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GENERAL INTRODUCTION

General Introduction

Thermoplastics are currently main polymer materials used in the packaging,
automotive, electronics, and medical applications. Due to the environmental context of the
sustainable innovations, biobased and biodegradable polymers occupy an increasingly
important place in the eco-design of materials [1]. The increase of sustainable concerns of the
petroleum-based polymers results in a growing interest in the biopolymers, in particular
poly(lactic acid) (PLA)-based materials [2]. Besides, PLA requires 25-55% less energy to be
produced than petroleum-based polymers and researches show that this value can be further
reduced to less than 10% in the future [3]. In addition, good thermal properties of PLA-based
polymers increase the competition with the fossil-based polymers. Nevertheless, the
functional properties of PLA-based materials should be improved in terms of their thermal,
mechanical and barrier properties in order to correspond to food packaging requirements. For
this purpose, many different strategies have been already applied; physical or chemical
modifications (crosslinking), blending with other components, and addition of plasticizers or

compatibilizers [4-7].

When the interactions between the polymers with the different tacticity predominate
over those with the same tacticity, a stereoselective association takes place, which is called
stereocomplexation or stereocomplex (sc) formation. Such association allows to form new
polymer with enhanced physical properties compared to the parents’ polymers. The presence
of the chiral carbon in the skeletal chain of PLA yields two stereoregular enantiomers, i.e.
poly(L-lactide) (PLLA) and poly(D-lactide) (PDLA). The mixture of homochiral PLLA and PDLA
macromolecules leads to the formation of stereocomplex PLA (sc PLA) by the
stereocomplexation reaction. Stereocomplexation improves PLA properties through
increasing the crystallization ability and crosslinkings between enantiomers. Sc PLA attracts
great attention for packaging industry as 2" generation PLA due to the enhanced thermal and
mechanical properties. Sc PLA has higher melting temperature (Tm, scria= 240 °C) compared to
the homopolymers (PLLA and PDLA) and co-polymer (PL-DLA) (Tm, ra = 180 °C) [8, 9].
Furthermore, it has been reported that the stereocomplexation enhances the mechanical

properties, i.e. increase in ultimate tensile strengths from 31 MPa for pure PLLA to 50 MPa for
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sc PLA, and in elongation at break from 3.1 - 5.8% to 15 - 160% depending on the molecular
weight of PLAs is observed [10-12].

Unlike racemic mixtures of small chiral molecules, in the case of a polymer, the length
of macromolecular chains (molecular molar mass) will strongly influenced the mobility and
the structural arrangement of the material. The numerous studies dealing with the sc PLA
formation, its microstructure, and degradation have been carried out. Although many
researchers focused their attention on the sc crystals species in order to understand the sc
PLA properties [13, 14], the behavior of the amorphous phase and the transport properties of
sc PLA is still enigmatic topic. Besides it is known that the barrier properties of PLA are still too
low in the presence of moisture for the industrial packaging requirements. In order to
overcome this problem the addition of lamellar nanofillers [15], the plasma surface treatment

[16] or elaboration of polymer blends [17] were proposed in the literature.

In this work, the sc PLA films were elaborated by two methods, i.e. solution casting and
extrusion process. Furthermore, the enhancement of the physical and transport properties of
PLA-based materials was noted by stereocomplexation, i.e. without the additives, surface
treatments, chemical modifications, or inorganic fillers. The transport properties of small
molecules (H20, N2, O; and CO;) were linked with the molecular mobility over a wide range of
temperatures (from room temperature to the glass transition temperature) in order to
understand the role and evolution of the free volume. The aim of this work is to study new
PLA-based material obtained from PLLA and PDLA by solution casting and extrusion with
enhanced transport properties. The originality of this work bases on the complementarity of
two approaches (physics and chemistry) for a better understanding and a broader vision of
the properties of the amorphous phase and the evolution of the free volume in stereocomplex
polymer which is not studied yet. We studied wholly amorphous and isotropic crystalized
materials in order to generate more or less confined amorphous phases. This research work

and results have been presented as follows:

e the state-of-art of stereocomplexation and properties of amorphous and semi-
crystalline polymer materials is presented in the first chapter. The effective

parameters on stereocomplexation are discussed with the elaborations methods.
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The properties of the glassy-polymers are presented to exhibit different theories
and concepts related to the glass transition phenomenon. This information allows
us better understanding the molecular dynamics and relaxation phenomena of
the glass-forming liquids and the glassy state;

e the second chapter presents the materials as well as instrumental techniques
used in this work, namely calorimetric investigations, microstructure analysis and
permeametric analysis;

e theinfluence of the elaboration methods on the stereocomplexation is developed
in the third chapter. The selection procedure of the sc PLA sample elaboration is
detailed. The effective parameters, i.e. solvent nature, proportion of
homopolymers, elaboration conditions, were compared and discussed;

e the fourth chapter reports glass transition and molecular mobility of the
homopolymers and wholly amorphous sc PLA. Fast scanning calorimetry (FSC)
and dielectric relaxation spectroscopy (DRS) methods were combined to perform
the kinetic study of the molecular dynamic. The aim of this investigation is to
observe the influence of the tacticity on the molecular dynamics in the
stereocomplex structure;

e the last chapter presents the transport properties of sc PLA in relation to the
molecular mobility of the semi-crystalline and amorphous samples. The
microstructure of sc PLA is also reported to highlight the structural influences on
the barrier properties of sc PLA. Special attention has been given to the water

permeability as a function of temperature.

This research thesis, financially supported by the Normandy Region and the Fonds
European Regional Development (FEDER) under the frame of project “MAterials and CHIrality”,
MACHI. It was carried out at the “Groupe Physique des Matériaux” (GPM — UMR CNRS 6634)
and “Polymeéres Biopolymeéres Surfaces” (PBS — UMR CNRS 6270) from the University of Rouen

Normandy.
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In this chapter the bibliographical research related to PLA-based materials is presented.
The different parameters affecting PLA stereocomplexation, its diverse properties have been
summarized. The scientific basics and concepts that can be applied were briefly explained and
discussed. Besides the scientific concepts, the history of poly(lactide)-based materials and

their importance were presented to define the innovation of this work.
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1.1 Chirality and Stereoisomers

The concepts of chirality and stereocisomerism offer a great importance to understand
the physical and theoretical reasons behind the formation and structures of numerous
molecules. A non-superimposable set of two molecules that are mirror image to one another
is known as chiral molecules [1] (Fig 1.1). The chiral compounds share the same atomic shape
but they are different in structural arrangements; such example of chiral compounds is

lactides.

Figure 1. 1. Two enantiomers of a tetrahedral complex [1].

The isomers of chiral compounds are called stereoisomers. In contrast to the well-
known constitutional isomerism, which develops isotopic compounds simply by different
atomic connectivity, stereoisomerism generally maintains equal atomic connections and
orders building blocks as well as has the same number of atoms and elements. Spatial
arrangement of atoms concerns how different atomic particles and molecules are situated in
the space around the carbon chains. In this sense, the spatial arrangement of a polymer chain
will be different if one of the atoms in the polymer chain is shifted even by one degree in any
three-dimensional directions. This opens up a broad possibility formation of different

molecules, each with their unique placement of atoms in the three-dimensional space [2].

1.2 Llactides

Lactides are produced by the depolymerization of poly(lactides) under reduced
pressure to give a mixture of L-lactide, D-lactide and/or meso-lactide isomers (Fig 1.2) [3]. The
different percentages of the obtained isomers depends on the lactic acid isomer feedstock,

temperature and catalyst.
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Figure 1. 2. Chemical structures of L-lactide, D-lactide and meso- or LD-lactide isomers [3].

1.3 Poly(lactide)

Due to environmental concern, the development of biosourced and biodegradable
packaging materials has attracted great interest to replace petroleum-based plastic packaging
materials. PLA is one of the mostly used biodegradable thermoplastic aliphatic polyester
derived from renewable bio-resources [4, 5]. It is used in many applications from biomedical
devices and tissue engineering to packaging due to its excellent biocompatibility and
sustainability [6, 7]. In particular, PLA is used in food packaging application due to its numerous

advantages:

= it can be obtained from renewable bio-sources

= it provides significant energy savings

= jtisrecyclable and compostable

= jtis useful to improve farm economies

= the physical and mechanical properties can be tunable through the polymer
architecture, i.e. grafted homopolymers by graphene oxide [8] and star-shaped

isomers [9].

Many studies showed that PLA is an economically feasible material to use as a
packaging polymer. However, PLA is a very brittle material and the toughness in its raw state
is insufficient to resist a high level of impact strength [10]. The thermal and mechanical
stability of PLA limits its wide applications that still need higher stress levels and higher barrier
properties. In addition, the low crystallization rate of PLA causes low heat distortion
temperatures (HDT) [7, 11]. Therefore, there are still so many challenges for the full
applications in utilizing neat PLA-based materials. Many solutions have been developed to

improve the property deficiency of PLA, including plasticization, copolymerization and melt
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blending with flexible polymers [12]. Such modifications enhance PLA’s elongation at break
and reduce brittleness. However, the stiffness of the blended materials is also an important
property for the applications. Therefore, the new production strategy is developed without
compromising the stiffness and tensile strength to enhance the thermal and mechanical

stability of neat PLA in a broad temperature range.

1.3.1 Chain structure and production of PLA
PLA is the simplest hydroxyl acid with a chiral (or an asymmetric) carbon atom and it
exists in two optically active configurations, the L- (+) and D- (-) isomers which are presented
in Fig 1.3. The basic configurational unit of PLA can be manufactured by carbohydrate

fermentation (as shown in Fig 1.4) or chemical synthesis (as shown in Fig 1.5).

i
0 (b) COOH o] Q
| \ \
- \(\O | 'E\NJ”I ! > \(\O“‘ © n
i0 CHy
L-lactide {LLA) po |), {L-lactide) (PLLA) L-lactic acid PLLA
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o, /O \/O ) 0 9\ COOH ) f{ \
ey, o — T
¢ iy < - ;
AN, 3 " Ch, L 2 !
o7 o HO ¥ : i
D-lactide {DLA) poly(D-lactide) (PDLA) D-lactic acid PDLA

Figure 1. 3. Synthesis and molecular structures of PLLA [(a) and (b)] and PDLA [(c) and (d)] [13].
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Figure 1. 4. Schematic illustration of the production of PLA, image was adopted from Gruber et al. [14].
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1.3.2 Crystal structures of PLA

Different crystal structures of PLA have been reported according to the crystal
formation and the crystallization conditions. The well-known a crystals obtained in
conventional melt and solution crystallization conditions were first reported by De Santis and
Kovacs [15], then further investigated in a numerous studies [16-18]. Zhang et al. [19] noted
based on Wide Angle X-ray Diffraction (WAXD) and Infrared (IR) spectroscopy, the slightly
different o’ crystals of PLA crystalized below 120 °C. The chain conformation and crystal
structure of o’ form is similar to a form, but a’ form has a less ordered chain packing. It is
proposed that pure o’ crystals are formed at crystallization temperatures below 100 °C,
whereas crystallization between 100 °C and 120 °C leads to the coexistence of a’ and a crystal
structure [20, 21]. A B form, firstly reported by Eling et al. [22], is created by stretching the a
form at high draw-ratio and high temperature, i.e. during hot-drawing of melt or solution spun
fibers [22, 23]. Melting temperature of the B crystals is about 10 °C lower compared to the a
crystal, attesting that B form is thermally less stable [23]. Then, Puiggali et al. [18] suggested
that B form crystal is a frustrated structure with a trigonal cell containing three chains which
are randomly oriented up and down. A more ordered crystal formation called y was also
reported by Cartier et al. [24]. In the y form, which was obtained by epitaxial crystallization of

PLA on hexamethyl benzene, two chains are oriented antiparallel in the crystal cell.

1.4 Stereocomplexation

Besides the homocrystallization of PLLA and PDLA, these two enantiomeric chains can
co-crystallize together and form a stereocomplex crystals [25]. In contrast to PLLA or PDLA
homocrystals, the stereocomplex crystal cell contains one PLLA and one PDLA chain. Well-
known examples of stereocomplexation for enantiomeric polymers and for polymers with
different tacticity were reported by Pauling and Corey in 1953 [26] and by Fox et al. in 1958
[27], respectively. Since a novel stereocomplex interaction between two chiral polymers was
discovered, a third group of polymer complexes are obtained based on hydrophobic or van
der Waals interactions. Stereocomplex formation between enantiomeric polymers leads to

achieve better physical and mechanical properties than those of pure components.
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Interestingly, melting temperature of the stereocomplex is about 50 °C higher than that of PLA
homocrystals. In virtue of the different tacticity of PLA isomers, i.e. PLLA and PDLA, the
improved interactions between the isomers with different tacticity are governed by
stereocomplexation. Due to the different tacticities, a stereoselective association takes place
through the stereocomplexation reaction. The presence of chiral carbon in the skeletal chain
of PLA vyields two stereoregular enantiomers (PLLA and PDLA) that allows forming the
stereocomplex PLA (sc PLA) by stereocomplexation, as depicted in Fig 1.6.
Stereocomplexation can be obtained by the attracting complementary interactions result
from a hydrogen bonding [28]. L-lactide and D-lactide units can maintain the two helical chains
with the opposite configuration together through the multicenter hydrogen bonding
interactions, between —CHjs:::0O=C< and =CH---:0=C< [29-31]. These improvements arise
from a peculiar strong interaction between L- and D-lactide enantiomers, thus opening a new

way of preparing innovative materials.

O H SC_- H O

HC H O H,C H

Figure 1. 6. Chain structure of sc PLA obtained from the linear poly(L-lactide) and poly(D-lactide) [32].

1.5 Stereocomplex PLA: structure and detection
1.5.1 Structure of stereocomplex PLA
Since sc PLA was discovered, lkada et al. [25] noted that sc PLA has different X-ray
diffraction pattern from homopolymers crystals; however, the stereocomplex crystal
structure was not determined quantitatively. De Santis and Kovacs [15] reported a right-

handed helical conformation of PDLA chain, structurally based on the left-handed helical
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conformation of PLLA chain; therefore, they proposed van der Waals forces such as dipole-

dipole interactions as the origin of the stereocomplexation (as shown in Fig 1.7).
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Figure 1. 7. Schematic illustration of the crystal structure of stereocomplex PLA [13].

Based on X-ray measurements and energy calculations, the crystalline structure of sc
PLA was investigated in details. The stereocomplex crystals were discovered to be triclinic and
trigonal unit cells with dimensions of a = 0.916 and 1.50 nm, b = 0.916 and 1.50 nm, and c =
0.870 and 0.87 nm, with the angles a = 109.2° and 90°, = 109.2° and 90°, and y = 109.8° and
120°, respectively [33, 34]. Properties of the different types of PLA crystal form are
summarized in Table 1.1. The values of density are calculated based on the reported cell
parameters and the number of monomers in each unit cell.

Crystal Crystal system Chain Cell parameters Prheoretical

Type conformation (g/cm3)
a(nm) b(nm) c(m) o) B() y()

a [15] Pseudo-orthorhombic 103 helical 1.07 0.65 2.78 90 90 90 1.25
a[17] Orthorhombic 103 helical 1.05 0.61 2.88 90 90 90 1.30
B [23] Orthorhombic 31 helical 1.03 1.82 0.90 90 90 90 1.28
B [18] Trigonal 31 helical 1.05 1.05 0.88 90 90 120 1.28
v [24] Orthorhombic 3: helical 099 063 0.88 90 90 90 131
sc [33] Triclinic 31 helical 0.92 0.92 0.87 109.2 109.2 109.8 1.27
sc [34] Trigonal 31 helical 1.50 1.50 0.87 90 90 120 1.27

Table 1. 1. Crystallographic parameters of different types of PLA crystals.

In addition, Cartier et al. [34] and Tsuji et al. [35] suggested that chains’ conformation

is 31 helix, and each unit cell involves a PLLA and a PDLA chain with the same number of L- and
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D- units. Therefore, stereocomplex crystals have more extended chains compared to PLLA a

crystals, in which chains are composed of 103 helices.

1.5.2 Detection of stereocomplex PLA
Sc PLA was detected mostly by X-ray diffraction and DSC analysis due to the different
patterns and melting temperature from the homopolymers; thus the presence and fraction of

sc crystals in the obtained new material can be easily evaluated.

1.5.2.1 X-ray diffraction

Since sc PLA has different XRD pattern compared to homopolymers, it can be detected
without altering the thermal history of polymers. He et al. [36] and lkada et al. [25] reported
diffraction peaks for sc PLA appearing at 26 around 12, 21 and 24° while PLA homocrystals
diffraction peaks appear at 26 equal to 15, 16, 18.5 and 22.5° (Fig 1.8). The quantitative
analysis can also be done to evaluate the amount of stereocomplex present in the blends by
XRD [35]. Wide Angle X-ray Scattering (WAXS) intensity curves (Fig 1.8A) of PLLA/PDLA blends
were obtained by cooled from 175°C by 5°C/min with different shear rates (a) 0s™* (b) 50s* (c)

100s? (d) 178st with the temperature interval of 5°C.
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Figure 1. 8. Typical (A) WAXS [37] and (B) XRD spectra [36] of PLLA (a) and sc PLA (sc) registered with

the radiation wavelength A = 1.24 and 1.54 A, respectively.

1.5.2.2 DSC analysis
The blends of PLLA and PDLA can form stereocomplex crystals which have a melting
temperature about 50 °C higher than those of PLLA and PDLA homocrystals [25]. Due to the
higher melting and crystallization temperature, the existence and amount of stereocomplex

crystals in the blends can be simply evaluated by DSC analysis (Fig 1.9).

PLLA
f sc PLA
|= ]
d 50:50
L=
2 PDLA
el
J

léO 260 ZéO

TEMPERATURE, °C

Figure 1. 9. Typical DSC curves of homopolymers and sc PLA [25].
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1.5.2.3 Other techniques

The other methods have also been proposed to detect the presence of stereocomplex
in the blends. Such techniques include microscopies and spectroscopies. The former (i.e.
scanning electron microscopy (SEM), polarized optical microscopy (POM), transmission
electron microscopy (TEM) and atomic force microscopy (AFM)) are generally used to reveal
the information about surface morphology, crystals formation as well as crystallization
kinetics; while the latter (i.e. Fourier-transform infrared spectroscopy (FTIR), Raman
spectroscopy and nuclear magnetic resonance spectroscopy (NMR)) reveal information about
the hydrogen bonding in stereocomplex polymers. For instance, there is a new absorption
peak at 908 cm™ in the FTIR spectra of sc PLA due to the hydrogen bonding as compared to
homopolymers as shown in Fig 1.10 [38]. The hydrogen bonds undergo rearrangement
between CHs group and C=0 group and cause a conformational adjustment in the C-O-C
backbone (shown in Fig 1.6). In addition, the 103 helix chain conformation (a crystals) at 923

cm! disappears after stereocomplexation.

——PDLA ——PLLA
——D=2575 —D/L=50/50
—o—DIL=75/25

Absorbance

895 905 915 925 935
Wave numbers/cm-!

Figure 1. 10. FTIR spectra of homopolymers and sc PLA (e.g. D/L=25/75 corresponds to 25:75 (w/w)
ratio of PDLA and PLLA) [38].

1.6 Influence of the different parameters on stereocomplexation
In the racemic mixture of PLLA and PDLA, there is a competition between
homocrystallization and stereocomplexation. Several parameters that could influence this

competition are follows [25, 33, 37, 39-47]:
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¢ blending ratio of two homopolymers, PLLA and PDLA [25, 48-50]

+ molecular weight of two homopolymers [49-51]

+ optical purity of the two isomeric polymers [41, 52]

¢ temperature and time after blending of two homopolymers in solutions [42,
49, 50, 52]

¢ the solvents utilized for polymer casting [49, 51]

¢ the structure of co-monomer units and length of the lactide unit sequences in

copolymers [53-57].

The most common conditions of blending to form stereocomplex crystallites without
homocrystallites include: equimolar mixture of low MW L- and D-lactide homopolymers [25,

42, 49-52].

1.6.1 Blending ratio of homopolymers
Ikada et al. [25] has reported that the optimum blending ratio for homopolymers is
50:50 at which only stereocomplex is formed. When deviating from equimolar ratio of PLLA
and PDLA, the formation of homocrystals is obvious through the appearance of melting peak
at 180 °C. As for the equimolar blend, there is only melting of sc-crystals at 230 °C, as shown

in Fig 1.11.

