structures may enhance chain

mobility for stereocomplex crystallization.
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Fig. 42. XRD patterns of (above) non-chain-extended and (below) chain-extended
blend films with PLLA-PEG-PLLA/PDLA-PEG-PDLA ratios of (a) 100/0, (b) 90/10,
(c) 80/20, (d) 70/30 and (e) 60/40 (w/w).
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Table 19. XRD results of PLLA-PEG-PLLA/PDLA-PEG-PDLA blend films.

PLLA-PEG-PLLA/PDLA-PEG-PDLA XRD-X¢ he XRD-Xc sc

(w/w) (%) (%)
Non-chain-extended

100/0 7.84 -

90/10 - 1.94

80/20 - 2.76

70/30 - 3.81

60/40 - 4.72

Chain-extended

100/0 - -

90/10 - 151
80/20 - 26.5
70/30 - 27.2
60/40 - 28.5

4.4.3. Tensile properties
Fig. 43 shows selected tensile curves of PLLA-PEG-PLLA and blend films. All
the films had a yield point indicating the films were flexible. The flexible PEG middle-
blocks enhanced the plasticizing effect of the polylactide end-blocks (Baimark et al.,
2018; Yun et al, 2018). The stress at yield of films increased with the PDLA-PEG-
PDLA ratio. The averaged tensile properties including stress and strain at break as well

as Young’s modulus are clearly compared in Fig. 44.

For non-chain-extended films, the blend films showed higher stress and strain
at break than the PLLA-PEG-PLLA film. The stress and strain at break of the blend
films increased as the PDLA-PEG-PDLA ratio increased. The results suggested that
stereocomplexation between PLLA-PEG-PLLA and PDLA-PEG-PDLA of the blend
films improved their tensile properties. The stereocomplex crystallites of PLLA/PDLA
end-blocks had better tensile strength than the homo-crystallites of PLLA and PDLA
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end-blocks due to stronger intermolecular forces in the stereocomplex crystallites (
Tsuji, 2016). The stereocomplex crystallites also acted as physical crosslinkers of
PLLA-PEG-PLLA and PDLA-PEG-PDLA chains in film matrix to increased
extensibility of the blend films ( Tsuji et al., 1991; Tsuji & Ikada, 1991). The initial
Young’s modulus of PLLA-PEG-PLLA and blend films were in ranges 567-640 MPa.
That it did not significantly change with the PDLA-PEG-PDLA ratio indicated that the
stiffness of the PLLA-PEG-PLLA and blend films were similar. This may be due to the
T of these films being similar (27-29°C) and their degrees of crystallinity from XRD
being low.

The non-chain-extended blend films had stress at break in range 15—18 MPa. Their
strain at break significantly decreased with increase in the ratio of PDLA-PEG-PDLA.
This may be explained by the increment of film crystallinities reducing film

extensibility.

As previous described, the strain at break of non-chain-extended PLLA-PEG-
PLLA/PDLA-PEG-PDLA blend films increased steadily with increase in the PDLA-
PEG-PDLA ratio. The XRD-X¢sc 0f non-chain-extended PLLA-PEG-PLLA/PDLA-
PEG-PDLA blend films were in range 2-5%. The interactions between PLLA and
PDLA end-blocks in an amorphous phase enhanced film extensibility. However, chain-
extension reaction induced more XRD-Xcsc (15—28%) of the blend films. A decrease in
strain at break of chain-extended blend films was then found when the PDLA-PEG-
PDLA ratio and XRD-X¢sc were increased. The Young’s modulus of chain-extended

blend films were in ranges 593-670 MPa.
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4.4.4. Thermo-mechanical properties

Fig. 45 shows storage modulus of film samples from DMA analysis. The storage
modulus of PLLA-PEG-PLLA and blend films dramatically dropped with increasing
temperature in the range 30—60°C due to rubber-like character and low crystallinity of
all the films. This indicates these films were low heat-resistance. All the films were
then extended for the test of dimensional stability to heat. The storage modulus
increased again in the range 90—-130°C due to cold crystallization of PLA end-blocks.
This suggests that the crystallisation of compressed films did not complete. This may
be due to the compression forces reducing the chain mobility for crystallisation of PLA
end-blocks during the film cooling. However, the cold-crystallization regions of the
blend films from DMA analysis were detected at higher temperature than the PLLA-
PEG-PLLA film and shifted to higher temperatures as the PDLA-PEG-PDLA ratio
increased. This could be explained by the chain mobility of copolymers during cold
crystallization in DMA heating scan being restricted by the stronger intermolecular
interactions between PLLA and PDLA end-blocks.