100/0

~—Endo. Exo.—
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Figure 1. 11. Melting thermograms of polymer blends of PLLA and PDLA in different ratio [25].
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In addition, Tsuji et al. [51, 58] indicated that the melting peaks of both homocrystals
and stereocomplex were observed when PDLA fraction (Xp) was between 0.1 to 0.3 and 0.7 to
0.9, while the pure stereocomplex was detected for Xp between 0.4 and 0.6 with maximum of
the melting enthalpy (AHm) at Xp = 0.5. The only homocrystallization occurred near Xp = 0 and
1. According to the obtained stereocomplex crystalline structure in which PLLA and PDLA
chains are paired in each units with the equilateral triangles structure, it is reported that
equimolar blending ratio is the optimum condition for yielding formation of stereocomplex

crystals.

1.6.2 Molecular weight of homopolymers

The work of Ikada et al. [51, 58] and Tsuji et al. [42, 48] demonstrated that the
molecular weight of isomers affects the extent of homocrystallization and stereocomplex
formation. In their work, not only the impact of the molecular weight of homopolymers was
investigated but also different elaboration methods were compared in order to understand
the competition between stereocomplex and homocrystals formation. The investigation was
carried out by using different viscosity average molecular weight (My) PLLA and fixed PDLA in
a 50:50 ratio of PLLA:PDLA. As shown in Fig 1.12, stereocomplex crystals were obtained over
a wide range of M,. Stereocomplexation was preferentially obtained when low molecular
weight polymer (approximately below 40 kDa) was used in the film casting process. With
increasing molecular weight, the formation of stereocomplex decreases while the
homocrystals formation increases. When the polymer was prepared by precipitation
accompanied by stirring, stereocomplex crystals formation was obtained regardless molecular
weight variations, as shown in Fig 1.12. It can be deduced that the chain mobility in the
samples prepared by precipitation is higher compared to the samples prepared by solution
casting. However, if the precipitation was carried out in high concentration (5g/dL) and/or
without stirring, the stereocomplex crystals failed to form. Instead, only homocrystals were

obtained [51, 58].
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Figure 1. 12. Competitive stereocomplexation and homocrystallization in solution casting and

precipitation methods [51, 58].

Fig 1.13 shows the effect of blending method as the function of M,. Tsuji and Ikada [42]
revealed that the stereocomplexation occurred rapidly (e.g. from 90 J/g in 10 kDa polymer
prepared by solution casting to 70 J/g when the M, is approaching 100 kDa) while

homocrystallization required longer induction time (e.g. the AHn increases only after 100 kDa).
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Figure 1. 13. Competitive stereocomplexation and homocrystallization in solution casting and melt

blending as the function of My of homopolymer isomers [42, 48].
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1.6.3 Chain structure of the components

The influence of chain structure on the homocrystallization and stereocomplex
formation was investigated by comparing linear and branched PLAs in the racemic mixtures
[39]. It was reported that the enhanced nucleation process occurred in the blends due to the
branched chain structure. The impact of branched structure was confirmed by reducing cold
crystallization temperature (from 140 °C in linear structure down to 111 °C), increasing
spherulite density, different growth rate of branched PLAs and different internal morphology
during stereocomplexation. In addition, Tsuji and lkada [59] reported the influence of optical
purity on the stereocomplexation of PLLA and PDLA (50:50 ratio) prepared by solution casting.
POM micrographs demonstrated that no spherulitic structure was observed for non-blended
polymers with optical purity less than 76%. The spherulite density increases with decreasing
isothermal crystallization temperature (from 0.2 number/mm? at T. = 140 °C to 1200
number/mm? at T, = 100 °C in the same 98% optical purity PLLA) as well as at higher optical
purity (i.e. from 36 number/mm? in 76% optical purity PLLA to 1200 number/mm? in 98%
optical purity PLLA measured at T. = 100 °C). Furthermore, blended films had higher spherulite
density (4200-9700 number/mm? at T. = 100 °C) at any optical purity and crystallization
temperature compare to non-blended ones. DSC results depicted that increasing optical purity
reduced the cold crystallization temperature and increased melting temperature. No
homocrystallization and melting peaks were observed for optical purity less than 90%, and a

melting peak corresponded to the stereocomplex crystal was monitored around 230 °C.

Brochu et al. [52] investigated the impact of composition and overall enantiomeric
excess on the morphology of sc PLA. The samples were elaborated by solution casting and
slow solvent evaporation. The AHm of stereocomplex crystals increases with increasing PDLA
content, with the maximum value at 50:50 ratio of 100% pure PLLA and 100% pure PDLA
isothermally crystallized at 104 °C. Such result can be explained by the prohibition of
homocrystals formation in the presence of stereocomplexation. For the blend films that
contain 100% pure PLLA and 80% pure PDLA isothermally crystallized at 115 °C, the maximum
AHr for the stereocomplex crystals was achieved at 35:65 (PLLA:PDLA) blend ratio; while for
homocrystals can be observed up to 30:70 ratio of PLLA:PDLA. Furthermore, the amount of

homocrystals in the blend of 100% and 80% pure PLLA and PDLA, respectively, is similar to the
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blend that contains entirely 100% pure homopolymers. On the contrary, the amount of
stereocomplex crystals in the blend films containing 100% pure PLLA and 80% pure PDLA was
less than that in the blends with 100% pure isomers. Such a consequence can be attributed to
two facts: (1) a decline in the stereocomplexation rates due to the L- units in 80% optically
pure PDLA chain, and (2) higher molecular weight of 80% optically pure PDLA samples as
compared to the 100% pure isomers (higher molecular weight ensures slower chain diffusion

to form stereocomplex crystals).

1.7 Barrier properties of PLA-based material

Transport property is one of the most important parameters in food packaging industry.
The mostly used polymers should be in the form of non-porous films with high barrier property
and selectivity. Permeants (H.0 and gases: Nz, O, and CO3) pass through the polymer films
when there is a pressure or activity difference between the opposite film interfaces.
Permeation through non-porous polymer films is described by “solution-diffusion”
mechanism [60-62]. Based on this mechanism, permeation is a complex process involving

different sequence of events:

1) absorption of the permeant into the film at its interface applied to the higher
pressure or activity

2) molecular diffusion of the permeant in and through the film

3) desorption and release of the permeant from the film at the opposite interface

exposed to the lower pressure or activity.

Due to environmental concerns, the transport properties of traditional PLAs were
widely investigated for packaging applications [63-68]. However to our best knowledge, the
barrier properties of sc PLA is not well investigated. Tsuji and Tsuruno [69] proposed the
influence of crystallinity degree and crystal types on the water vapor permeability (WVP) of
PLAs. They prepared pure PLLA and PDLA films with homocrystals and PLLA/PDLA blends with
only stereocomplex crystals as the crystalline species. Isothermal crystallization process was
applied to the elaborated films in order to obtain films with different crystallinity degree and
pure crystals. It was shown that the WVP of studied polymers decreases (barrier properties

improves) with increasing degree of crystallinity. Water vapor transmission of homopolymers
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became slower (permeability coefficient P decreased from 2.29 to 1.15 Barrer) with prolong
isothermal crystallization time at 140 °C. In the case of sc PLA, the water vapor transmission
is faster (P increases from 1.00 to 1.81 Barrer) when the sample is isothermally crystallized at
higher T¢ (ranging from 205 °C to 255 °C). To sum up, the P value of sc films is 14-23% lower
than that of pure PLLA and PDLA films depending on the degree of crystallinity (Fig 1.14).

Nevertheless, there is no sufficient information about the impact of
stereocomplexation on the barrier properties of PLA-based materials, especially towards
water and gases (N2, O; and COy). In literature, elaborated PLLA/PDLA films were thermally
treated after elaboration to increase the purity of crystalline species and degree of crystallinity.
Therefore, during this thesis the barrier properties of sc PLA film are studied (cf. Chapter 5). It
has been widely accepted that the permeants transport through the “free volume” in
amorphous phase disregard of its crystalline structure [70]. Therefore, the next section

focuses on the amorphous phase through glass transition concept.
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Figure 1. 14. The water vapor permeability coefficient (P) dependence on crystallinity degree [69].
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1.8 Theory of the glass transition and its phenomenological aspects
The concept of the glass formation and the glass transition temperature (Tg) is detailed

with theoretical models to describe the molecular mobility related to the glass transition.

1.8.1 Glasses and the concept of Tg

Glasses are defined as disordered materials, including all solids having a non-crystalline
atomic-scale structure. The glasses indicate a transition when heated up to the liquid state. A
liquid can form glasses in numerous ways if the applied cooling rate is enough to prevent
crystallization of the material [71]. Glasses include different materials display different
chemical nature; i.e. oxides [72], chalcogenides [73-75], ionic liquids [76, 77], and polymers
[78-80]. The glass transition is a transition from metastable equilibrium (liquid-like state) to
the glassy state. Meanwhile glass-forming liquid is cooled down rapidly, its viscosity n
increases and reaches a value approximately 10'2 Poise at a relaxation time close to 100s [81].
The temperature at which the viscosity is reached, is called T;. The dynamic phenomenon
associated to the Tg, so called the a-relaxation, has been widely used to investigate different
polymer glass-forming liquids. Most commonly used theories and models are free-volume
approach [82, 83], thermodynamic models [84], Adam and Gibbs theory [85], mode coupling
theory [86], and coupling model [87]. The glass transition affects different dynamic quantities
and thermodynamic parameters such as the viscosity, the heat capacity and the relaxation
time which is the required time to recover equilibrium after an external perturbation [88].
Therefore, the T4 can be measured by different experimental techniques, such as dilatometry
measurements and differential scanning calorimetry (DSC) measurements. In Fig 1.15 a typical
curve shows the evolution of volume, the enthalpy and entropy of a glass-forming liquids as a
function of temperature. Once the melting temperature Ty, is reached, the thermodynamic
properties of crystals turn into liquid state species. The molecules are extremely mobile at and
above the equilibrium temperature. If the glass-forming liquid is able to crystalize, the
thermodynamic properties of the crystalline state can quietly increase towards to higher
temperature (path of the purple line). In this case, the entropy of the equilibrium liquid (Siiquid)
would be equal to the entropy of the crystal (Scrystar) at @ temperature, so called Kauzmann’s
temperature (Tk). Tk is inaccessible and can only be determined by extrapolation, so this

situation is referred to the Kauzmann’s paradox [89-91].
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If the liquids were cooled down by sufficient cooling rate to avoid crystallization, the
system will reach in a metastable state, so called the liquid-like state (cooling path on wine-
red line). Meanwhile the temperature decreases along with the mobility of the molecules to
reach the temperature where the liquid state seems to be frozen, the T is reached resulting
in a discontinuity in the evaluation of the thermodynamic properties. Therefore, the Tg is also
commonly defined as the intersection of the liquid and the glassy lines of the thermodynamic

properties [92, 93].
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Figure 1. 15. Schematic representation of the thermodynamic properties of a glass-forming liquid as a
function of temperature. Wine-red dotted line corresponds to the thermodynamic equilibrium. Tk:
Kauzmann’s temperature, T,: glass transition temperature, Tn: melting temperature, AS:

configurational entropy ASc = Siiquid— Scrystal.

The glass transition kinetic is demonstrated by the dependence of the Tg on the cooling
rate [94-96]. The faster cooling rate the higher T value and the slower cooling rate the lower
Tg value, as depicted in Fig 1.16. Thus, the T is not intrinsic temperature because of the
dependency on the cooling rate. The cooling rate is defined by the first derivative of the

temperature T by time t:

dT
Be = qt (1.1)
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By estimating the cooling as the series of temperature steps, the eq 1.1 can be

expressed as the time t taken towards each temperature T:

AT
At =

= (1.2)

Hereby, higher cooling rate resulting in a shorter time between each T. Such result
allows us to define the idea of relaxation time 1, which is required time by the system to reach
the equilibrium after external perturbations. Therefore, the liquid falls out equilibrium when

At at each T is smaller than .
At >> 1t — liquid and liquid like state
At = T —> glass transition

At << T —> glass

B53<Bc2<l3c1
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Figure 1. 16. Schematic illustration of the temperature dependence of the thermodynamic properties
of a glass-forming system for three different cooling rates Bc. Tg1, Ty2 and Ty are the temperatures

correspond to the glasses obtained at different cooling rates Bci, B2, Bes, respectively, where B < Be

< Bcl.

High cooling rate prevents the possibility of the rearrangement of molecules (cooling

rate > relaxation rate), so the molecules can be frozen rapidly. This fact can explain high speed
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cooling rate resulting in a higher Ty. The glass transition phenomenon can be explained as a
discontinuity in the assessment of the enthalpy H (shown in Fig 1.15). The T, will cause a step
in the heat capacity plot as a function of temperature and can be estimated by the middle

temperature of the occurring variations as shown in Fig 1.17.
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Figure 1. 17. Temperature dependence of the specific heat capacity of PLLA sample obtained by DSC

measurement. The glass transition temperature is determined at the middle point.

The fundamental of glass transition is always a point of debate due to its complexity
that includes the equilibrium, thermodynamic and kinetic factors related to the nature of the
material. The physical properties of the materials, particularly in the case of amorphous
polymers, drastically change at Ty. Therefore, any physical characteristics (i.e. chain flexibility,
stiffness including steric hindrance, polarity, branching) and/or any other impacts (i.e.

crystallization, crosslinking) that affect the chain mobility can also influence the value of Ty.

1.8.2 Theoretical approaches of the glass transition
Recently, various theories and models have been developed to explain the
fundamental nature of glass transition in the glass-forming systems. Unfortunately, there is

no generally accepted theoretical approach that can successfully describe all phenomena of
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the glass transition. Nevertheless, theories based on the thermodynamic and kinetic aspects

used in this work are briefly introduced.

1.8.2.1 Free volume model
The free volume theory proposed by Turnbull and Cohen [82] and Doolittle [97] was

based on the following assumptions:

» free volume is continuously redistributed without any expense of local free
energy for this redistribution, and
» molecular mobility is associated with movement of atoms or molecules into

voids of approximately equal or greater size than that of molecular dimensions.

Motions of the molecules, resulting the redistribution of the free volume V4, can be defined as
the difference between the total specific volume V and an occupied volume Vp, i.e. Vi=V—V,.

The relation between viscosity and free volume was developed by Doolittle as follows [97]:

Inn =1Ina +202Y0) (1.3)
Ve

in which n corresponds to viscosity, A and B are the fitting parameters, V is the total specific
volume and Vsis the free volume. The average free volume is vf= Vs / N, where N is the number
of molecules. The fundamental assumption from Cohen and Turnbull [83] is based on the
linear temperature dependency of average free volume (Eq 1.4). They proposed that
redistribution of the free volume in viscous liquids takes place without any charge of the local
energy. Thus, molecular motion is associated to the mobility of space which has a sufficient

large volume to retain a molecule towards the redistribution of free volume.
Vi(T) = arVu(T —To) (1.4)

where Ty is the temperature at which the average free volume is zero, ar is the thermal
expansion coefficient and V,,, is the mean molecular volume. According to this hypothesis, the
free volume model predicts that while the temperature approaches Ty, vsevanesces, so then
the molecular diffusion is stopped. When the contraction occurs, the packing density increases

causing a reduced free volume and molecular mobility with the decrease in temperature.

29



CHAPTER 1. STATE OF THE ART

Furthermore, these translational diffusive motions freeze at the glass transition. As a
consequence, the free volume approach can be used to clarify strong temperature

dependence of relaxation mechanisms like the segmental (a) relaxation or viscosity.

1.8.2.2 The Adam-Gibbs’s model: configurational entropy

The configurational entropy S. was proposed by Adam and Gibbs [85] based on
reduction of the relaxation time with decreasing temperature towards the glass transition.
The relaxation process of glass-forming liquids takes place by cooperative rearrangements of
the molecular groups. Such a motion is only possible if the given number of neighboring
molecular groups are dependently in motion. In other words, the rearrangements above
energy barriers of molecular units must be “cooperative”, involving a number of repeating
units that necessarily increases with decreasing temperature. In addition, the systems can be
divided into independent and equivalent regions, so called “cooperative rearranging region”
(CRR). CRR is defined as the smallest region that can be exposed a new configuration without
any essential simultaneous configurational change. The segmental relaxation is based on the

rearrangement of the molecules in the CRRs.

1.8.2.3 The concept of cooperativity
Based on the Adam and Gibbs’s assumptions, the system can be divided into N-
independent and equivalent subsystems obtained by z molecules; also, n of these regions are
assumed to be in the thermodynamic state which leads to cooperative rearrangements. The

isothermal-isobaric partition function of the system can be defined as [85]:
E PV
Az P,T) = ey w(z,E,V) exp (~or) exp(— ) (1.5)

in which w is the degeneracy of energy level E and volume V of the subsystems, and ks is the
Boltzmann constant. If eq 1.5 is limited to the values of E and V, the fraction (f) of CRRs which
involving transitions can then be estimated relatively [84]. The probability of cooperative

transition W (T) with z molecules, which is proportional to the f of CRR, can be expressed as:

w (T) = Aexp(— %) (1.6)
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where A is a frequency factor which is negligibly dependent on temperature, and Ap is the
difference between the chemical potential of the molecules in cooperative region and the
molecules in the non-cooperative region. While the relaxation time t is related to the
transition probability and the relaxation is proportional to the size of CRR region, the
temperature dependence of relaxation time in a glass-forming liquid (approaching glass

transition) is then expressed as:
c
T(T) = 1y exp (T_SC) (1.7)

where 10 and C are constants, S. corresponds to molar configurational entropy of the
macroscopic sample. Although this equation depicts the relation between relaxation time and
the configurational entropy, the configurational entropy is not experimentally accessible.
Therefore, Sc (T) can be linked to the change in the heat capacity ACr ~ 1/T resulting Sc (T) ~

(T- To) / TTo by using thermodynamic considerations.

1.9 Relaxation phenomena and molecular dynamics

Different molecular motions exist below and above the glass transition temperature in
glass-forming systems. The type of polymer relaxation processes depends on the size of the
segments that are related to the molecular movements. These movements can be separated

in two main motions:

+ the movement of long chain segments, and
¢ the local movement of group of molecules in the chain segment, so called

“localized motion”.

Deceleration of the molecular movements in glass-forming liquids broadens the
relaxation time or frequency interval, and the time shifts to longer interval at Ty The
information about the dynamics of these motions can be obtained by measuring the dielectric
responses of the sample; i.e. the complex dielectric function (¢*) or the complex conductivity
(o*). The corresponding response of a time dependent dielectric function &(t) to outer
alternating electric field E (t) is called a relaxation (Fig 1.18). The relaxation function is

measured as the response to external perturbation based on time or frequency. The
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characteristic relaxation time t and/or the relaxation rate v ~ 1/t of these motions are
measured as a function of temperature by dielectric spectroscopy technique [98]. Therefore,
the glass transition temperature is conventionally determined on the basis of the time scale,

in which the structural relaxation (a-relaxation) time t4 reaches 100s.
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Figure 1. 18. Schematic illustration of dielectric loss spectra in the frequency range 10 — 10%® Hz at
temperatures T; and T, [99]. The dotted lines correspond to the slope at high frequency flank of a-

relaxation peaks.

The characteristic dielectric loss spectra in broad range of frequency at two different
temperatures are represented in Fig 1.18, where different relaxation processes in glass-
forming systems are depicted. A slow process called a-relaxation (primary relaxation) is
generally observed at low frequency range. It is well known that many glass-forming systems
show a B-relaxation and/or an inflection at the high frequency side of a-relaxation, usually
called wing [100, 101]. The secondary process named [-relaxation or Bsiow is associated with
intramolecular fluctuation and can be observed at higher frequency range. The [-relaxation
processes can be attributed to the internal change of the molecular conformation, i.e. a
molecular side group motion in a polymer. Some other responses can be observed in the
higher frequency range like a peak called boson peak, which corresponds to the vibrational
properties of the systems. The a-relaxation is associated with the segmental movements and
is based on the atrophied diffusion of conformational changes as like gauche-trans transition

throughout the polymer chain [98]. Such a conformational changes influence the bond length
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and the bond angles, thus increases the probability of a neighboring movements that
undergoes a cooperative motions. Therefore, the a-relaxation is a cooperative phenomenon
that can be defined as a conformational rearrangement in the amorphous domain which can
take place without affecting rearrangements in the surrounding. The cooperative character of
the a-relaxation is described by the size of the cooperative rearranging region (CRR) in the
Adam and Gibbs approach [85]. The cooperative molecular motion occurs around the
crossover temperature T, and the CRR size increases with decreasing the temperature to the
glass transition temperature. Such an increase in the CRR size is linked to the evident
characteristics of the relaxation dynamics around the glass transition, i.e. the non-Arrhenius

dependence of the a-relaxation time 1 [98].

1.9.1 The non-Arrhenius temperature dependence

Although several work proposed the numerous theories, findings and understanding
the universal features of relaxation phenomena in glassy systems are challenging [102, 103].
The study of the dynamics of glass-forming liquids is attractive topic to find an explanation of
the Arrhenius to non-Arrhenius temperature dependence of the a-relaxation time 1 (or
viscosity ) of the glassy polymers while approaching the glass transition temperature. The
temperature dependence of the relaxation dynamics can be studied by differential scanning
calorimetry (DSC), modulated temperature DSC (MT-DSC), fast scanning calorimetry (FSC),
dielectric relaxation spectroscopy (DRS). These techniques allow us to investigate this

temperature dependency as schematically demonstrated in Fig 1. 19.

The liquids at very high temperature exhibit Arrhenius temperature dependence,

which can be explained by an Arrhenius law:
Eq
T(T) = T, exp (kTT) (1.8)

where T is the relaxation time at infinite temperature, E; is the activation energy required for
molecular motions and ks is the Boltzmann constant (ks = 1.38 x 10?3 J.K!). At higher

temperature, molecular motions occur with the coupling of a- and - relaxations.
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Figure 1. 19. Schematic illustration of the temperature dependence of the relaxation (a, B, y, and J)
processes in a glass-forming liquid during cooling. The cross-over temperature (T), is the temperature
at which the a- and - processes combine each other. The Arrhenius-like behavior is depicted at high

temperature. T, and Tk are the glass transition and Kauzmann’s temperature, respectively.

However, when the temperature is decreased to the crossover temperature T, these
relaxation processes can be separated. The -relaxation can be still explained by an Arrhenius
behavior, the a-relaxation becomes cooperative motions, and can be described by the Adam
and Gibbs theory. The temperature decrease of the a-relaxation between T, and Tk exhibits
the non-Arrhenius behavior (also called super-Arrhenius behavior) which can be explained by

the empirical Vogel-Fulcher-Tamman (VFT) equation [104-106] as follows:

(T) = t4exp (:_T;Z) (1.9)

where 1o is the relaxation time at infinite temperature, Dt is the strength parameter related
to the fragility, and Tv is the characteristic temperature below T4 so called the Vogel
temperature. In addition to the a-relaxation processes, the CRR size is increased by decreasing
temperature from T. to Tx. The VFT law can explain the temperature dependence of the
relaxation time of glass-forming liquids up to Tc. However, Ngai [107] presented that the most
of the glass-forming systems, in particular polymer systems, have two differentiated

temperature dependence of the relaxation processes at the crossover point. Therefore, two
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VFT equations are required for good fitting of relaxation data in the temperature range from
Tc to Ty. Furthermore, the temperature dependence of the a-relaxation has been studied by
using derivative method that proposed by Stickel et al. [108] confirming the presence of the
crossover regions. Stickel et al. defined the association of the VFT law in glass-forming liquids
with the linearity of the correlation function ®ras a function of T. The Stickel’s plot indicates
the @ versus 1/T whereas @7 = [d log 10 T / d (1/T)]"V2. The non-Arrhenius temperature
dependence of the a-relaxation time has been extensively investigated to classify the glass-
forming liquids based on their relaxation time around T,. The evaluation from Arrhenius to
non-Arrhenius behavior was proposed in the terms of “fragility” to define the degree of the
deviation from the Arrhenius dependence [109-111]. Fragility m is used to estimate the
dynamic properties and movements of a glass-forming liquids when temperature approaches
the glass transition. It shows the steepness of the temperature variations of viscosity n or

relaxation time t approaching Ty, and is expressed as follows:

d(logt)
= (1.10)
[d (Tg/T)] T = Tg

where m is the fragility index, T is the temperature, Ty is the glass transition temperature and

T is the relaxation time. The value of m gives information about the categories “strong” or
“fragile”. The systems which show a strong Arrhenius temperature dependence of 1
(Arrhenius behavior) are called “strong”. Meanwhile, the systems which present a severely
non-Arrhenius temperature dependence of 14 (non-Arrhenius or VFT behavior) with steep
variations are known as “fragile”. The m value is usually between 16 £ m < 200. The higher
value of m indicates the more fragile systems which show deviation from strong systems, as

shown by Angell’s plot in Fig 1.20.
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Figure 1. 20. Angell’s plot presenting the variations of 1 as a function of the normalized temperature

Ty r=100s/ T from Arrhenius to non-Arrhenius behavior.

1.9.2 The non-exponential behavior

Due to the molecular movements at equilibrium, a simple linear exponential function
exp (-t/1) is not sufficient to explain the isothermal time dependence of the a-relaxation in
liguids. Such behavior can be observed by the time or frequency dependence of the
equilibrium liquids measurements, i.e. mechanical [112], dielectric [113] and light scattering
[114]. The relaxation or correlation function monitored generally slower decays than the
exponential function, so this behavior represents “non-exponential” behavior. The same
molecular movements are associated with the structural recovery, therefore the time
dependence of the structural relaxation function under non-equilibrium conditions is called

III

also “non-exponential”. After long relaxation time, the systems relax completely and the
correlation function decay approaches to zero, this corresponds to the a-relaxation of the
system. Furthermore, due to the decrease in temperature, the a-relaxation process
decelerates and becomes non-exponential near the glass transition. On the other hand, the
configurational entropy theory showed that each CRR has unique relaxation time. Therefore,
the correlation function in a broad distribution of relaxation time t is well and simply

expressed by a stretched exponential function @, so called Kohlraush-Williams-Watt (KWW)
function [115, 116]:
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TKWW

d (t) =exp [—( ‘ )ﬁKWW] (1.11)

where Bkww is the stretch exponent (0 < Bkww < 1) corresponds to the distribution of the
relaxation time, tkww is the relaxation time. Bkww is inversely proportional to the distribution
of relaxation time as when Bkww is near to 0, the distribution is very broad. In addition, when
Brww is close to 1, the time distribution can be characterized by a simple exponential so called
Debye relaxation that is observed in liquids above the melting point. Debye relaxation was
firstly reported in 1863 to explain the mechanical creep in glassy fibers [115] and was then
studied by Williams and Watts in 1970 to investigate dielectric relaxation in polymer systems
[116]. The KWW law can be used for different physical and mathematical calculations of

models based on distribution of relaxation times to complex correlated processes.

1.10 Dynamic heterogeneity and cooperative movements

There are some important concepts that have been universally accepted and in which
the experimental results are linked to the investigation of vitrification and its dynamics. The
most well-known studies are the notions of cooperativity and the spatially heterogeneous
dynamics, named “dynamic heterogeneity”. The concept of the dynamic heterogeneity is
applied to find an answer for why there are severe variations of experimental parameters like
relaxation time and viscosity of glass-forming liquids towards glass transition [117-119]. Ediger
[118] proposed that the dynamic heterogeneity may be expressed by the different regions
(few nanometers away from each other) in a liquid including sub-ensembles of particles that
show momentarily increased or diminished mobility relative to the average mobility. If these
particles have higher mobility than the average, they are defined as “mobile” or “fast”
particles. Those particles with lower mobility are considered to be “immobile” or “slow”
particles. Dynamic heterogeneity in the glass-forming liquids is not static as it improves over
time. The notion of dynamic heterogeneity exudes the dynamically correlated movements of
the particles in the regions. Therefore, molecular cooperativity associated with the glass
transition is intimately related to the dynamic heterogeneity [120-124]. Indirect methods, i.e.
multipoint dynamic susceptibility function [125-127] and thermodynamic methods based on
the fluctuation-dissipation theory [123, 128], are currently used for understanding the
dynamic heterogeneity. These approaches lead to estimate the length scale at T, that is
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approximately from 1 nm to 4 nm for different glass-forming liquids [129]. It has been found
that the dynamics of the glass-forming liquids is dynamically heterogeneous towards the
calorimetric glass transition temperature Ty. The discovery of the dynamical heterogeneity
well defines the deviation from the exponential behavior of the glass-forming systems
responses. Furthermore, the variations in the temperature dependence of transitional or
rotational diffusion in the systems approaching to the glass transition can be also defined by
the dynamic heterogeneity existence. Thus, the approaches have been focused on the notion
of the heterogeneous dynamics of the a-relaxation processes in the liquid-like state for better
understanding the nature of the molecular mechanisms associated to the glass transition.
Therefore, the majority of the research groups focus on the length scale of dynamic
heterogeneity and the cooperativity as a function of time and temperature for polymer glass-
forming liquids. Two independent models are mostly used to estimate the length scale. One
model was proposed by Berthier et el. [125] on the basis of the higher order correlation
function, the other one was reported by Donth [130] based on the fluctuation dissipation

theory.

1.10.1 Length scale from four-point dynamic susceptibility function

Since the a-relaxation exhibits both super-Arrhenius and non-exponential behavior
towards the glass transition temperature, the existence of the length scale associated to the
coexistence of molecules with essentially different relaxation time is still widely investigated.
Dynamical heterogeneity is spatially organized into fast and slow regions with a typical size.
To define the quantity in dynamics, the two-point correlation function is used [125] and is
generally expressed by the KWW (a stretched exponential) function to define the a-relaxation
in glass-forming systems. However, the two-correlation function cannot individuate the
homogenous and heterogeneous movements in one region of a glass-forming liquids.
Therefore, higher order correlation function “four-point dynamic susceptibility” of the density
fluctuation is used to investigate the behavior and magnitude of the dynamically correlated
molecules in glass-forming liquids (i.e. repeating units in the case of polymers). Four-point
dynamic susceptibility corresponds to the spatial correlation of localized particles, as the
evident location is associated to the correlated motion of the particles occupied by

neighboring particles [131, 132]. When two-point correlation function involves the variables
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at two times for the dynamics description, the four-point correlation function expresses the
spatial and temporal fluctuation of dynamic heterogeneity [120]. Therefore, the four-point
susceptibility xa (t) is estimated by the integration of the probability of a similar event that

occurs at a distance r at the same time interval t (Ca (r, t)) as [133]:
xa(t) = [ C4 (r,t)dr (1.12)

where xa (t) corresponds to the maximum value at the relaxation time 14 of glass-forming
liguids. Interactions between regimes play a role on a longer time scale, then these regimes
are separated in early and late regimes due to the elasticity theory. Later then, because of the
approach and departure from the plateau of the four-point susceptibility function, the
relaxation time tq is reached, and ya (t) presents a peak with a maximum, which is proportional
to the volume where correlation movements occur. The number of correlated molecules Ncoor,

4in an average relaxation time 1, can be estimated as [120, 122, 125]:
Ncoora = maxy {X, ()} (1.13)

Due to the impossibility of an experimental measurements of ya (t), Berthier et al. [125]
proposed a new model to estimate a typical length scale of the dynamic heterogeneity on the
basis of the temperature dependence. They modified the four-point susceptibility function to
the three-point dynamic susceptibility 7 (t) which is experimentally accessible [125]. The x7 (t)
exhibits a peak at t ~ 14 from which the number of molecules N¢c, whose dynamics on the time
scale of the a-relaxation are correlated, can be estimated [134]:

2
N, =24 LENE max(yr ()2, or Np = 4 X5 12 max (g—;) (1.14)

my ACP my ACP

where Ncis the number of the dynamically correlated segments (repeating units in polymers),
mg is the molecular weight of the repeating units, Na is the Avogadro’s number, ACp is the
variation in heat capacity between liquid and glassy states, ks is the Boltzmann constant, and
€ is the dielectric relaxation function. When the dielectric relaxation function shows a
Kohlrausch form with a stretch exponent, the number of dynamically correlated units can be

estimated by a simpler form or by eq. 1.14 as Capaccioli et al. proposed [135]:
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N =g () () (1.15)

where ACp is the variation in heat capacity between liquid and glassy states, mo is the
molecular weight of the repeating units, Na is the Avogadro’s number, kg is the Boltzmann
constant, [ is the stretch parameter, e is the Euler’s number and 14 is the relaxation time of
a-process. As consequence, Nc increases with decreasing temperature and increase of 14 as a

function of temperature T and relaxation time tq, respectively.

In this work, the number of dynamically correlated systems is calculated using eq. 1.15.
Different parameters in eq. 1.15 can be usually exported from the results of two experimental

techniques that are DRS and MT-DSC.

1.10.2 Length scale from temperature fluctuation: Donth’s approach

Donth proposed a simple method based on the temperature fluctuation in subsystems
(CRR) in order to calculate the length scale at the calorimetric glass transition [129, 136]. As
explained in the Adam-Gibbs’s theory, the CRRs are definable independent subsystems that
demonstrate thermodynamic fluctuations [85]. Therefore, CRR represents an independent
relaxation from the rest of the system over its own relaxation time t as well as own glass
transition T,. In addition, the dispersion in relaxation time can be linked to the distribution of
Ta between these subsystems. Therefore, an average dynamic glass transition <T,> of all
subsystems can be defined as the conventional calorimetric glass transition temperature Ty.
The density p, the temperature T, the entropy S and the energy E of the subsystems can be
different in each equal sub-volume of the glass-forming liquids. The thermodynamic
fluctuations were limited to slow degree freedom of the a-relaxation and the width of the
relaxation times of a-processes [137]. Therefore, a characteristic length of glass transition can

be estimated from experimental data.

Donth assumed that each CRR has partial structural entities with own frequency and
local free volume that fluctuate during time as frequency is the function of the partial free
volume. CRR is divided into the equivalent partial systems which are considered as statically
independent but cooperatively associated by free volume redistribution. Therefore, Donth

considered that the partial functions for each entities are independent and cooperative
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movements are caused by the distribution of the partial free volume. Moreover, these partial
subsystems can be investigated by its frequency and free volume and involved populations
that are linked to a temperature. Then, an average temperature fluctuation 8T confirmed in a

CRR between the different populations.

The independent and equivalent free volume is thermodynamically in the metastable
equilibrium where the fluctuation in variables can be defined by Gaussian fitting. The energy
fluctuation is dependent on the isochoric heat capacity (J.K?), the freedom degree of the a-
relaxation processes and vibrational motion associated with glass below T4 [138]. Therefore,

the relation between the average T, and the thermal heat capacity can be defined as:

2 ACV
(6T,)" = kT 3° (1.16)
and/or
ACy 1 1 1
2 ~ A=) = — 1.17
Cll/,o.' (CV) CV,glass CV,liquid ( )

By assuming that the variation of 1/Cp is identical with that of 1/Cy, then:
2 1
(67y)" = ks T3 8(5) (1.18)

can be expressed. To calculate a length scale of cooperativity, the heat capacity C'p, « (J.K?)

can be modified in terms of the specific heat capacity in unit of J g K as follows:
CI,’,a = Cpa P Va (1.19)

in which Cp,« = Cp, 7579 — Cp, T< 14 is the change in the specific heat capacity step at the glass
transition. Thus, the characteristic length scale of the glass transition £y and the volume can

be expressed as:

1 2
=3V, =K el (1.20)

p (6T)?
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where ACp ! is the variation in the inverse of the isobaric heat capacity for liquid and glass at
the dynamic glass transition temperature Tq, kg is the Boltzmann constant, p is the density at

To and OT is the temperature fluctuation in a CRR at T.

Correspondingly, the number of structural units in a CRR (Ng) can be estimated as:

NakpTZACH?t

No = =0 oy

(1.21)

where N, is the Avogadro’s number and mg is the molar mass of repeating unit.

The parameters of the Donth’s approach, T, 8T and ACr' can be exported from
calorimetric techniques such as DSC and MT-DSC. The cooperativity length &q at the glass
transition estimated by Donth’s approach for glassy polymers is usually in the range of 1-3.6

nm [139-142].

1.10.3 The cooperativity size in a wide temperature and frequency range
The classical Donth’s model proposed the CRR size estimation in only narrow
temperature and frequency range close to the calorimetric Tg. However, the combination of
two experimental techniques (MT-DSC and DRS) allow us to estimate the cooperativity length
in a broad temperature and frequency range [142, 143]. There are several common and

complementary notions of the glass transition used in these two techniques:

+ the dynamic glass transition can be monitored by applying a periodic
perturbation to the sample, i.e. a modulated temperature ramp in MT-DSC and
a periodic electric field in DRS. Therefore, such techniques allow us to measure
the complex quantities of the heat capacity Cp* by MT-DSC and the dielectric
permittivity €* by DRS involving real (C¢’ and €’) and imaginary (C»”’ and &”’)
parts, respectively;

+ due to the linear response theory, both real and imaginary quantities can be
directly compared;

+ in case of MT-DSC, the dynamic glass transition can be estimated by a heat
capacity step ACp in the real part, while the relaxation peak can be observed in

the imaginary part;
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¢ in case of DRS, the dynamic glass transition can be determined from the

dielectric strength Ag, and a peak of €” in the imaginary part.

Therefore, both ACr and Ae correspond to the amorphous phase species at the
dynamic glass transition temperature. So, the glass forming liquids exhibit a relaxation time
distribution function at each temperature step. As the consequence, the temperature
fluctuation 8T is associated to the standard deviation o7 of the Gaussian peak function, so the
average temperature fluctuation 8T can be obtained from the imaginary part G’ (T) of
complex heat capacity as well as from the imaginary part €’ (T) of the complex dielectric
permittivity. In DRS analysis, the dynamic glass transition T, is determined from the maximum
of the peak in DRS spectra. The parameters of the Donth’s approach, Te, 8T and ACr? can be
obtained by these two techniques and combined to extend Donth’s approach to calculate the
temperature dependence of the CRR size as well as the cooperativity degree N, in a wide

temperature range (from Eq 1.20 and 1.21, respectively).

1.11 Structural relaxation of glassy polymers
Besides the Arrhenius and non-Arrhenius temperature dependences of the a-
relaxation process in glass-forming liquids, the structural relaxation takes place when the

temperature approaches the glass transition temperature and below.

1.11.1 Physical aging concept

Even though the glassy form seems to be “frozen” on the measurement scale below
glass transition temperature, a molecular mobility still exists [92, 93]. Therefore, when the
glass-forming liquids are held below their respective glass transition temperature, so called
physical aging (the structural relaxation) will occur. Such a structural relaxation is the
convergent evolution of the thermodynamic properties towards equilibrium [93]. Such
thermodynamic properties towards equilibrium are associated with a free volume hole
diffusion towards surfaces which could be the external ones of the system or the internal ones
in the low density region obtained by controlled cooling rate [144-146]. Thus, investigation of
structural relaxation in the terms of physical aging gives information about molecular

motions/dynamics.
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Figure 1. 21. lllustration of the heat flows of a glass-forming liquids during physical aging. Green area

corresponds to superimposed peak at T, (aged sample), blue area corresponds to unaged sample.