In addition, the PLLA-PEG-PLLA film exhibited the largest rising up of storage
modulus during cold crystallization (see black line in Fig. 45). This curve type indicates
poor heat-resistance of the PLLA-PEG-PLLA film because film stiffness to heat was
the lowest (Vadori et al., 2013). The increases of storage modulus during cold
crystallization of the blend films were lower than the PLLA-PEG-PLLA film and
steadily decreased as the PDLA-PEG-PDLA ratio increased. The DMA results
suggested that the interactions between PLLA and PDLA end-blocks in the amorphous
phases of the blend films enhanced its stiffness and heat resistance. The changes of
storage modulus of blend films without and with chain extension were similar for the

same blend ratio.
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4.4.5. Dimensional stability to heat
The film samples before and after testing of dimensional stability to heat are
shown in Fig. 46. Both the PLLA-PEG-PLLA films with and without chain extension
exhibited the largest film-extension indicating they had poor heat-resistance according
to DMA results. All the blend films after testing exhibited shorter film-extension than
the PLLA-PEG-PLLA film. The results suggested that the blend films had better heat-

resistance because they contained stereocomplex crystallites.
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Fig. 46. Photographs of dimensional stability to heat at 80°C of (above) non-chain-
extended and (below) chain-extended blend films with PLLA-PEG-PLLA/PDLA-
PEG-PDLA ratios of (a) 100/0, (b) 90/10, (c) 80/20, (d) 70/30 and (e) 60/40 (w/w).
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The heat resistance of the film samples was clearly compared with the
dimensional stability to heat. Fig. 47 shows the calculated results of dimensional
stability to heat. The dimensional stability to heat of PLLA-PEG-PLLA films were 27%
and 26% for without and with chain extension, respectively. The dimensional stability
to heat of the blend films increased with the PDLA-PEG-PDLA ratio for both the film
series. Thus, the heat resistances of the blend films were better than the PLLA-PEG-
PLLA films for both the blend films with and without chain extension. The PLA
stereocomplexation with the PDLA can improve heat resistance of the PLLA-PEG-
PLLA films. In addition, the chain-extended blend films exhibited better heat resistance
than the non-chain-extended blend films. This is due to the higher XRD-Xcs of the
chain-extended blend films.
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Fig. 47. Dimensional stability to heat of (CJ) non-chain-extended and (H) chain-
extended blend films with various PLLA-PEG-PLLA/PDLA-PEG-PDLA ratios.
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CHAPTER V
CONCLUSIONS

Most of the results presented in the preceding Chapter 4 have already been
discussed in detail. This final Chapter 5 of this thesis now aims to bring together the
main conclusions and correlate them as far as possible. These conclusions can be
divided up under the following main headings:

- Synthesis and characterization of polymers

- Preparation and characterization of polymer blends

5.1 Synthesis and characterization of polymers

The PLLA-PEG-PLLA, PDLA and PDLA-PEG-PDLA were synthesized via ring-
opening polymerisation in bulk of the lactide monomer under nitrogen atmosphere at
165°C for 6.0 and 2.5 h for the triblock copolymers and PDLA, respectively. Stannous
octoate catalyst was 0.01 and 0.075 mol% for the triblock copolymers and PDLA,
respectively. Some un-reacted lactide was removed by dried at 110°C for 2 h under

vacuum. The residue lactide was less than 5 wt% as demonstrated by TGA.

Polymer characterisation in this work was carried out by a combination of
analytical techniques, namely: molecular weight measurements (dilute-solution
viscometry, GPC), spectroscopic analysis (*H-NMR) and thermal analysis (DSC, TG).
The main conclusions arising from the results obtained (Chapter 4) can be summarized

as follows:

(1) From molecular weight characterization, the My of PDLA from dilute-solution
viscometry (5,200 g/mol) are nearly value with the Mn from GPC (5,700 g/mol).
The M of both the triblock copolymers (90,000 and 85,000 g/mol) were less than
the theoretical My (120,000 g/mol). Some thermal decompasition may occur during
polymerization of high M.W. polymer.

(2) From GPC curves, the unimodal-distribution curves were obtained for the triblock
copolymers. This confirms that the PEG acted as macro-initiators to polymerize
the added lactide monomer at its chain-end.

(3) From TGA, the PDLA exhibited a single-step of thermal decomposition in the range
150-400°C. While the triblock copolymers showed two-step of thermal
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decompositions in the ranges 200—350°C and 350-450°C for the polylactide end-
blocks and PEG middle-blocks, respectively.