The physical aging can be studied by calorimetric investigations. When glass is held
isothermally below the glass transition temperature, the following heating curve will exhibit a
peak superimposed to the glass transition as shown in Fig 1.21. Such a peak is related to the
enthalpy recovery of a glass forming liquids and gives an information about the excess of the
energy released during physical aging. Enthalpy recovery of a glass that aged at a temperature
Tag for an aging time tqq is calculated by the integration of the variations between the measure

of aged and rejuvenated sample by following equation [147]:
T:
AH (Tyg,tag) = fo [CE(T) — CH(T)].dT (1.22)

where C7 (T) and C7 (T) are the heat capacity of the aged and rejuvenated (unaged) sample,
and T1 and T; are the optional temperatures below and above the glass transition temperature,
respectively. It is considered that equilibrium is reached for an infinite aging time. Therefore,
the expected total enthalpy loss AH» can be extrapolated from the equilibrium depending on
the aging temperature Tog and the glass transition temperature Ty, as well as the heat capacity

step ACp of the sample, as expresses by follows:

AHy, = ACp (Ty — Tay) (1.23)
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1.11.2 The fictive temperature concept

Due to the kinetics related with the glass transition temperature and devitrification
upon heating, Ty can be measured by the concept of the fictive temperature T;. The fictive
temperature is thermodynamically defined as the crossover point of the enthalpies of the
glassy and the liquid-like state at non-equilibrium process. This concept has been reported by
Tool et Eicitlin in 1931 [148]. The kinetics of the structural relaxation can be also investigated
by measuring the fictive temperature as a function of aging time. The fictive temperature
concept is also used to examine the cooling rate dependence of the glass transition in order
to understand the nature of glass-forming liquids. The kinetic impact of the cooling rate can
be observed upon subsequent heating from the glassy state to liquid-like state. When a glass
is obtained at 1 and then it is heated at the same rate (|Bc1| = Bn1), the enthalpy recovery will
occur on the same line at the liquid-like state. However, if a glass is formed at Bc2 (Be2 << Be1),
the glass transition temperature will decrease. Then, a glass is heated at Bn1 (Bh1 >> Bc), the
enthalpy recovery exhibits a peak superimposed on the glass transition upon heating. The
fictive temperature Tfcan be measured from calorimetric measurements, i.e. DSC and FSC by

the Moynihan’s equation [149]:

f;;f(CP,liquid - CP,glass)- dT = f;;z(CP - CP,glass)- dT (1.24)

where T: and T, are the optional temperatures above and below the glass transition,
respectively; Cp is the heat capacity of the sample at constant pressure, Cp, jiquid and Cp, giass are

the extrapolated liquid and glassy heat capacity lines of the sample, respectively.

Background history of PLA-based materials and related theoretical approaches have been
presented in this chapter. Existing literature focused its attention to the crystalline structure
of sc PLA with very little emphasis on the amorphous phase. With this in mind, we established
our objectives to understand the structural-property relationship of sc PLA. In Chapter 2
detailed experimental set-ups are presented in order to achieve the mentioned objectives.
The effect of two different elaboration techniques on the sc PLA formation was first
investigated (Chapter 3). Following this, we investigated the impact of tacticity/chirality on

the amorphous species of sc PLA (Chapter 4). And lastly, the glass transition property in terms
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of free volume concept (molecular mobility) was linked to the transport property of sc PLA as

compared to that of homopolymers and commercial PLA (Chapter 5).
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CHAPTER 2. EXPERIMENTAL PART

This chapter presents the detailed description of experimental techniques (calorimetric
investigations, microstructure analysis and permeametric analysis) used in this thesis in order
to analyze the elaborated samples. Experimental set-ups and protocols applied during the

analysis were briefly described.
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2.1 Materials

PLLA and PDLA were chosen due to the presence of chiral carbon in the skeletal chain
of PLA that yields to two stereoregular isomers, PLLA and PDLA. The mixture of these
homopolymers by the stereocomplexation reaction allows obtaining a new structure, so called
sc PLA. In this work, homopolymers of poly(L-lactide) (PLLA) and poly(D-lactide) (PDLA), and

stereocomplex poly(lactide) (sc PLA) were studied (Fig 2.1).

CH; O
RO\- )K/O\-\
(0] Y H
0 CH; O . : L
)J\/ © gHs i CH3
O RO (0] i H .
H o) . H RO X O\\
! T(\O ’
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PLLA PDLA sc PLA
(a) (b) (c)
Figure 2. 1. Repeating units of (a) PLLA, (b) PDLA, and (c) sc PLA.
211 Homopolymers

PLLA pellets (NaturePlast Injection grade, France) have the density of 1.25 g/cm?3. The
content of the D- isomers is negligible. The melting temperature Ty, is between 170 °C and
180 °C. The number-average and weight-average molecular weight measured by Gel

Permeation Chromatography (GPC) are Mn= 53 kDa and My, = 97 kDa, respectively.

PDLA pellets (NaturePlast PDLA 002, France) have the density of 1.25 g/cm? with the
content of the L-isomer less than 0.5%. The melting temperature T, of PDLA is about 175 °C.
The number-average and weight-average molecular weight measured by GPC are M= 56 kDa
and My = 99 kDa, respectively. The molar mass of repeating unit (Fig 2.1 (a) and (b)) is mp =72
g/mol. Both PLLA and PDLA homopolymers were dried at T=55 °C during 3 days before using.

2.1.1.1 Preparation of amorphous homopolymers
After a study of the thermal stability by thermogravimetric analysis (TGA) (the

degradation temperature Ty = 270-400 °C), the dried PLLA and PDLA pellets were thermo-
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molded at 1 bar and 180 °C between hot plates during 5 min by using a manual hydraulic press
ATLAS™ SPECAC. The temperature was selected above the melting temperature Tp, (ranging
from 160 °C to 175 °C [1, 2]) and below the equilibrium melting temperature T,° of PLAs
(ranging from 199 °C to 207 °C [3]). The films samples were then rapidly quenched in liquid
nitrogen and then dried at 60 °C for 24 h. The thickness of the obtained PLLA and PDLA films
was 150 - 250 pm.

2.1.1.2 Preparation of semicrystalline homopolymers

Semi-crystalline PLLA and PDLA films were obtained by solution casting. Chloroform
(99.8% purity) was used as a solvent. Dried pellets were dissolved in chloroform with the
concentration of 3 g/dL at Tgmp = 24 £ 1 °C under vigorous stirring during 1h. The prepared
solution was poured onto glass Petri dish to obtain free standing films. The solvent
evaporation was carried under the fume-hood at ambient temperature (T =24 + 1 °C) for 48h,
and the samples were further dried in oven at 120 °C for 12h to remove the solvent completely.
The overall preparation process for amorphous and semicrystalline homopolymers is

summarized in Fig 2.2.

PLLA PDLA PLLA PDLA
N/ > <
Thermo-molding

Solution casting ¢
v Quenching

Semicrystalline ¢
homopolymer Amorphous

N homopolymer
N . -
N ’
\ /
~ /7
N ’
u 7 3
ANALYSES

Figure 2. 2. Schematic illustration of homopolymer film preparation.
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2.1.2 Stereocomplex poly(lactide) (sc PLA)
In order to study the influence of elaboration method on the film properties,
stereocomplex poly(lactide) (sc PLA) was obtained by two elaboration methods, i.e. solution

casting and extrusion process.

2.1.2.1 Solution casting

Sc PLA (also referred as PLLA/PDLA films in some Figures) was prepared by solution
casting using chloroform (99.8% purity) as a solvent. In our work, only the influence of solution
concentration and PLLA:PDLA ratio was investigated. In order to study the influence of
homopolymer concentration on the stereocomplex formation, the solutions with different
polymer concentrations (namely 1, 2 and 3 g/dL) were prepared. In this case, the ratio of
PLLA:PDLA was maintained constant at 50:50 (w/w). In order to study the impact of
homopolymers ratio on stereocomplexation, the solutions with different ratios of PLLA:PDLA
were prepared: 50:50, 60:40, 70:30, 75:25, 90:10 and 95:05 ratio of PLLA:PDLA for the
concentration of 3 g/dL (this concentration was chosen after careful analysis of the XRD
patterns that will be discussed later in Chapter 3). Dried PLLA and PDLA pellets were dissolved
in chloroform separately at 24 = 1 °C. Then, PLLA and PDLA solutions were mixed together
under vigorous stirring for additional 1h. The prepared solution was poured onto glass Petri
dish (as shown in Fig 2.3). Solvent evaporation was carried out in the fume-hood (T~ 20 °C) for
48h and then additional drying took place in convection oven (T = 120 °C) for 12h. The

obtained free-standing films had the thickness of ~ 150 um.

AeB—A—

PLLA PDLA mixture of @
PLLA and PDLA  poured in glass Petri dish and covered for

solvent evaporation
under hood during 48h (T = 20°C)
in oven during 12h (T = 120°C)

solvent: chloroform
T = 25°C, t= 30min T=25°C, t=1h
300 rpm 300 rpm

Figure 2. 3. Schematic illustration of the solvent casting process.

61



CHAPTER 2. EXPERIMENTAL PART

2.1.2.2 Quenching
PLLA/PDLA films elaborated by solution casting were thermo-molded at 230 °C and 1
bar between two hot plates during 5 min by using a manual hydraulic press ATLAS™ SPECAC.
The temperature was selected close to the equilibrium melting temperature T,,° of 235 °C for
sc PLA crystals [4]. The samples were then quickly quenched in liquid nitrogen to obtain

amorphous films. The thickness of the obtained films was remained 150 + 20 um.

2.1.2.3 Extrusion

Blend of sc PLA was prepared by twin screw mixing. PLLA and PDLA pellets were mixed
with the ratio of 50:50 (w/w) for extrusion process. The influence of extrusion temperature
(Text) and mixing time (text) on the stereocomplexation of PLA was investigated. In order to
investigate the temperature dependence of extrusion, sc PLA was extruded at T.x: = 180, 190,
200, 210, and 220 °C during texr = 30 min with a rotation of 40 rpm. The impact of time was
observed by comparing the extruded samples at different time (text = 15 min and 30 min) at a
fixed temperature (Tex: = 220 °C). The homogeneity of mixing was taken into account by the
feeding amount of mixer because of its capacity. The amount of feeding was fixed as 6 g of

polymers (mpia = mppia = 3 g). Fig 2.4 illustrates the overall process for the sc PLA elaboration.

PLLA
Solution casting . + - Extrusion
PDLA
A4
Semicrystalline sc PLA |- = 5 Semicrystalline sc PLA
1 |
\4 | |
Hot compression molding : :
1 1
1 1
Quenching : 1
|
1 1
A I |
Amorphous sc PLA - ! |
1 1
I
vy v
ANALYSES

Figure 2. 4. Schematic illustration of the PLLA/PDLA sample preparation.
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2.2 Instrumentation and methods

The influence of stereocomplexation on the microstructure and the material
properties was studied by the microstructure and morphology analysis. In addition,
calorimetric investigations were performed in order to understand the fundamentals of short-

and/or long-range molecular mobility.

2.2.1 Thermogravimetric analysis (TGA)
TGA is a kind of thermal analysis in which the sample weight loss is measured either as
a function of increasing temperature, or isothermally as a function of time, under nitrogen,
helium, air, other gas, or vacuum. It provides information about different chemical
phenomena such as thermal decomposition and physical phenomena including phase
transitions, absorption and desorption [5]. It is a beneficial technique for the study of polymer
materials, including thermoplastics, thermosets, elastomers, composites, fibers, and coating

[6-8]. In this work, the measurements were performed by TGA Discovery (TA Instrument)

(shown in Fig. 2.5) to determine the degradation temperature of the samples.

(a) (b)

Figure 2. 5. Images of (a) sample pan place and (b) balance in the furnace of TGA Discovery.
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The samples were placed in the pan (Fig.2.5. a) with the mass around 5 mg and
measurements were carried out from 30 °C to 600 °C with a heating rate of 10 °C/min under

nitrogen. The degradation temperature (T4eg) Was recorded at the 1% mass loss of the sample.

2.2.2 Differential scanning calorimetry (DSC)

DSC is the most used thermal technique that allows us to make qualitative and
guantitative measurements. DSC determines the heat flow and the temperature related to
calorimetric transitions as a function of temperature and time. DSC provides information
about physical and chemical changes including endothermic (sample absorbs energy) and
exothermic (sample releases energy) processes of materials during physical transitions which
are caused by phase changes, cold crystallization, melting, crystallization, oxidation, and other
heat-related changes [9]. Two kinds of DSC exist, so called heat-flux DSC and power-
compensated DSC. In this thesis, the calorimetric investigations were performed with a heat-
flux calorimeter from Thermal Analysis Instruments (DSC Q100 TA Instruments). The
fundamental principle of this DSC lies in the difference between the amount of heat required
to increase the temperature of a sample and that of a reference. The measurements of the
heat-flux DSC Tzero'™ technology is based on the difference of heat flow between sample,
reference, and furnace. In this type of DSC, the sample pan and reference pan are placed in a

unique furnace (Fig.2.6).

Gas out
| f |
Reference  Sample Recorder and/or
Furnace i computer
oI
i— >
Programmer

Figure 2. 6. Schematic representation of heat-flux DSC.
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The furnace is subjected to the T changes and heat is transferred to the sample and
reference. The temperature is measured continuously, and a differential technique is utilized
to detect the heat flow into the sample and to equalize random heat gains and losses between
reference and sample. DSC does not allow a direct determination of the heat content. In

conventional DSC, the applied temperature ramp is linear:
T=T,+ Bt (2.1)

where T is the temperature at the time t, T; is the initial temperature and B is the scanning

rate. The resulting heat flow ® in the heat transfer Q is determined as follows:

s
O = = (2.2)

At the beginning of the measurement, the two thermocouples, i.e. sample and reference, are
at the same temperature Top= T; =T, where Ty is temperature of the location of measurements,
Ts is temperature of sample pan, and T; is temperature of the reference pan. During heating,
the temperature variation occurs between the sample pan and the reference pan due to the
additional weight of sample. Therefore, the variation of heat transfer onto sample (Qs) and
reference (Q/) is observed, which is related to the endothermic or exothermic events of the
sample. The relation between heat transfer and the variation of temperature can be expressed

by a thermal equivalent of the Ohm’s law [10]:

AT

¢ = Qs_ Qr_ R (2-3)

where R is the thermal resistance. This variation in temperature is associated to the specific

heat capacity of the sample [11]:

aQ _ AT _
- Cgp=cmpB (2.4)

d =

where C is the heat capacity, c = C/m is the specific heat capacity, m is the sample mass, and

B is the scan rate (heating or cooling rate).

Since, DSC Q100 is based on the T.ero'™ technology and as such technology uses more

complex equations of the heat flow, the relations between thermal resistance Rscp and Rrce,
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and heat capacities Cscp and Crep of the sample and reference cell platforms, respectively, are
taken into account in the heat flow equation. Therefore, the temperatures Ts and T, monitored

as a function of a location temperature Tp can be expressed as follows [12]:

1

dTs _ - doT

To— Ty 1
D= — — T (To — Ts)( - ) + (Crep — CSCP)E -l (2.5)

Rscp RRrcp

As the result of this complex function, a specific calibration procedure should be used. The
calibration procedure has two identic constant heating rate measurements; first experiment
should be performed without sample and pan (with empty furnace), and second experiment
is carried out with sapphire disks which are placed on the sample and reference positions
without pans and lids. Such experiments compute the resistance Rscp and Rgrecp, and
capacitance Cscp and Crep Of the cell. Then, the temperature and energy calibrations are carried
out using indium standard (Tm = 156.6 °C and AHm = 28.6 J.g1). Benzophenone can also be
used as a second standard for the cell calibration in temperature (Tm, benzophenone = 48.0 °C). The
calibrations of temperature and energy have to be repeated according to the experimental
scanning rate. In order to provide a good signal-to-noise ratio, the sample masses of 5-10 mg
were used. Scanning rate was selected as 10 K.min! to ensure the good resolution of

examined thermal events. All experiments were carried out under a nitrogen atmosphere.

2.23 Modulated temperature DSC (MT-DSC)

In standard DSC, sample undergoes the thermal events which affect its physical and/or
chemical properties during the measurements. These thermal events consist of the glass
transition, crystallization, and melting, as well as curing and evaporation. The “reversing” and
“non-reversing” events may occur at the same time or in the same range of temperature. Thus,
the average heat flows are overlapped and cannot be differentiated using standard DSC curves.
In 1993, Reading et al. [13] proposed to express the heat flow measured from standard DSC

as follows:
daqQ *
o = EzCﬁ+f(t,T) (2.6)

where f (t, T) corresponds to the part of the heat flow related to the kinetic or non-reversing

events, so called non-reversing heat flow ®ng. The reversing heat flow ®r linked to the
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thermodynamic events corresponds to the complex heat capacity and the scanning rate C'B.
The main difference of MT-DSC from standard DSC is the control of the sample temperature
and the data treatment method. In addition to the linear temperature ramp as in standard
DSC, MT-DSC includes a temperature modulation program in which the sample temperature
follows a periodic wave pattern (such as a sinusoidal wave, shown in Fig. 2.7.). Reading et al.
[14] proposed to super-impose sinusoidal oscillation with the linear temperature ramp in

order to separate the reversing and non-reversing events:
T=T,+ pt+ Asin (wt) (2.7)

where A is the modulation amplitude and ® is the angular frequency of the temperature

modulation with the period of oscillation P = 21/ .

—— Linear temperature ramp (°C)
—— Modulated temperature (°C)

Temperature (°C)

T=T,+pt
T=T,+ pt+A sin(ot)

Time (s)

Figure 2. 7. Illustration of heating ramp in the MT-DSC experiment on PDLA sample with a modulation
amplitude A =+ 0.318 K, a period of modulation P = 60 s (» = 21/P) and underlying heating rate B, = 2

K.minl. These experimental parameters correspond to a “heat-cool” mode.

The derivative of a sinusoidal temperature with respect to time gives the modulated

heat flow @ as follows:

d = 3—? = C* (B + Aw cos(wt)) (2.8)

and the complex heat capacity C" is defined as:

67



CHAPTER 2. EXPERIMENTAL PART

Agr __ wAC*
Ap  wA

c* = (2.9)

where Aur and Ag are the amplitude of the heat flow modulation and of the heating rate

modulation, respectively.

The thermodynamic events linked to the vibrational and translational motions of
molecules can be investigated from the reversing heat flow ®g. Such motions are very rapid
and can instantaneously follow any sample temperature modulation. On the contrary, the
non-reversing heat flow ®nr cannot follow the modulation and contribute to the modulated
part of the heat flow [15]. Thus, the total DSC signal simultaneously measured by MT-DSC
corresponds to the signal measured by standard DSC and the reversing DSC. In that case, the

reversing heat flow ®r and the non-reversing heat flow ®nr can be summarized according to:

dp= C*B = Af B (2.10)
d .
Pyp = d—f— C*B (2.11)

A phase lag ¢ consists of the total heat flow and the heating modulation. In this
situation, two evident heat capacity components considered as the in-phase component
related to ®g C’ and the out-of-phase component related to ®nr C” can be determined by

following equations:

CI

|C*| cos(D) (2.12)
C' = |C*|sin(P) (2.13)

The MT-DSC measurements were carried out with the Q100 DSC from Thermal Analysis
Instruments (DSC Q100 TA Instruments). All experiments were performed under a nitrogen

atmosphere and the calibration of MT-DSC was carried out in three different steps:

1. the heat flow, the temperature and the baseline were calibrated by using Tzero'™
technology;

2. the temperature and the energy calibration were performed by using indium;
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3. the specific heat capacity calibration was carried out using sapphire as a standard as it

did not undergo any transition in the studied temperature range.

The heat capacity of sapphire as a function of temperature is known exactly and is very
stable [16]. The third calibration step has to be repeated if the amplitude and period of
oscillation, the average heating or cooling rate are changed. In the end, a calibration factor Kcp
is calculated from the ratio of the experimental and theoretical specific heat capacity values

of sapphire:

KCP (T) — CPSapphire,theoretical (T) (214)

CPSapphire,experimental (T)

This factor is averaged on the temperature range of measurements and can be then used to

correct the apparent heat capacity of sample.

In this work, MT-DSC analysis was performed in heat-cool mode to investigate the glass
transition evolution of molecular dynamics in terms of free volume and CRR as well as to
perform crystallinity degree calculation. The measurements were carried out with a

modulation amplitude of + 0.318 K, a period of 60 s and a scanning rate of 2 K.min_.

2.24 Fast scanning calorimetry (FSC)

Some thermal events or reactions may take place simultaneously during heating. While
MT-DSC analysis allows us to dissociate the reversing and non-reversing events, Schick and
Mathot proposed to apply very high scanning rates in order to avoid or prevent thermal
reactions, as well as to observe very fast thermal events and/or crystallization processes [17].
In this case fast scanning calorimetry (FSC) is used. The fundamental principle of FSC is based
on the measurement of the difference in amount of required heat to increase the temperature
of a sample and a reference. The investigated sample and the reference are placed in
separated furnaces. Then, both furnaces are heated and heat is transferred to the sample and
the reference. The difference in thermal power which required to maintain the sample and
the reference at the same temperature is monitored. In this work, FSC analysis was performed
by fast scanning calorimeter Flash DSC 1 from Mettler Toledo with the power compensation

twin-type calorimetric chip sensor, based on micro-electro-mechanical systems (MEMS)
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technology. As shown in Fig. 2. 8, the twin-type chip sensor has two independent furnaces —
one for a sample and the other one for reference. The MEMS chip sensor is made by a stable

ceramic and the applied temperature is transferred by electrical thermocouples.

SAMPLE
FURNACE

MEASUREMENT
AREA

REFERENCE
FURNACE

! " MEMS TWIN-TYPE
CHIP SENSOR

Figure 2. 8. lllustration of the twin-type chip sensor based on MEMS technology [18].

Both sides of the chip sensor contain two thermal resistance heaters in order to apply
desired temperature and the temperature resolution is calculated by the time constant of the
sensor (about 1 millisecond, i.e. thousand times less than in case of standard DSC). The heat
flow is controlled through eight thermocouples at each side (totally sixteen thermocouples).
The measurement area of the chip is fabricated of a silicon nitride and silicon dioxide coated
with a thin layer of aluminum to provide homogenous temperature distribution. Before each
use the chip sensor is conditioned and corrected according to Mettler Toledo procedures. The
conditioning procedure allows verify the proper behavior of the sensor and its potential
memory effects are erased by sensor heating to the maximum temperature (400 °C). The
correction procedure is carried out in order to correct the thermocouple signal with respect
to the sensor support temperature. The correction procedure is performed by comparing the
signal of thermocouples with the temperature behavior of the heating resistance. In this work,
small piece of sample was cut and placed directly in the center of the measurement area of a
MultiSTAR UFS 1 MEMS chip sensor. A Huber TC100 intra cooler was used to cool the system

down to -90 °C and carry out high cooling rates. The calorimeter was operated under nitrogen
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gas flow of 20 mL.min! to avoid water condensation from the environment and to optimize
the applied program temperature [19]. The mass of samples was estimated from the
amplitude of the heat capacity step at the glass transition by comparing the value of the heat
capacity step (ACp) obtained by standard DSC at |B¢| = Bn = 0.78 K.s'? and the value of ACr
obtained by FSC at |B¢| = Bn = 1500 K.s [18]. The heat flow curves hereby were normalized to
the mass and the scanning rate, and the spectra curves were then plotted in equivalent Cp unit,

ie. J.glK?l

2.2.4.1 Glass transition temperature determination by the fictive temperature concept
The respective glass transitions have been investigated in terms of fictive temperature
and as a function of cooling rate. Thermal history of homopolymers and sc PLA samples was
erased at 220 °C and 270 °C, respectively, by isotherms during 0.5 s before any investigations.
Samples were then studied at temperatures from -50 °C to 270 °C at scanning rate |B¢| = Bn
ranging from 300 K.s™! to 4000 K.s™ to promote the resolution of investigated thermal events.
Fig 2.9 presents the normalized heat flow of amorphous sc PLA sample as a function of

temperature in the glass transition region.

Area-matching method

matched area

I =

Normalized heat flow (J.g".K")

' { ' 0 80 90 100 110 120
Temperature (°C)

w
o
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o
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[+2]
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Figure 2. 9. FSC normalized heat flow curve of wholly amorphous sc PLA sample as a function of

temperature upon heating at scanning rate |Bc| = Bn = 1500 K.s™.
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The values of the glass transition temperature were then calculated as the fictive
temperatures by using area matching method that was proposed by Moynihan et al. [20], as
shown in Fig 2.9. Since the heat capacity step at the glass transition is independent on the
scanning rate, special attention is paid to the sensitivity, i.e. signal-to-noise ratio, of the heat
flows during FSC experiments because of its dependence on the sample mass and scanning
rate [21]. The cooling rate dependence of the fictive temperature is extensively presented in
literature [22]. When applied cooling rate increases both the glass transition temperature and
fictive temperature will increase according to the non-Arrhenius behavior. Such cooling rate
dependence of the fictive temperature can be fitted by the Vogel-Fulcher-Tamman-Hesse

(VFTH) equation [23]:

log(Ie) = Ag = 7= (2.15)

where Ag is a constant, B is a fitting parameter and Ty is a Vogel temperature which is the
extrapolated temperature when relaxation time t approaches infinite. In the concept of the
fictive temperature, the VFTH equation can be modified to the Vogel-Fulcher-Tamman (VFT)

equation to determine the dynamic fragility index m as follows [24, 25]:

m = [—d(‘°§f0')l (2.16)
a(7) T=T
Taking into account the VFTH behavior for the cooling rate dependence of the fictive

temperature, m can also be expressed as follows:

B.T,
m = U"r—flﬂz (2.17)

The fictive temperatures as a function of cooling rate were determined by area-
matching method for all the samples and the experimental data were fitted by the VFTH

function to calculate the fragility index m.
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2.2.4.2 Thermal lag corrections

In order to improve the accuracy of the fictive temperatures investigation by FSC, the
thermal lag correction is required [17]. Thermal lag (8T.) is defined as a shift in temperature
due to the sample thickness and the high scanning rate, which provokes the heat transfer
delay between heater and sample [26]. The thermal lags can be corrected by the melting of
indium piece placed on the top of the sample [26-29]. As proposed by Schawe [27] two
corrections of thermal lag may be applied: the static (8Ts) and the dynamic (67p) thermal lag.
The static thermal lag (6Ts) corresponds to a third of the difference between the onsets
melting point of an indium piece placed on the sample specimen and another one placed
directly on the reference chip sensor, when extrapolated to heating rate zero. The dynamic
thermal lag (07p) corresponds to a half of the difference between the fictive temperatures
determined from measurements upon heating and cooling. A total thermal lag values were

then calculated for all samples by following equation:
6T, = 6Ts + 6T (2.18)

2.2.4.3 Physical aging in a scanning rate range more than six decades
Physical aging was carried out at different aging temperatures (Tog = T4 — 18 °C)
calculated according to the corrected T, for different aging time tsg = 1 min; 10 min; 100 min
at the scanning rate |Bc| = Bn ranging from 300 K.s to 4000 K.s’. Fig 2. 10a displays the
normalized heat flows of aged and rejuvenated sample. Fig 2. 10b shows the scheme of
enthalpy recovery determination of a glass, aged at a temperature T4 during an aging time tqq

by the equations 1.23 and 1.24 [30].
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Figure 2. 10. (a) Heat flows of aged and rejuvenated (non-aged) curves of amorphous sc PLA sample.

(b) Schematic illustration of the enthalpy recovery calculation.

2.25 Dielectric relaxation spectroscopy (DRS)

DRS is a powerful technique to investigate molecular dynamic and relaxation
phenomena of materials, especially polymers. The advantage of DRS is that measurements
can be carried out at 9 decades of frequency or time, and this range can be extended up to 12
decades [31]. DRS analysis is based on the study of the motion of permanent dipoles present
in a material as an impact of applied alternating electric field E(w). In case of polymer, the net
dipole moment per unit volume is linked to the total vector of all molecule dipoles that exist
in the repeating unit, the polymer chain and overall structure in polymer chain. The electric
field stimulates the electronic cell according to the atomic nucleus (so called electronic
polarization) and composes induced dipole moment in atoms (so called atomic polarization).
Such phenomenon in polymers is due to the rotational mobility of permanent dipole moments
(1), which are defined as dipole moments of chemical groups in the polymer chains. This
reorientation of the permanent dipoles of the molecules allows us to determine the sample
properties, i.e. permittivity, energy storage, resistivity and dissipation, and, thus, to
investigate molecular motions occur within the polymers as a function of frequency and

temperature.
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Therefore, dielectric relaxation spectroscopy technique is usually used to investigate
the molecular mobility [32-35]. In the frequency range of 10° to 107 Hz, the sample can be
studied as a circuit that is composed of an ideal capacitor and an ohmic resistor combined in
parallel or serial. The complex impedance Z* (®) of the circuit is measured by the
spectrometer and may be defined in terms of energy dissipation or resistance R (®), and
energy storage or capacitance C (o), in which o the angular frequency is determined from the

frequency f by the following equation:
w = 2nf (2.19)

The derivation of the complex electrical impedance Z* (») gives other properties, such as
electrical modulus M* (), electrical conductivity o* (), resistivity R* (®), and especially
complex dielectric permittivity €* (®). To measure complex impedance Z* (o), a sinusoidal

voltage U*(mw) at a constant frequency is applied to the sample:

U* (w) = Uyexp(j(wt)) (2.20)
then, the current Is* (®) is measured as follows:

I (@) = 1o exp(j (@t + 9)) (2.21)
where @ is the phase shift between the applied voltage and measured current. The complex
impedance Z* (o) is then calculated by following ratio [36]:

. u*
7" (0) = T(::)) (2.22)

As shown in Fig.2.11, the impedance is determined from the measurements of two
voltages corresponding to the generated voltage applied to the sample and the voltage-
converted sample current Is (). These voltages are analyzed by the Fourier transform
technique to obtain information on their phases and amplitudes. The complex dielectric
permittivity (¢*) of a capacitor C* filled with studied sample is expressed as:

C* (w)

e (w) = =L

(2.23)
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where Co is the capacitance of the empty capacitor. The capacitance of the empty capacitor

can be defined as [36]:
Co=24 (2.24)

where g is the permittivity of vacuum, A is the area of the electrode and d is the thickness of
the sample (distance between the plates as shown in Fig. 2.11). The complex dielectric

permittivity (¢*) can be derived by measuring the complex impedance Z* (o) of the sample:

% _ 1
& (w) = YT (2.25)

e (w) = ¢ (w) —ie" (w) (2.26)

where €’ (o) is the real part (related to the stored energy) and €” (®) is the imaginary part

(related to the dissipation of energy) of the complex dielectric permittivity (*).

Permittivity allows us to investigate the ability of charges in a material to be reoriented
or displaced in the presence of an external electric field in order to obtain information about
the capacity of dipoles in a material mobility. In this study, DRS measurements were carried
out with a Novocontrol Alpha analyzer. The temperature was controlled by a Quatro
Novocontrol Cryosystem with temperature stability better than + 0.2 K. Nonmetalized samples
were placed between parallel 30 mm diameter inox plated electrodes. The broadband
dielectric converter (Alpha analyzer interface) allows the measurement of the complex
dielectric permittivity (real and imaginary parts) in a frequency range from 10 Hz to 10° Hz.
The temperature was changed between -150 °C and 150 °C with increasing step of 10 °C for
the range from -150 °C to 50 °C, and 1 °C for the range from 50 °C to 150 °C. During the whole

measurements, the samples were kept in a pure nitrogen atmosphere.
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Figure 2. 11. Schematic representation of the spectrometer analyzer [37].

2.2.6 X-ray diffraction (XRD)

XRD is an analytical technique used for phase identification of crystalline phases. This
analysis is based on a constructive interference of monochromatic X-rays and a crystalline
sample and provides information on unit cell dimensions. X-rays are generated in a cathode
ray tube by heating a filament to produce electrons, accelerating electrons towards a target
material by applying a voltage, and bombarding the target material with electrons. When
electrons have sufficient energy to dislodge inner shell electrons of the target material,
characteristic X-ray spectra are obtained. As shown in Fig. 2.12, the basic principle of X-ray
diffraction is based on the bombarding of a sample with an X-ray beam and the recording the
intensity of the reflected X-rays. Constructive interference and peak intensity occur when the

geometry of the loaded X-rays impinging the sample follows the Bragg’s law [38]:
nl = 2d sin(8) (2.27)

where d is the spacing between diffracting planes in the crystalline lattice, 0 is the incident

angle, n is any integer, and A is the wavelength of the beam (depicted in Fig 2.13).
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Figure 2. 12. Schematic representation of the basic principle of X-ray diffraction [39].

Incident rays Reflected rays

Figure 2. 13. lllustration of the Bragg’s law [39].

X-ray diffraction technique is widely used for:

¢ characterization of crystalline materials;

+ determination of unit cell dimensions;

+ measurement of sample impurity;

¢ characterization of thin films by:
o determining lattice mismatch between film and substrate;
o determining dislocation density and quality of film;

o determining the thickness, roughness and density.
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In this work, XRD measurements were performed on Bruker’s X-ray Diffraction D8-
Discover instrument. The generator was set up at 35 kV and 40 mA and the target material
copper for single-crystal diffraction with CuK, radiation (A = 1.54 A) was selected. The
measurements were run at room temperature (7= 25 + 2 °C) from 5° to 40° at 0.04° increment

with 1s/step scan speed. All X-ray patterns were corrected by background scattering.

2.2.7 Polarized optical microscopy (POM)

POM is a basic and sensitive technique used for both quantitative and qualitative
studies of a wide range of anisotropic specimens. POM analysis is designed to observe and
photograph specimens that are visible primarily due to their optically anisotropic character.
In order to accomplish this task, POM uses polarized light. Therefore, in experiment two

additional polarizing filters are associated to a conventional optical microscope:

» polarizer, positioned in the light path before the specimen;
» analyzer, placed in the optical pathway between the objective rear aperture

and the observation tubes or camera port.

Such filters are used to restrict electro-magnetic field vectors constituting visible light to a
single plane, as shown in Fig. 2. 14. As a consequence, all electro-magnetic field vectors are

vibrating in the same plane and the light is then polarized.

In cross polarization mode, the analyzer is oriented perpendicularly to the first
polarizer. This position leads to block remaining electro-magnetic field vectors. As a result,
while no sample is placed on the light field, the light polarized by the polarizer is blocked by
the analyzer, resulting in no visible light in the eyepiece. However, when birefringent sample,
such as anisotropic material, is placed on the polarized light field, the restricted electro-
magnetic field vectors coming through the sample are produced in many different
perpendicular planes due to the refractive index depending on the polarization. Then, electro-
magnetic field vectors which are parallel to the polarization direction of the analyzer can pass

through and are visualized in the eyepiece.
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Figure 2. 14. Schematic representation of polarized optical microscopy configuration [40].

In this work, POM observations were carried out by using a universal Nikon EPI-
illuminator with Nikon M Plan x2.5 / x5 / x10 lenses connected with a digital sight camera
system from Nikon Corporation, either transmission or reflection mode. A Mettler FP82HT hot
stage connected to a Mettler FP90 central processor was combined with POM as a

temperature controller system during the crystallization observations.

2.2.8 Scanning electron microscopy (SEM)

During SEM analysis a sample is placed in a vacuum chamber and its surface is scanned
by a focused beam of electrons. Due to the particle-wave duality of electrons, the electron
beam is accelerated and focused on a sample in the path of anode, condenser and magnetic
lenses, as shown in Fig 2. 15. These electrons interact with atoms in the sample as well as the
sample surface. The primary beam focused on the sample area leads to the ejection of other
electrons including secondary electrons, back-scattered electrons or X-rays. Specific detectors
are used according to the materials nature and the signals measured involve information
about the surface topography and the composition of the sample. In this work, SEM analysis
was carried out by a Dual-BEAM LEQ1530-ZEISS scanning electron microscopy to observe the

surface morphology of semi-crystalline homopolymers PLLA and PDLA, and sc PLA.
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Figure 2. 15. Schematic representation of scanning electron microscopy analysis in a vacuum chamber.

2.2.9 Permeation measurements
2.2.9.1 Water permeation measurements
The permeation process includes several steps (shown in Fig 2.16) such as sorption,
diffusion and desorption while maintaining the concentration of the permeant as a constant
at the upstream interface of the film (C’). The concentration of the permeant at the
downstream interface of the film (C”) is negligible compared to C’ (C’ >> C”). In case of this
concentration difference, a transfer of matter is observed and follows the two laws of Fick

[41]. The dissolution-diffusion process results from the association of two phenomena:

e the dissolution of permeant molecules within the material which is characterized
thermodynamically by a solubility coefficient (S);
e the diffusion of permeant molecules through the material (kinetic order) and

characterizes by diffusion coefficient (D).

The first law of Fick explains the dependence of the flux J (x, t) on the perpendicular
position to the plane of the film (x) and the time (t) with the gradient of the local concentration

Clx t):

J (x,t) = —p HLE=D (2.28)
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where D is the local diffusion coefficient of permeant. According to the observed Fickien
mechanism [42] two types of diffusion can be present. The type | is observed when D is
constant and the type Il occurs when D depends on the concentration of the permeant.
According to Fick’s second law, the evolution of the local concentration with the divergence

of the flux can be expressed as follows:

aC(xt) _ 0] (xt)

o P (2.29)
diffusing molecule
upstream | y® o ® " @ upstream upstream
s e @ P * s ® g @
"EEFEEREERI] X
polymer film - ." ymer film :. ® polymer film
 E X EENE. u_"
UL
Se o080 S0
downstream downstream downstream |® ®& & @&
Step 1: Sorption Step 2: Diffusion Step 3: Desorption

Figure 2. 16. Schematic representation of the principle of permeation measurements in 3 steps.

The interfaces of the film can be defined as x = 0 for upstream and x = L for downstream,
where L corresponds to the film thickness. Several hypotheses must be made in order to apply
these diffusion models: (1) the sample is homogenous and initially no trace of permeant is
present, (2) the impact of swelling during measurements is negligible, and (3) the sorption at
the film surface reaches equilibrium in a quasi-instantaneous manner. The initial and limiting
conditions are expressed by following functions and the permeant concentration profiles are

depicted schematically in Fig 2.17.

whent=0 O<x<lL C(x, 0) (2.30)
whent>0 x=0 C(0,t)=C" =Ceq (2.31)
whent>0 x=1L C(L,t)=C"=0 (2.32)
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Figure 2. 17. Schematic representation of the profiles of permeant concentration in reduced scales at

t = 0 up to steady state where t = ts.t for constant D.

The transport properties of the samples (semi-crystalline PLLA, PDLA, and sc PLA)
towards water at 25 °C, 45 °C and 65 °C were studied to investigate the influence of
stereocomplexation on film barrier properties. The water permeation measurements were
carried out by the device designed by MPBM team of PBS laboratory (Fig 2.18). The
permeation cell, in which the sample is installed, is placed in a thermoregulated chamber
(oven at T= 25 °C, 45 °C and 65 °C). Before measurement, a purge step is carried out with a
flow of dry gas (Technical Nitrogen upstream and BIP downstream, Air Products®) applied for
a certain time (generally 18h). The downstream gas arrives to a mirror hygrometer (General
Eastern, USA) and the dew point temperature Tz (Dew point) is measured. When this
temperature is sufficiently low (around -70 °C at atmospheric pressure), the flow of dry gas in
upstream is stopped and liquid distillated water is added in the upstream compartment at a
time t = 0. Due to the difference in the concentration of the permeant between the two
compartments, the water molecules’ transfer will result in a rise in the amount of water in the
downstream compartment and so in a Tg increase over time, as shown in Fig. 2. 19. The
measurements were repeated between 3 and 5 times for each sample and each temperature

for better accuracy.

83



CHAPTER 2. EXPERIMENTAL PART

IPermeaticn cell

Film

Oven

— Liguid water

k.

B

Mirror
hygrometer

Figure 2. 18. Schematic illustration of the water permeation measurements.
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Figure 2. 19. Example of the evolution of dew point Tgz over time during the water permeation

measurement.
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2.2.9.2 Gas permeation measurements (N, O,, and CO;)

Gas permeability was measured by the so called “time-lag” method [43] by using the
experimental device reported by Joly et al. [44] (shown in Fig. 2. 20). The gases used are:
nitrogen N3 (Air Products®, purity 99.99%), oxygen O (Air Liquide®, purity 99.99%) and carbon
dioxide CO2 (Air Products®, purity 99.5%).

Pr > P>

%

Permeation Film
cell

_© .......................... . >

time (s)

C = sensitive pressure gauge
V = calibrated volume

\4
Vacuum

Figure 2. 20. lllustration of gas permeation apparatus.

Nitrogen, oxygen and carbon dioxide permeation properties of semi-crystalline PLLA,
PDLA and sc PLA films at room temperature T= 25 + 2 °C were determined using the
permeation apparatus shown in Fig. 2. 20. Before measurements, the permeation cell
(XX45047 Millipore filtration cell adapted for gas permeation) was completely evacuated by
applying a vacuum on both sides of the film. Then, the upstream side was provided with the
gas under test at pressure p; (3 bar). The increase of pressure in the calibrated downstream
volume p2 (p1 >> p2) was measured using a sensitive pressure gauge (0 — 10 mbar, Effa AW —
10 — T4) linked to a data acquisition system. The measurements of each gas were repeated

between 3 and 5 times for each sample for better accuracy.
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CHAPTER 3. INFLUENCE OF ELABORATION METHODS ON STEREOCOMPLEXATION REACTION

In order to study the stereocomplexation reaction, two different methods were used,
i.e. the solvent casting and the extrusion. The experimental conditions (polymer concentration
and homopolymer ratio in case of solution casting; and temperature and mixing time in case

of extrusion) were optimized in terms of film microstructure and thermal properties.
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STEREOCOMPLEXATION REACTION

3.1 Homopolymers

3.1.1

Homopolymer pellets

Dried PLLA and PDLA pellets were analyzed in order to investigate their thermal

properties before further characterization.