(4) From DSC, the triblock copolymers exhibited lower T4 (33—-34°C) than the PDLA
(47°C). This due to the plasticizing effect of the flexible PEG middle-blocks.
However the Tm of the triblock copolymers (170°C) were higher than the PDLA
(161°C). This could be explained by the longer polylactide blocks of triblock
copolymers enhanced the larger crystallites.

(5) From H-NMR, the chemical functional groups of triblock copolymers and PDLA
were indicated. Moreover chemical bonding between the PEG middle-blocks and

polylactide end-blocks was confirmed.

5.2 Preparation and characterization of polymer blends

In this work, polymer blends of PLLA-PEG-PLLA/PDLA and PLLA-PEG-
PLLA/PDLA-PEG-PDLA without and with chain extension were prepared by melt
blending at 200°C for 4.0 min with rotor speed of 100 rpm using an internal mixer. The
PLLA-PEG-PLLA and blend films were produced by compression molding at 240°C
without any compression force for 1.0 min followed with 5.0 tons compression force
for 1.0 min before cooling to room temperature for 1.0 min under 5.0 tons compression
force.

The polymer blends were characterized by a combination of analytical techniques:
thermal analysis method (DSC), spectroscopic method (XRD), mechanical property
method (tensile testing) and heat resistant method (DMA and dimensional stability to
heat). The main conclusions arising from the results obtained (Chapter 4) can be

summarized as below:

(1) The T from DSC cooling curves_of both the PLLA-PEG-PLLA/PDLA and
PLLA-PEG-PLLA/PDLA-PEG-PDLA" blend films shifted to higher
temperature while the AHmsc and Xcsc increased steadily with the PDLA and
PDLA-PEG-PDLA ratio, respectively, as demonstrated by XRD results. The
chain-extension reaction improved degrees of crystallinity of the both blend

film series.
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(2) The tensile properties of the PLLA-PEG-PLLA/PDLA blends strongly
depended upon Xcsc and PDLA content. The higher PDLA content enhanced
stereocomplexation but induced film brittleness. This is due to the PDLA was
low M.W. (5,000 g/mol). The stronger intermolecular forces between PLLA
end-blocks and PDLA chains as well as chain-extension reaction enhanced
tensile properties.

(3) For PLLA-PEG-PLLA/PDLA-PEG-PDLA blend films, the non-chain-
extended blend films contained low Xcsc. Therefore the tensile properties
depended on intermolecular forces between PLLA and PDLA end-blocks in the
amorphous phases of the blends. Both the stress and strain at break increased
with the PDLA-PEG-PDLA ratio. However, the chain-extended blend films had
higher Xcsc than the non-chain-extended blend films for the same blend ratio.
Therefore the strain at break of the chain-extended blend films decreased as the
PDLA-PEG-PDLA ratio increased.

(4) Heat resistance of the both blend-film series were better than the PLLA-PEG-
PLLA film and increased with the PDLA and PDLA-PEG-PDLA ratio. The
PLLA-PEG-PLLA/PDLA blend films exhibited better heat-resistance than the
PLLA-PEG-PLLA/PDLA-PEG-PDLA blend films for the same blend ratio.
The chain-extension reaction improved the heat resistance of the PLLA-PEG-
PLLA/PDLA-PEG-PDLA blend films but did not the PLLA-PEG-
PLLA/PDLA blend films.

In summary, the PLLA-PEG-PLLA/PDLA blend films exhibited better
heat resistant properties obtained from DMA and dimensional stability to heat
tests but lower flexibility obtained from tensile test than the PLLA-PEG-
PLLA/PDLA-PEG-PDLA blend films for the same blend ratio. The chain
extender improved film flexibility of both the PLLA-PEG-PLLA/PDLA and
PLLA-PEG-PLLA/PDLA-PEG-PDLA blend films. The blend films produced
in this work show potential for use as flexible and good heat resistant bioplastic
films. The selection of each formulation depended on each packaging

application.
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SUGGESTIONS FOR FURTHER WORK
This work has been concerned mainly with the preparation and characterization of
the stereocomplex PLLA-PEG-PLLA/PDLA and PLLA-PEG-PLLA/PDLA-PEG-
PDLA films. Actual biodegradability testing has not been within the scope of this work.
As a logical extension, in vitro hydrolysability testing should be studied towards
establishing their likely timescale for biodegradation. In addition, gas permeation

testing is also important for packaging applications.
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