3.1.1.1 Thermal stability of pellets

Fig 3.1 presents thermograms and derivative curves of thermograms for PLLA and PDLA

pellets as a function of temperature. Thermal degradation temperature (Tqeg) Was determined

as the temperature at which the mass loss was observed as shown in Table 3.1. PLLA pellets

degrade about 25 °C lower than PDLA pellets (Tdeg = 296 °C and Tqeg = 321 °C, respectively) (Fig

3.1.a), while the maximum of derivative curves shows much less temperature variation

between the homopolymers, i.e. about 5 °C (shown in Fig 3.1.b). In any case, Tgeg Of

homopolymer pellets is sufficiently high for the stereocomplex formation.
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Figure 3. 1. TGA curves of pure PLLA and PDLA pellets
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Sample

PLLA pellet
PDLA pellet

T of 1% weight loss

(°C) (°C)
296 367
321 373

T of 50% weight loss

Maximum of derivative curve

(°C)
373

378

Table 3. 1. Degradation temperature (Tdeg) of pure PLLA and PDLA pellets at 1% and 50% weight loss

and the maximum of derivative curves.

3.1.1.2 Thermal properties of pellets

DSC analysis was performed in order to examine the thermal properties of

homopolymer pellets, i.e. glass transition temperature Tz, and melting temperature Tm. The

DSC curves of homopolymer pellets are shown in Fig 3.2. The endothermic peaks at Ty (~ 60 °C)

are due to the structural relaxation imposed by T;. The endothermic peaks at ~ 175 °C

correspond to the melting of homo-crystals Tm, « obtained by the cold-crystallization Tcc which

is confirmed by the exothermic peaks at 104 °C and 90 °C for PLLA and PDLA, respectively.

Normalized Heat Flow (J.g".K™)

— PLLA pellet
—— PDLA pellet

1,1

K

Endo upIS.O J.g

r--

structural relaxation
imposed on Tg

:“I':

reorganization of a' crystals

m, o

Temperature (°C)

100 120 140 1

60

180

Figure 3. 2. DSC curves of PLLA and PDLA pellets.

The cold-crystallization at temperature T < 120 °C leads to a’ crystals form formation,

i.e. disordered crystals with hexagonal packing [1, 2]. The reorganization of a’ imperfect

crystals into a form crystals is noticed by the exothermic peak before melting at temperature
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T = 160 °C. The values of the thermal parameters are presented in Table 3.2 and the
crystallinity degree of a crystals is estimated by following equation [3]:

[AHm_ Z AI-ICC]

X. =
¢ AHY,

(3.1)

where AHn is the measured melting enthalpy, £AH, is sum of cold crystallization enthalpy,
AHJ, is the melting enthalpy of 100 % crystalline sample, which equals 93 J/g for a crystals of
PLA [4]. The equal value of melting and cold-crystallization enthalpies reveals that

homopolymer pellets are amorphous.

Sample T, (°C) Te(°C)  AH.(J/g) T (°C) AH. (J/g) X (%)
PLLA pellet 60 104 47 176 48 1
PDLA pellet 59 90 51 174 53 2

Table 3. 2. The values of the glass transition temperature Tg, the cold-crystallization T, and the melting

T and the enthalpy of the cold-crystallization (AHc) and the melting (AHm) for PLLA and PDLA pellets.

3.1.2 Homopolymer film samples
Homopolymer films were obtained by thermo-molded and solution casting methods
(presented in chapter 2). The influence of the elaboration methods on homopolymers

properties was investigated by DSC, MT-DSC and XRD analysis.

3.1.2.1 Amorphous homopolymers’ film

Amorphous PLLA and PDLA films obtained by thermo-molding method were analyzed
by DSC in order to examine thermal characteristics of homopolymers’ films. Obtained DSC
curves are presented in Fig 3.3. The values of the thermal parameters (Tg, Tec and Tr) are
presented in Table 3.3 and the crystallinity degree of a crystals is estimated by Eq 3.1. DSC
curves of the thermo-molded homopolymer films reveal the formation of o’ crystals that
confirmed by the exothermic peaks at 90 °C and around 158 °C. The T of homopolymer
crystals is observed at 174 °C for both PLLA and PDLA films. The close values of melting and
cold-crystallization enthalpies reveal that the thermo-molded homopolymer films are

amorphous.
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PLLA film obtained by thermo-moulding T

PDLA film obtained by thermo-moulding
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Figure 3. 3. DSC curves of thermo-molded PLLA and PDLA films.

Sample T, (°C) T (°C)  AH()/g) Tm (°C) AHm (J/g) Xc (%)
PLLA film 58 90 51 174 53 2
PDLA film 59 90 43 174 45 2

Table 3. 3. The values of the thermal properties of thermo-molded homopolymer films.

3.1.2.2 Semicrystalline homopolymers’ film
Semicrystalline homopolymers’ films were obtained by solution casting and
characterized by DSC, MT-DSC and XRD analysis in order to investigate their thermal
properties and microstructure. The DSC curves and thermal characteristics values of
homopolymers film are presented in Fig 3.4 and Table 3.4, respectively. The 1t heating DSC
curves show only endothermic peaks at 176 °C which correspond to the melting peaks of a

homo-crystals of PLLA and PDLA obtained during solvent evaporation.

The obtained homopolymers films are semicrystalline with the Xc values equal 47 and
41 % for PLLA and PDLA, respectively. In order to study the stability of the homo-crystals 2"
heating scan was carried out (Fig 3.4b). Although, there is a a’ crystals formation (~ 85 —95 °C),
the reformation of a crystals is confirmed by the melting peak at 176°C. The X: values

measured during 2"? heat are lower than the values obtained at 15t heat (Table 3.4). This result
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testifies that the cooling at 10°C.min"! is not enough to obtain wholly amorphous sample.

Therefore, one can say that the a crystals obtained by solution casting method are rather

stable.
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Figure 3. 4. DSC curves of PLLA and PDLA films obtained by solution casting: (a) 1%t and (b) 2" heating.

Samples AHn (3/g) AH. (/g) X (%) Tm (°C)
1theat 2" heat 1theat 2" heat 1theat 2" heat 1theat 2" heat

PLLA film 44 47 - 26 47 23 176 176

PDLA film 38 40 - 31 41 10 176 176

Table 3. 4. The values of the thermal properties of homopolymer films obtained by solution casting.

The properties of the amorphous phase of semicrystalline homopolymers’ films were
analyzed by MT-DSC to estimate the T; and the heat capacity step (ACp). After in-situ melting,
homopolymer films were quenched at cooling rate 0.78 K.s* and the MT-DSC curves are
presented in Fig 3.5. The Tg and ACp values were determined as explained in section 1.8.1. The
values of Tgand AC, shows that homopolymers exhibit the similar glass transition properties

as the T values are 59.3 and 60.5 °C for PLLA and PDLA, respectively, and the AC, values are
0.46 J.g't.K*for both homopolymers.
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Figure 3. 5. Real component (C’) of the complex heat capacity after phase lag correction as a function

of temperature for PLLA and PDLA films obtained by solution casting.

The microstructure investigation for homopolymer films obtained by solution casting
was carried out by XRD measurements. Homopolymers films have diffractions peaks at 26 =
16.7°, 17.6°, 19.5°, 22° and 26° as shown in Fig 3.6. The results of XRD spectra for
homopolymer films are in good agreement with the literature as homo-crystals show the

reflection at similar 20 values [5].

Intensity (a.u.)

PDLA

12 15 18 21 24 27 30
20(°)

Figure 3. 6. XRD patterns for homopolymers films obtained by solution casting.
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3.2 Stereocomplex PLA
The sc PLA films obtained by extrusion process and solution casting were characterized

in order to investigate the influence of the elaboration methods on stereocomplex formation.

3.2.1 Semicrystalline sc PLA by extrusion
Sc PLA samples were analyzed to examine the influence of the extrusion temperature

(Text) and extrusion time (text) on the thermal properties and microstructure of sc PLA.

3.2.1.1 Thermal stability
Thermogravimetric analysis was performed in order to determine the Tgyeg Of sc PLA
obtained by extrusion process (Table 3.5). It is shown that the extrusion process has the
influence on the Tyeg as depicted in Fig 3.7. The degradation of sc PLA obtained by extrusion
process is initiated below 300 °C while homopolymers (PLLA and PDLA) start to degrade above
300 °C. In addition, thermal treatment and its time duration decreases the Tqeg Of sc PLA from

317 °Cto 273 °C.

_______ = PLLA -
100 r 1 [—roLa g 00

5C PLA, Toyq = 220°C fy= 15 min =

sc PLA, Ty = 220°C ty,4= 30 min) ;‘:2‘ 0.5+
80+ =
)

3 5 -1.01
o -t
= 60rg o

= = o -1.5¢
(= £ Q

= 4071z e 201
VL -]

204 280 320 360 :‘} 254 —z:t':
Temperature (°C) -5, 5CPLA, Ty = 220°C t,, = 15 min
2 -3.0+4 SC PLA, Ty = 220°C t,,0= 30 min
0--| Sc PLA obtained by extrusion ' %, | Sc PLA obtained by extrusion .
+ + + + : -3.5 + + + + +
200 250 300 350 400 450 500 200 250 300 350 400 450 500
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Figure 3. 7. TGA curves of sc PLA obtained by extrusion (Tex = 220°C, tex: = 15 and 30 min): (a) thermograms

and (b) derivative curves as a function of temperature.

101



CHAPTER 3. INFLUENCE OF ELABORATION METHODS ON
STEREOCOMPLEXATION REACTION

Elaboration conditions T of 1% weight loss T of 50% weight loss = Maximum of derivative curve

(°C) (°C) (°C)
Text = 220 °C, tex = 15 min 286 356 365
Text = 220 °C, texe = 30 min 273 362 372

Table 3. 5. Degradation temperature (Tgeg) of sc PLA obtained by extrusion process.

Such results are supported by the work of Bao et al. [6] on stereocomplex formation
by extrusion process. Bao et al. reported that elaboration methods had influence on the
thermal degradation temperature of sc PLA as degradation temperature decreased with
increasing of extrusion temperature and time. Such diminution of the temperature can be

explained by a partial degradation of the polymer chain during the extrusion process.

3.2.1.2 Influence of the extrusion temperature (Tex)

Calorimetric investigations were carried out also for sc PLA obtained by extrusion
process in order to study the influence of the extrusion temperature Texr on the sc PLA
formation. As one can see, the increase of the extrusion temperature from 180 °C to 220 °C
provokes the formation of sc PLA with different thermal behavior (Fig 3.8). For the blends
extruded at Tex: = 180, 200 and 220 °C, the pure sc crystals formation was confirmed by the
endothermic melting peaks at Tm, s« = 220 — 238 °C. In the case of Tex: = 190 °C, the cold
crystallization of a crystals Te, « = 103 °C, the melting of a crystals Tm, « = 170 °C, and the
melting of sc crystals Tm, sc = 224 °C are observed during the 15t heating step. In case of Text =
210°C, the melting of a and sc crystals is observed. The melting enthalpy and the crystallinity
degree (Eq 3.1, where the melting enthalpy of 100 % crystalline sc sample is 146 J/g) of
extruded samples were determined and presented in Table 3.6. The higher yield of the
stereocomplex formation was observed at the extrusion temperature Tex: = 220 °C with the

crystallinity degree X., sc of 55 % and the melting enthalpy sc crystals AHm, sc of 80 J/g.
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Figure 3. 8. The 1% heating DSC curves of sc PLA obtained by extrusion process at the extrusion

temperature Tex = 180 — 220 °C and the extrusion time tex: = 30 min.

Samples AHr, (3/8) X (%)
1* heating o sC o sC
Sc PLA, Tex: = 180 °C — 65 — 45
Sc PLA, Tex:e =190 °C 13 57 14 39
Sc PLA, Tex: = 200 °C — 30 — 21
Sc PLA, Tex: = 210 °C 33 34 35 23
Sc PLA, Tex: = 220 °C — 80 = 55

Table 3. 6. The values of the melting enthalpy (AHn,) and the crystallinity degree (X.) determined from

1%t heating for sc PLA obtained by extrusion at different extrusion temperature.

In order to study the crystallization process of a and sc crystals, the analysis of cooling
DSC curves was performed. Fig 3.9 presents the DSC cooling curves at |B| = 10 K.min™* for all
samples obtained by extrusion process. In the case of Tex: = 180 °C, the crystallization of pure
a crystals was observed at T, o = 107 °C during the cooling step. For the Tex: = 190, 200, and
210 °C, the crystallization of both a and sc crystals takes place as the exothermic peak is
revealed at T, o = 112 — 130 °C and T, sc = 150 — 162 °C, respectively (Fig 3.7). In addition, in
the case of Text = 220 °C, the crystallization of sc crystals takes place at T¢, sc = 169 °C and no

crystallization of a crystals can be revealed.
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Figure 3. 9. DSC curves of cooling after 1°* heating for sc PLA obtained by extrusion at Tex= 180 —220 °C,

text = 30 min.

During the 2" heating step for Text < 220 °C (presented in Fig 3.10), the formation of a
crystals during cooling is confirmed by the intense melting peak at T, « = 176 °C, whereas the
sc crystals melting is observed at Tm, sc = 220 °C. The decrease in the melting temperature of
the sc crystals for Tex: = 180 °C (i.e. from 232 °C to 220 °C) may be caused by the change in the
crystal size reduced by the thermal protocol. It is interesting to note that with the increasing
Text from 190 °C to 210 °C, the formation of a crystals is increased while stereocomplex
formation decreases. This inverse relation can be revealed by the intensity of melting peak of
both a and sc crystals as presented in Table 3.7. These results could be explained by “a low
temperature approach” proposed by Bao et al. [6]. The authors reported that blending of the
low molecular weight PLLA and PDLA at low temperature (T~ 160 — 170 °C) could lead to the
formation of sc crystals in the blends. On the other hand, Bao et al. also noted that
stereocomplexation from high molecular weight polymer (MW > 10° kDa) by extrusion should
be carried out at high extrusion temperature, i.e. above 220 °C. However, the higher
temperature can cause the thermal degradation of homopolymers during the process, thus a
special attention should be paid on the extrusion temperature. In our case, the temperature
impact on low molecular weight (MW < 10° kDa) PLLA and PDLA homopolymers was observed

as the quantity of sc crystals decreased with the increasing temperature. In case of Text =220 °C,
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the pure sc crystals crystallization during cooling was confirmed by the melting peak at Tm, sc =
218 °C with the same melting enthalpy and crystallinity degree as during 1t heating step (Fig
3.10 and Table 3.7).

-1 -1
Endo up t 5.0Jg K T
2nd heating

text = 30 min

Tax=180°C

Normalized Heat Flow (J.g".K™)

ext

i a L a i a L a i a L

40 80 120 160 200 240

Temperature (°C)

Figure 3. 10. The 2" heating DSC curves of sc PLA obtained by extrusion process at Tex= 180 — 220 °C

and tex = 30 min.

Samples AHm (J/8) X (%)
2" heating o sc a sc
Sc PLA, Tex: = 180 °C 37 11 40 8
Sc PLA, Text =190 °C 8 55 9 38
Sc PLA, Tex: = 200 °C 26 41 28 28
Sc PLA, Text =210 °C 36 31 39 22
Sc PLA, Text =220 °C — 80 — 55

Table 3. 7. The values of the melting enthalpy (AHm) and the crystallinity degree (X;) determined from

2" heating for the sc PLA obtained by extrusion at different extrusion temperature.

As one can note from the results in Table 3.7, the highest crystallinity degree of the sc
crystals is observed for the sc PLA obtained at Text = 220 °C, text = 30 min on the contrary to “a
low temperature approach”. Moreover, the only presence of melting of sc crystals at T, sc =
218 °C during the 2" heating step testifies to the highest stability of sc crystals obtained at Tex

=220 °C during text = 30 min. The higher the temperature, the more stable the sc crystals. This
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fact can be explained by the nucleation agent exerting distinct effects of stereocomplexation

on homocrystallization [7].

3.2.1.3 Influence of the extrusion time (t.x)
In order to study the influence of the extrusion time on the stability of the sc crystals,
sc PLA was also elaborated at Text = 220 °C during text = 15 min. As for the sc PLA elaborated

during text = 30 min, pure sc PLA crystals were obtained during the extrusion process as shown

in Fig 3.11.
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Figure 3. 11. DSC curves of sc PLA obtained by extrusion process at Tex= 220 °C during the extrusion

time (@) text = 15 min and (b) tex = 30 min.

No formation of a crystals is observed during the cooling as the curve of the 2" heating
step is characterized by only melting peak of sc crystals at Tm, sc = 218 °C for both studied
extrusion time. The sc PLA elaborated at texr = 15 min has the same values of melting enthalpy
(AHm = 80 J/g) and the crystallinity degree (X. = 55%) as the one elaborated at tex: = 30 min.
Therefore, one can conclude that the optimum extrusion conditions of pure sc crystals

formation are Text = 220 °C and text = 15 min.

3.2.1.4 Stability of sc crystals obtained by extrusion
Isothermal step during tiso = 120 min at Tiso = 260 °C was performed between the 1

heating and 1° cooling step. After this isothermal step, the samples were cooled down to 0 °C
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and heated one more time to 260 °C (10 K.min?). As shown in Fig 3.10, sc crystals in the sc PLA
are thermally stable. In sc PLA extruded during 15 and 30 min, the presence of pure sc PLA is
confirmed by the melting peak at Tm, sc =221 °C during 1%t heating step. During the cooling step,
the sc crystal crystallization is observed at Tm,sc = 137 °C and 149 °C for the blend extruded at

220 °C during 15 min and 30 min, respectively, (Fig 3.12a and 3.12b, respectively).

Endo up I 5.0 J.g-1.K-1 1

— — Endo up I 5.0 J.g-1.K'
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Figure 3. 12. DSC curves of sc PLA obtained by extrusion process at Tex= 220 °C during (a) tex: = 15 min

and (b) tex = 30 min. Isothermal step was applied at T, = 260 °C during 120 min between the 1°* heating

step and the 1% cooling step.

The heating and cooling cycles were carried out for several times in order to confirm
the thermal stability and thermal characteristics of sc PLA. The decrease of 10 °Cin the melting

temperature can be explained by the change in the crystal size of sc crystals during the heat-

cool processes.

3.2.2 Semicrystalline sc PLA by solution casting
Sc PLA obtained by solution casting was analyzed to investigate the influence of the

polymer concentration and the ratio of the homopolymers (PLLA and PDLA) on the sc PLA

formation.
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3.2.2.1 Thermal stability
TGA was performed to determine the Tqeg in order to examine the influence of solution
casting method on thermal degradation. The solution casting method has no significant
influence on the T4eg as one can see from Fig 3.13 and Table 3.8. Sc PLA obtained by solution
casting starts to degrade above 300 °C as well as homopolymers (PLLA and PDLA), while the
degradation of sc PLA obtained by extrusion process is initiated below 300 °C (section 3.2.1.1).

Thus, the thermal degradation of sc PLA depends strongly on the elaboration method used.
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Figure 3. 13. TGA curves of pure PLLA and PDLA pellets and sc PLA obtained by solution casting: (a)

thermograms and (b) derivative curves as a function of temperature.

T of 1% weight T of 50% weight Maximum of derivative

Elaboration conditions loss (°C) loss curve
(°C) (°C)
PLLA pellet 296 367 373
PDLA pellet 321 373 378
PLLA:PDLA = 50:50, d =3 g/dL 317 362 379

Table 3. 8. Degradation temperature (T4eg) of sc PLA (PLLA:PDLA = 50:50) obtained by solution casting.

3.2.2.2 Influence of the polymer concentration
The influence of polymer concentration was investigated by DSC and XRD analysis to

define the optimum conditions for the sc crystals elaboration. During DSC analysis the
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stereocomplexation is characterized by means of the melting peaks of sc, a and a’ crystals. Fig
3.14 presents the normalized heat flow curves of sc PLA films obtained by solution casting at
50:50 ratio of PLLA:PDLA with the concentration of 1, 2 and 3 g/dL. The curves of pure
homopolymers (PLLA and PDLA) are given for comparison. The endothermic peaks at
temperature of 176 °C and 233 °C correspond to the melting of a crystals and sc crystals,
respectively. It should be noted that the shape of sc PLA melting peaks show different behavior
compared to homopolymers melting peaks. The doubled melting peak testifies to the not

homogenous distribution of the crystals size in sc PLA samples.

Endo up T 5.0 .1..;.;'1.K'1 m, a

Tm, sc
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50:50, d=3 g/dL /JL
50:50, d=2 g/dL A
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PDLA J L
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4:0 ‘ 8:0 ‘ 150 ‘ 1é0 ‘ 260 . 24:10
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Figure 3. 14. DSC curves of sc PLA film obtained by solution casting (PLLA:PDLA = 50:50) as a function

of polymer concentration.

Table 3.9 presents the crystallinity degree values. In the sc PLA film at 50:50 ratio of
PLLA:PDLA, the pure sc crystallites were obtained whatever the polymer concentration. As
shown in Fig 3.14 and Table 3.9, the polymer concentration has no significant influence on the

stereocomplexation.
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Samples AHm (3/8) X (%)
a sc a sc
PLLA 44 = 47 =
PLLA:PDLA = 50:50,d =1 g/dL — 75 - 53
PLLA:PDLA = 50:50, d = 2 g/dL — 80 = 56
PLLA:PDLA = 50:50, d = 3 g/dL — 77 - 54
PDLA 38 = 41 =

Table 3. 9. The values of the melting enthalpy (AHm) and the crystallinity degree (X.) as a function of

polymer concentration.

In addition, the microstructure of sc PLA films obtained at the ratio of 50:50 PLLA:PDLA
with the concentration of 1, 2 and 3 g/dL was investigated and XRD spectra are presented in
Fig 3.15. Sc PLA shows diffraction peaks at 20 = 14°, 24° and 28° while homopolymers PLLA
and PDLA have peaks at 20 = 19.5°, 22° and 26°.

|50:50, d=3 g/d|

Intensity (a.u.)

50:50, d=2 g/d

50:50, d=1 g/dL

PDLA

12 15 18 21 24 27 30
20(°)

Figure 3. 15. XRD patterns of the sc PLA film obtained by solution casting at the ratio of 50:50
PLLA:PDLA with the concentration of 1, 2, and 3 g/dL.

Although, the a crystals presence in the film of 50:50 ratio of PLLA:PDLA with the
concentration of 1 and 2 g/dL was not confirmed by DSC measurements, the XRD spectra of

these samples show the a crystal existence confirmed by small intensive peaks at 17° and 19°.
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Therefore, one may noticed that the polymer concentration has slight influence on the

homocrystals presence in the obtained film of sc PLA.

3.2.2.3 Influence of the ratio of homopolymers

In order to study the influence of the homopolymers’ ratio on the stereocomplexation
reaction, the films with different ratio of homopolymers (PLLA:PDLA) were elaborated. The
results of 1% heating scan are presented in Fig 3.16. The presence of a crystals was confirmed
by the endothermic melting peak at Tp, « = 176 °C. At the same time, the peak at T, sc = 225 -
235 °C testifies to the sc crystals presence. Thermal analysis results show that the
homocrystallization occurs simultaneously due to the unpaired homopolymers chain when
deviating from equimolar ratio of PLLA and PDLA. According to the obtained stereocomplex
crystalline structure, PLLA and PDLA chains are paired in each units with the equilateral
triangles structure. Therefore, equimolar blending ratio (50:50) is found to be the optimum
condition for stereocomplex crystals formation. The result of pure stereocomplex formation

at 50:50 ratio of homopolymers was also reported by lkada et al. [8].
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Figure 3. 16. DSC curves of sc PLA film obtained by solution casting at constant polymer concentration

(d=3 g/dL) as a function of homopolymer ratio.

The crystallinity degree of a and sc crystals was calculated by Eq 3.1 and the obtained

values are gathered in Table 3.10. As shown in Fig 3.16 and Table 3.10, the ratio of
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homopolymers has significant influence on the stereocomplex formation. The decrease in the
melting enthalpy and the crystallinity degree of sc crystals was observed with the decreasing
of the PDLA content in the racemic mixture of PLLA and PDLA. Tsuji et al. [9-11] indicated that
the melting peaks of both homo crystals and sc crystals were observed when PDLA fraction
(Xp) was between 0.1 to 0.3 and 0.7 to 0.9, while the pure stereocomplex was detected for Xp
between 0.4 and 0.6 with maximum of the melting enthalpy (AHm) at Xp = 0.5. The pure
homocrystallization occurred near Xp = 0 and 1. In our case, the optimum blending ratio of

homopolymers for pure stereocomplex formation was found to be 60:40 and 50:50 (Table

3.10).
Samples AHm (3/8) X (%)

a sc a sc

PLLA 44 - 47 -

PLLA:PDLA = 95:05,d =3 g/dL 42 7 45 5
PLLA:PDLA =90:10,d =3 g/dL 33 13 35 9
PLLA:PDLA = 75:25,d =3 g/dL 11 41 12 29
PLLA:PDLA = 70:30,d = 3 g/dL 4 48 4 34
PLLA:PDLA = 60:40, d = 3 g/dL - 64 - 45
PLLA:PDLA = 50:50, d = 3 g/dL — 75 = 53
PDLA 38 - 41 -

Table 3. 10. The melting enthalpy (AHm) and crystallinity degree (X.) values as a function of

homopolymer ratio determined from 1°* heating scan.

The XRD patterns of films with different ratio of PLLA:PDLA (i.e. from 50:50 up to 95:5)
are presented in Fig 3.17. As one can see, when deviating from the equivalent ratio of
homopolymers, the formation of homocrystals is observed. The existence of sc crystals and a
crystals is revealed by the reflection peaks of a crystals (20 = 19.5°, 22° and 26°) and sc crystals
(26 = 14°, 24° and 28°). The results of XRD spectra are in good accordance with the literature,
as the a crystals show the reflection at 20 = 16.6°, 19.1° and 17°, 19° [5] and the sc crystals

show the reflection at 20 = 12°, 21°, 24° [5] and 12°, 20.9°, 24° [12].
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Figure 3. 17. XRD patterns of the PLLA/PDLA film obtained by solution casting at the different ratio of
PLLA:PDLA.

The stability of the sc PLA was investigated during 2" heating scan of DSC
measurements (Fig 3.18). It was found that the sc PLA crystals obtained by solution casting
were not stable, as already during the 2"¥ heating up to 250 °C the crystallization and melting
of a crystals was visible and confirmed by cold-crystallization and melting peak. Moreover, the
intensity of melting peak Tm, sc at 223 °C, which corresponds to the sc crystals melting,
decreases significantly after heating (Fig 3.18). The values of the melting enthalpy and
crystallinity degree drastically reduce for sc crystals. The crystallinity degree of sc crystals
decreases from 54 % to 10 % even for the sample with 50:50 and 60:40 ratio of PLLA:PDLA
during the 2" heating scan, as shown in Table 3.11. In addition, the o’ crystals formation is
observed with cold-crystallization at ~ 85 °C (the cold-crystallization at temperature T< 100 °C
leads to the formation of o’ crystals form consisting in disordered crystals with hexagonal
packing [1, 2]). The reorganization of a’ imperfect crystals into a form crystals was observed
by the exothermic peak before melting at temperature T =~ 160 °C. The presence of sc PLA
crystals in PLLA/PDLA films was confirmed by T, value found between 223 °C and 233 °C,

depending on the homopolymers’ ratio (Fig 3.16 and 3.18).
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Figure 3. 18. The 2" heating DSC curves of sc PLA film obtained by solution casting at different ratio of
PLLA:PDLA.

The DSC results confirm that the heating of the blends leads to homopolymer
crystallization whatever the ratio of homopolymers. Only under certain experimental
conditions the pure sc PLA crystals were obtained (i.e. without a and o’ crystals) by solution
casting, namely at 50:50 and 60:40 ratio of PLLA:PDLA. Moreover, it can be pointed out that
sc material is not stable, as the o’ crystals could appear during cooling and 2" heating (after

15t melting, Fig 3.18).

Samples AH (J/g) AHnm (J/g) X (%)

2" heating a sc a sc a sC

PLLA 26 — 47 — 23 =

PLLA:PDLA = 60:40,d = 3 g/dL 28 — 39 14 12 10
PLLA:PDLA = 50:50, d =1 g/dL 31 — 37 16 6 11
PLLA:PDLA = 50:50,d =2 g/dL 31 - 37 14 6 10
PLLA:PDLA = 50:50, d = 3 g/dL 31 — 37 15 6 11
PDLA 31 - 40 — 10 -

Table 3. 11. The melting enthalpy (AHm») and the crystallinity degree (X.) values determined from 2"

heating scan as a function of PLLA:PDLA ratio.
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3.3 Amorphous phase of stereocomplex PLA

MT-DSC analysis was performed to investigate the amorphous character and to
determine the calorimetric glass transition temperature of the samples elaborated by solution
casting and extrusion process. Since the material barrier properties are linked with the
molecular mobility and free volume, the Donth’s approach [13] was applied in order to
investigate the free volume and the CRR size (as detailed in section 1.8.2). MT-DSC
measurements were carried out in heat-cool mode, and obtained curves showed the real (C’)
and the imaginary (C”) parts of the complex heat capacity as a function of temperature

(detailed in section 2.2.3)

3.3.1 MT-DSC analysis of sc PLA obtained by extrusion process

It was found by the conventional DSC analysis that the optimum conditions of the
stereocomplex formation by extrusion process were the extrusion temperature Tex: = 220 °C
and the extrusion time texr = 15 min. Therefore, MT-DSC measurements were carried out for
this sc PLA blend. MT-DSC curves of sc PLA are presented in Fig 3.19. The values of glass
transition temperature estimated from the 1t and 2" heating step of MT-DSC measurements
are presented in Table 3.12. The CRR size of semicrystalline sc PLA films is estimated by Eq
1.20 to be 1.6 nm and 1.3 nm (from 1°t heating and 2" heating), respectively, and is discussed
later. Sc PLA obtained by extrusion process has similar glass transition temperature T, (60 —
62 °C) as amorphous neat PLA and homopolymers, but it has different heat capacity step: 0.24
J.gt.Kt compared to 0.15 J.gt.K? for homopolymers. The results show that the amorphous
phase of sc PLA is not interlocked by the sc crystallites during the stereocomplexation by
extrusion process. The DSC curves reveal that sc PLA obtained by extrusion process is not
quenched to obtained wholly amorphous sc PLA by the cooling rate of |Bc| = 0.78 K.min"t which
is the maximum cooling rate for the used apparatus (Q100 TA Instruments). Therefore, sc PLA
sample is semicrystalline during the 2" heating step. Therefore, the minimum required
cooling rate for quenching of sc PLA obtained by extrusion was investigated by FSC. It was
found that sc PLA obtained by extrusion process should be vitrified at the scanning rate |3

higher than 200 K.min2.
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Figure 3.19. C’ and C” curves of sc PLA obtained by extrusion: (a) the 1%t heating and (b) 2"¢ heating scan.

PLLA/PDLA blend by T, (°C) AGC, Tmax Of € (nm) X (%)
extrusion (J.g*.K?) Gaussian fit
1% heating step 60 0.24 61 1.6 55
2" heating step 62 0.15 61 1.3 55

Table 3.12. Glass transition parameters of sc PLA obtained by extrusion process.

3.3.2 MT-DSC analysis of sc PLA obtained by solution casting

Since the presence of pure sc crystals was observed in PLLA/PDLA film at the ratio of
50:50 and 60:40 of PLLA:PDLA, the glass transition investigations were carried out for these
samples. The 1% heating ramp of MT-DSC measurements of sc PLA film obtained by solution
casting exhibits low heat capacity step due to high X (Fig 3.20). Therefore, only the 2" heating
step after quenching at |Bc| = 0.78 K.min will be presented. Fig 3.21a presents the real (C’)
and the imaginary (C”) parts of complex heat capacity of sc PLA film (PLLA:PDLA = 50:50). Fig
3.21b reveals the glass transition and the heat capacity step of amorphous sc PLA film with
PLLA:PDLA ratio of 50:50 and 60:40. The determined values of the glass transition and the CRR
size are presented in Table 3.13. The CRR size of semicrystalline (from 1%t heating) and fully
amorphous (from 2" heating) sc PLA films was estimated by Eq 1.20 to be 0.8 nm and 2.9 nm,
respectively. The number of structural units in CRR (N,) was determined for the

semicrystalline and totally amorphous PLLA/PDLA films (Table 3.13) according to Eq 1.21.
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Figure 3. 20. C’ curve of semicrystalline sc PLA film (PLLA:PDLA = 50:50) obtained by solution casting

during the 1% heating scan of MT-DSC measurement.
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Figure 3. 21. MT-DSC curves of sc PLA obtained by solution casting: (a) the real (C’) and the imaginary (C”)
parts of the complex heat capacity as a function of temperature, (b) the glass transition of the amorphous

sc PLA films.

Wholly amorphous sc PLA has the similar heat capacity step as amorphous neat PLA [14],
PLLA and PDLA. Wholly amorphous sc PLA has the glass transition temperature Ty at 61 °C and

the heat capacity step of 0.54 J.g'1.K!, whereas neat PLA and homopolymers (PLLA, PDLA) have
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the glass transition temperature T, at 60 °C, the heat capacity step of neat PLA and
homopolymers are 0.51 J.g1.K* and 0.46 J.g'1.K%, respectively. It should be noted that the glass
transition of semicrystalline sc PLA film obtained by solution casting is rather wide and the
temperature transition range (87 > 10 °C) is out of the limits of Donth’s approach (shown in Fig

3.20), thus the Ny value of semicrystalline sc PLA film is too small (Ny = 5).

PLLA/PDLA film by T, (°C) AC, Tmax Of ST  &(nm) N
solution casting ().g*.K?')  Gaussian fit
(°C)
semicrystalline 69 0.12 58 16.9 0.8 5
amorphous 61 0.54 61 2.5 2.9 262

Table 3. 13. Glass transition parameters of sc PLA obtained by solution casting method determined from

MT-DSC measurements.

3.33 Comparing the amorphous phase species of sc PLA by “A 3-phase model”

During the crystallization of polymer, the amorphous region volume is regularly
diminished and the decoupling between crystalline and amorphous phases remains generally
incomplete due to the macromolecular length [15]. Such incomplete coupling leads to
decrease in chain mobility of amorphous phase. It is suggested to describe the semicrystalline
polymers by a 3-phase model including the crystalline phase, the mobile amorphous phase
(MAP) and the rigid amorphous fraction (RAF) [16, 17]. According to Androsch and Wiinderlich
[18], the RAF amount corresponds to a number of the coupling between the crystalline and
the amorphous phase. Whereas the MAP remains inside the lamella stack, the RAF is obtained
as an interfacial nanolayer between the lamellae and MAP [19]. The in-phase components C’
are obtained and depicted in Fig 3.19 and 3.20 for the semicrystalline sc PLA obtained by
extrusion and solution casting, respectively. Typically, the MAP degree Xuap from the ACp step

at Ty can be calculated as [14]:

AC

Xmap = ac (3.2)

where ACp = Clliquid — C'solid is the thermal heat capacity step at T, for semicrystalline sc PLA
samples and AC{,’ is that of the wholly amorphous sample. As shown in Table 3.14, and Fig.
3.22, the total of the Xmapr and X is far from the equation line Xyap+ Xc = 1. Therefore, the RAF
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must be taken into account in a 3-phase model. In this case Xmap + Xc + Xgar = 1, where Xgar

corresponds to the RAF content.

Sc PLA samples AC, Xwar (%) Xrar (%) X (%)
(J.g*.K?)
15t heat 2" heat 1% heat 2"d heat 1t heat 2" heat 1% heat 2" heat
Solution casting 0.12 0.54 22 100 24 - 54 -
Extrusion 0.24 0.15 44 28 1 17 55 55

Table 3. 14. The values of the degree of mobile amorphous phase Xuap, rigid amorphous fraction Xgar,

and the crystallinity X. of sc PLA obtained by solution casting and extrusion.
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Figure 3. 22. The evolution of the degree of mobile amorphous phase (Xuar) and rigid amorphous
fraction (Xrar) as a function of crystallinity degree (X.) of sc PLA obtained by solution casting (purple

symbols) and by extrusion (pink symbols).

On the other hand, such results show that the mobile amorphous phase of sc PLA
obtained by extrusion is higher than that obtained by solution casting, whereas the rigid
amorphous phase of sc PLA obtained by extrusion is negligible and lower than the one of sc
PLA obtained by solution casting. In order to examine the relaxation of amorphous phase of
semicrystalline sc PLA obtained by both solution casting and extrusion, the heat capacity step
was normalized to be in 0 to 1 scale (Fig 3.23). As seen in Fig 3.23, the amorphous phase of sc
PLA obtained by extrusion (Text = 220°C, tex: = 30 min) relaxes independently from the existence

of stereocomplex crystalline structure, while the amorphous phase of sc PLA obtained by
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solution casting relaxes at higher temperature due to crystalline structure hindrance. It is
found that the mechanical and thermal impact during the extrusion process lead to a better
decoupling between the crystalline and the amorphous phase. Such difference can be
explained by the crystallization process which is obtained from the molten state during the

extrusion when is occurred at room temperature during the solution casting method.
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f—— Sc PLA-amorphous
= - PLLA-semicrystalline PLA
- - - PDLA-semicrystalline ‘
[ = = Sc PLA-semicrystalline ' *\
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Figure 3. 23. Rescaled heat flow curves of amorphous and semicrystalline homopolymers and sc PLA

obtained by solution casting and extrusion process.

Conclusion

Stereocomplex PLAs were successfully elaborated by both solution casting and
extrusion process. The new crystalline structure revealed by microstructural investigation
enhances the thermal properties of PLLA/PDLA film. It was found that the extrusion process
had the influence on the thermal degradation temperature. Thermal treatment during the
extrusion process probably leads to the polymer partial degradation. Therefore, a decrease of
the degradation temperature is observed. The extrusion temperature has significant influence
on the stereocomplexation, as the pure and stable sc PLA crystals were obtained at Tex =

220 °C and text = 15 min. In addition, the amorphous phase of sc PLA obtained by extrusion
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process relaxes independently from sc crystalline structure. However, the obtained samples

were extremely mechanically fragile for further analysis.

The influence of the ratio of homopolymers was studied resulting in the pure sc PLA
crystals formation in some cases. The optimum conditions of solution casting method were
established as the pure sc PLA crystals were obtained only at ratio of 50:50 and 60:40 with the
polymer concentration of 3 g/dL. It was found that solution casting has no influence on the
thermal degradation temperature. However, the obtained pure sc PLA crystals were not stable

as the appearance of the a crystals was observed during 2" heating scan.

In order to understand the properties of sc PLA, the further advance analysis will be
carried out for the sc PLA sample obtained by solution casting (50:50 ratio of PLLA:PDLA, d= 3
g/dL). The amorphous phase species of sc PLA (obtained by solution casting and thermally
molded-quenched according to the section 2.1.2.2.) will be detailed and discussed in the next

chapter.
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In this chapter, the influence of the tacticity on molecular dynamics of sc PLA’s
amorphous phase will be presented. In order to study the molecular dynamics the results of
Fast Scanning Calorimetry (FSC) and Dielectric Relaxation Spectroscopy (DRS) were correlated.
The combination of these two techniques allowed us to investigate the primary and secondary
segmental relaxations of sc PLA and to compare them with the relaxations of amorphous
homopolymers, PLLA and PDLA. In addition, different approaches (namely, fictive
temperature, aging process, free volume model) were used in order to determine the

amorphous phase properties.
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4.1 Investigation of the amorphous phase properties through FSC

The glass transition temperature (Ty) is the most important parameter for the
structural relaxation analysis. Therefore, the evolution of Ty as a function of scanning rate was
studied by means of the fictive temperature (77 concept (presented in section 2.2.4.1) [1].
During the measurements special attention is paid to the sensitivity of the heat flows of FSC
curves because of its dependence on the sample mass and scanning rate [2]. The obtained
sample mass is equal to 45 + 3 ng according to the ACp = 0.46 Jg'K? and 0.54 Jg'K? for
homopolymers and sc PLA, respectively, measured by DSC (Fig 4.1), by comparing the value of

the heat capacity step (ACp) of wholly amorphous samples [3].

Endo up Im sg k!

Normalized Heat Flow (J.g".K")

reorganization of
o' crystals
L "
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L i i L

40 80 120 160 200 240
Temperature (°C)

Figure. 4. 1. DSC normalized heat flow of the wholly amorphous PLLA, PDLA and sc PLA samples.

At the beginning samples were studied at temperatures from -50 °C to 270 °C with
scanning rate |B¢| = Bn ranging from 300 Ks™ up to 4000 Ks* to determine the glass transition
temperature. The normalized heat flows curves obtained by FSC are presented in Fig 4.2. The
sensitivity of the signal becomes too low when decreasing the scanning rate from 4000 K.s*
to 300 K.s* (Fig 4.2). Nevertheless, no enthalpy relaxation and thermal lag are observed during
cooling. However, there are endothermic peaks which correspond to the enthalpy relaxation.
Besides, shifts of the glass transition associated to the thermal lag can be observed during

heating for each scanning rate.
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Figure. 4. 2. FSC normalized heat flow of the wholly amorphous samples as a function of temperature
upon heating and cooling at equivalent scanning rate | = Bn ranging from 300 K.s™ up to 4000 K.s™: (a)

PLLA, (b) PDLA, (c) sc PLA film samples. Arrows are given to follow the glass transition region.

4.1.1 The glass transition temperature and thermal lag corrections
The thermal lag obtained from FSC curves between heating and cooling is shown in Fig
4.2. Therefore, the thermal lag correction was carried out in order to improve the accuracy of
the Ty investigation as detailed in section 2.2.4.2. The temperature corrections are done as

proposed by Schawe [4] (values are presented in Appendix Chap 4 (A. 4.1)). The Trand total
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thermal lag were determined for wholly amorphous samples at scanning rate of seven
decades — from 300 K.s up to 4000 K.s. At the rate of |B| = Br =300 K.s, no dynamic thermal
lag 0Tp was observed for PLLA and PDLA, while it was 0.6 °C for sc PLA. The 0Tp increases with
the scanning rate increase, and it reaches nearly 3 °C for |B¢| = Bn = 4000 K.s™* for all samples.
On the contrary, a static thermal lag dTs exists even at the lower scanning rates due to the
sample thickness, and it increases with the increase of scanning rate. The calculated Ty upon
heating increases with the scanning rate, while the calculated Tr upon cooling remains equal
65 + 1 °C for PLLA and sc PLA, and 66 £ 1 °C for PDLA. The difference between the lowest and
the highest values of the fictive temperature measured from heating is observed from 5 °C up
to 10 °C. The average values of the Tr measured during cooling should match well with the
average values of the corrected Tr from heating. Taking into account advantages of the 6Tp
and OTs calibrations, the measured fictive temperatures from heating are corrected for each
scanning rate (detailed in A. 4.1 and A. 4.2). The corrected T; shows independent behavior
from the scanning rate, and the average values are 65 + 2, 66 = 2, 65 = 2 °C for PLLA, PDLA
and sc PLA, respectively. In addition, Schawe purposed that the static effect can be prevented
by the sample thickness of 10 um or lower and, thus, the thermal lag occurs only due to the
dynamic temperature gradient in case of the relatively lower scanning rates, i.e. < 100 K.s* [4].
However, in this research high scanning rates were investigated in order to measure Trduring
heating and cooling, thus 8Ts might also be considered for samples with thickness lower than
10 um. Therefore, the estimation of the Trwas carried out one more time for the same cooling
rate and different heating rates. Since the Trand/or T, depend on the applied cooling rate, the
same cooling rate (0.78 K.s?) is applied to all samples to vitrify, thus the unique Tris measured
during heating [5]. As the results of the vitrification, the calculated and corrected Ty by FSC
must be equal the T measured upon cooling at 0.78 K.s* by DSC. The evolution of the
measured Tr shows that when the heating rate increases, the heat transfer delay is observed
in the samples and the Ty of the samples increases in the temperature range from 54 °C up to
69 °C (Fig 4.3). The Trmeasured by FSC upon heating without correction, Tfcorrected from dTp
and Trcorrected from o7, are plotted in Fig 4.3. The Trof wholly amorphous samples measured

upon cooling by conventional DSC is also depicted by dark red sphere. Due to the straight line
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signal upon cooling on FSC, the T; upon cooling was determined from the signal on

conventional DSC as 56 £ 1 °C for PLLA and PDLA, 54 + 1 °C for sc PLA as shown in Fig 4.3.
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Figure 4. 3. Evolution of the Tras a function of the heating rate Bn from 300 Ks* to 4000 Ks* investigated

after vitrified the samples at |Bc| = 0.78 K s%: (a) PLLA, (b) PDLA and (c) sc PLA. Dash line is average
from blue empty up triangle (FSC) and dark red sphere (DSC).

Then, the values of Trobtained by DSC were compared with the values of the corrected
Tr from FSC. Only the 6Tp was applied to the Tfto observe the necessity of the dTs correction.

As one can see, the Tyis still dependent on the heating rate after 8Tp subtraction (Fig 4.3).
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Therefore, the dTpis not convenient to complete 6T, correction in case of high scanning rates.
When 0Ts was subtracted from the measured Tras well as 8Tp, the non-dependency of the Ty
on heating rate and the matching between the corrected Tsfrom heating and the Ty measured

upon cooling were observed (Fig 4.3).

Consequently, from the results of the thermal lag corrections, it may be noted that
when the same cooling rate is applied, the same T, and/or Tfis measured. It should be also
mentioned that no significant difference of the Trcould be noted between the three polymers.
On the other hand, the same values of the Tf were determined whatever the high cooling
rates. Similar results were found for PLA-based polymers and its derivatives [3]. However, the
difference between the T measured after cooling at |B¢| = 0.78 K.s* and |B¢| = 1500 K.s?! is
observed. Thus, this fact means that there is a critical cooling rate to obtain the unique glasses.
Due to such difference between the values of Tfupon cooling at |B¢| = 0.78 K.s and |B¢| = 1500
K.s'%, the cooling rate dependency of Tris well defined. Therefore, a lack of the applied cooling
rate dependence of the fictive temperature can be observed in glass-forming systems above

certain and/or critical scanning rate during FSC measurements [6, 7].

4.1.2 The fragility index m

The cooling rate dependence of the Ty was studied and it was fitted by the VFTH
equation (Eq 2.15) (Appendix Chap 4 (A. 4.3)) to determine the dynamic fragility index m by
VFT equation (Eq 2.16 and Eq 2.17) [5, 8-10]. In the m calculation, T, is taken as the Tf
determined at a cooling rate of 0.78 K.s! as 329 K and 327 K for homopolymers and sc PLA,
respectively. According to the obtained results (Table 4.1), the calculated values of the
dynamic fragility m for studied films are rather close taking into account the measurement
precision. These values are in the range of the fragility values defined by Angell: 16 < m < 200.
The higher the value of m, the more fragile the system. So, all the samples can be defined as

“fragile”.
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Sample B (K) Tv (K) M
PLLA 36+ 11 48 £3 185+ 17
PDLA 37+8 48 +3 190 +£11
Sc PLA 73 £22 41+4 142 + 44

Table 4. 1. The VFTH fitting parameters and the dynamic fragility index of studied samples.

4.2 Structural relaxation dynamics through physical aging

The measured and corrected T; values were determined to estimate the aging
temperature (Tq4). The determined constant values of Ty at all scanning rates exhibit unique
glass formation. Due to the estimation of unique glass obtained by higher cooling rate, the

scanning rate dependence of the physical aging was investigated.

42.1 Influence of the scanning rate on physical aging
Physical aging was carried out at the Tyg calculated according to the corrected Ty which
are 66 °C for PDLA and 65 °C for PLLA and sc PLA after a cooling at 1500 K.s, as shown in
section 2.2.4.3. The recovery enthalpy values were calculated and compared for each scanning
rate and aging time (tq) for all the samples (detailed in section 2.2.4.3) [11]. The enthalpy
recovery for each samples (PLLA, PDLA and sc PLA) at the scanning rate range for t,; = 1 min,
10 min and 100 min has similar behavior. Therefore, only the results of aging at the scanning

rate |Bc| = Bn ranging from 300 K.s* up to 4000 K.s are shown as an example (Fig 4.4).

As one can see from Fig 4.4a, the peaks are shifted towards higher temperatures with
the increase of the scanning rate due to the smearing effects. In addition, as shown in Fig 4.4b,
the values of enthalpy recovery are independent on the scanning rate, but dependent on the
tag, as average values of 5.5+ 0.4 J/g, 7.8 £ 0.3 J/g, and 9.7 £ 0.4 J/g for 1 min, 10 min, and 100
min, respectively, are obtained. Thus, not only the fictive temperature shows independence
on the scanning rate, but also the enthalpy recovery is independent from scanning rate above
the critical cooling rate. Therefore, for further physical aging analysis to compare the
structural relaxation of amorphous PLLA, PDLA and sc PLA, the scanning rate of |B¢ = PBn =

1500 K.s* was chosen due to the less signal-noise ratio.
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Figure 4. 4. Aging of sc PLA at T, = T, — 18 °C at the scanning rate range |B¢| = Bn from 300 K.s* up to
4000 K.s. (a) Normalized heat flow subtraction for t,; = 100 min. (b) Values of the enthalpy recovery

as a function of B/ for tsg = 1 min; 10 min; 100 min.

4.2.2 Physical aging at four different aging temperature

The physical aging was carried out at the Tog chosen as Tog=Tf—5 °C, Tag = Tf— 8 °C, Tag
=Tf— 13 °C and Ty = Tf— 18 °C with the tq, ranging from 0.001 min to 100 min for all the
samples. The enthalpy recovery of the structural relaxation of amorphous samples was
investigated to define the chirality impacts on the relaxation. Physical aging of polymers was
widely studied and it was reported that quenching or higher cooling rates allowed us to
accelerate the aging and the enthalpy recovery of materials to reach equilibrium on laboratory
scale [3, 12-15]. Fig 4.5 presents the normalized heat flows of all the aged samples from 0.001
min up to 100 min obtained by FSC at |B| = Bn = 1500 K.s™* for the T, below the respective
glass transition temperature. The red dash line corresponds to the rejuvenated curve. For all
the curves, endothermic relaxation peaks are superimposed to the glass transition and shift
towards higher temperature with the increasing t., as usually observed for physical aging [3,
12-15]. The endothermic peaks are intense and broadened, thus, the lower the T,,, the higher
the enthalpy recovery. Fig 4.6 shows the decline of the enthalpy during the physical aging for
all studied Tyq.
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Figure 4. 5. Aged amorphous (a) PLLA, (b) PDLA and (c) sc PLA films examined by FSC. Graphs on the same

line represent the same Ty,.
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The difference between the total enthalpy loss AH=» and the enthalpy recovery at a
given aging time AH:g shows different behaviors according to the Tuq. Despite the different
structure of samples, similarities are observed for the same T,y and tqog. The kinetic decay of
the enthalpy recovery during the physical aging is similar for different samples. A rapid kinetics
of physical aging was observed as the equilibrium was reached after 1 min at 5 °C below Ty.
Besides the rapid kinetics, FSC also allows us to analyze few ng sample as a reference of the
bulk sample in shorter aging time such as 0.001 min due to the formation of glass with high
fictive temperature with very short relaxation time [16]. The enthalpy recovery is guided by a
single step decay and the classical stretched tendency is observed similar to other glassy

polymers [16-18].

As depicted in Fig 4.6, the enthalpy recovery exhibits a single step decay towards
equilibrium and the glass completely releases its excess of energy in the range of aging time
at the highest aging temperature. Such result is opposite to the assumption proposed by
Gomez Ribelles et al. [19, 20] based on DSC measurements. The authors assumed that
thermodynamic equilibrium cannot be reached because of the steric hindrance and molecular
mobility induced during structural relaxation. In addition, Hutchinson et al. [21] reported that
a certain fraction of the glass-forming liquid was vitrified towards the glass transition.
Therefore, the slow-process (i.e. the vitrified fraction) and the fast-process (i.e. the non-
vitrified fraction inhibit) to reach the thermodynamic equilibrium. FSC allows obtaining glasses
with high enthalpy and reaching the thermodynamic equilibrium. The lowest aging
temperatures exhibits also single step decay, but does not allow reaching the equilibrium at

the investigated aging time.

Although all the samples have the similar behavior (i.e. a single step decay), in order to
compare the relaxation kinetics of all the amorphous samples, the enthalpy recovery and the

master curves of normalized enthalpies are investigated and presented in Fig 4.7.
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Figure 4. 6. Time evolution of the difference between the AH., and the AH:,4 for the aged amorphous

(a) PLLA, (b) PDLA and (c) sc PLA as a function of T4, with the aging time ranging from 0.001 min to 100

min at |Bc| = Bn = 1500 K.s™.

The difference in the calculated total enthalpy loss AH« is caused by the amplitude of

the heat capacity step of the samples (0.46 and 0.54 J.g1.K* for homopolymers and sc PLA,

respectively). As shown in Fig 4.7a, the physical properties are dependent on the logarithm of

the t.. Therefore, the aging rate can be determined as the slope of the linear fit and

corresponds to the enthalpy change towards equilibrium. One can noticed from the Fig 4.7a

that all the samples have the similar rate of enthalpy recovery (1.36 + 0.06 J/decade). Fig 4.7b

presents superimposition of the master curve of normalized enthalpy recovery as a function
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of the logarithm of the t,,. The enthalpy recoveries are normalized by the infinite enthalpy loss

as follows:

AHOO_ AHT@CO‘U@T'y (4 1)

AH ved =
normalized AHoo

where AHnormaiized is the normalized enthalpy recovery, AHrecovery is the measured enthalpy

recovery of the aged samples, and AH« is the total enthalpy loss.

In addition, the Tool-Narayanaswamy-Moynihan (TNM) model is used to explain the
evolution of the glass transition temperature related to the relaxation enthalpy and aging
temperature (Tqg) for an aging time (tag) [11, 22]. The TNM model is used to fit master curves
by assuming a specific expression for the temperature and structure dependence of the

relaxation time t (7, Ty) [23] as follows:

x AH (1—x)AH} (4.2)

(T}, T) = Aexp {? + ",
where T is a reference temperature well above the glass transition temperature, x is the
nonexponential parameter determining the broadness of the relaxation spectrum. When
these parameters are obtained by DSC analysis, so the shape of parameters corresponds to
the behavior of the system in the out-of-equilibrium state. However, some inconsistencies
were reported concerning the equilibrium behavior if the relaxation expressed for 1 (7, Ty) was
not fitted correctly. On the contrary to the complexity of TNM model, in our case, the master
curves of enthalpy recovery of all the samples can be fitted using a simplified approach, i.e.

the Kohlrausch-Williams-Watts (KWW) function [24], as follows:
() = o~/ Trww)PFrWW (4.3)

where @ (t) is the correlation function, Skww (0 < fkww < 1) is a stretch exponent, and zww is
the relaxation time for fkww = 1. As shown in Fig 4.7, the master curves of Tog = Ty —8 °C were
taken as a reference temperature to impose all the master curves and the other curves were
shifted over the reference curve with the shift factor x = 0.4 for Tgg = Ty —5 °C and x =-0.2 for

Tag=Ty—13 °Cand Tyg = Tg— 18 °C. In this case, KWW function is sufficient to fit all the curves
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within the single relaxation time t which is determined as 0.04 s according to the reference
temperature. The kinetics of decays of the enthalpy recovery of all the samples during the
physical aging is exactly the same. No influence of the tacticity on the structural relaxation is

observed as a result of kinetic investigation.
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Figure 4. 7. (a) Time evolution of the enthalpy recovery AH; for aged amorphous PLLA (up triangle),
PDLA (square) and sc PLA (down triangle) films at different T,4. The arrows show the values of AH., for
homopolymers and sc PLA. (b) Master curves of the enthalpy recovery normalized by the infinite

enthalpy loss. Red dash line corresponds to the KWW fitting (Eq 4.3).

4.3 Segmental relaxation investigations by DRS

The molecular dynamics of all the amorphous samples was investigated by means of
dielectric relaxation spectroscopy (DRS). The a-relaxation parameters like the dielectric
strength, the relaxation time and the fragility index of all samples were examined to combine
the results with the results of FSC. The cooperativity of molecular mobility is presented in the

notion of the dynamically correlated number Nc and the cooperativity degree Na.

43.1 The a-relaxation process
The experimental raw data obtained from dielectric relaxation spectroscopy
measurements are presented in 3-D illustration in Fig 4.8. The dielectric loss €’ is measured

as a function of temperature and frequency. The dielectric spectra of all samples display
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similar characteristics in the same temperature range towards the glass transition. The a-
relaxation peak which is the dielectric response of the glass transition, broadens and shifts
towards higher temperature as the frequency increases. The conductivity phenomenon which
is related to the charge transport is also observed at high temperature and low frequency. The
dielectric relaxation spectra can be characterized by a “step-like” decrease of €’ and a peak of
€” in the frequency range at an isothermal temperature. The main parameters to characterize
dielectric properties can be determined from both & and &” versus frequency plot. As an
example, the relaxation time Tmax can be determined from the maximum value of frequency
fmax Where €” reaches its maximum value at a certain temperature T. The measured complex
permittivity signals (¢*) associated with the primary (a-relaxation) and secondary (j-
relaxation) relaxation were fitted by the empirical Havriliak-Negami (HN) function (Eq 4.4) to

complete quantitative analysis of the dielectric spectra in the frequency domain [25]:

Ag
[1+ (iwTgN)*HN]BHN

e(w) = €e + (4.4)

The HN function allows to fit the real (¢’ (o)) and the imaginary (¢” (®)) components of the

complex dielectric permittivity (€* (o)) by the following equations:

g'(w) = €0 + AHpy cosPuneun) (4.5)

B
[1+2 sin(@)(erN)“HN +(wTHN)2“HN] R

EII ((U) — AHHN sin(BuNPHN) (46)

BuN /,

[1+2 sin(@)(erN)“HN+ (erN)Z“HN]

where o is the angular position (® = 27f), e« is the unrelaxed dielectric permittivity, Aeun is
the relaxation strength, tun is @ characteristic relaxation time and aun and PBun are shape
parameters describing the symmetric and asymmetric broadening factor of the dielectric
spectra, respectively. In order to improve the consistency of the fit results, the fitting has been

carried out for both real and imaginary parts of the complex signals.
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10°

Figure 4. 8. Dielectric loss (¢”) versus frequency and temperature for all studied amorphous samples:

(a) PLLA, (b) PDLA and (c) sc PLA.

The isothermal dielectric spectra of amorphous sc PLA are shown as a function of
frequency for different temperatures in Fig 4.9A and Fig 4.9C as an example of DRS analysis.
All the amorphous samples show similar variations during relaxation investigations. It should
be noted that all samples show two complex relaxation processes. The first one is the
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secondary relaxation (B-process) observed at low frequencies and temperatures (Fig 4.9A).

This relaxation shifts towards higher frequency range as the temperature increases. The

second one is the primary relaxation (a-process) which can be clearly seen in higher

temperature range (Fig 4.9C).
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Figure 4. 9. Imaginary parts of the complex dielectric permittivity (€"’) versus frequency of amorphous

sc PLA film: (A) in the glassy state at temperature T < Ty, (B) clarification of dielectric spectra fitting for

secondary relaxation (B-process), (C) in the liquid state at temperature T > T, and (D) clarification of

dielectric spectra fitting for primary relaxation (a-process) by HN complex functions.

The two HN complex functions are used to fit isothermal dielectric loss spectra with a

conductivity contribution to investigate the relaxation phenomena. The HN shape parameters

of both relaxations in amorphous sc PLA were shown in Fig 4.9B and 4.9D. All amorphous
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samples have the same temperature dependence for the main relaxation processes, in which
both a and B relaxations shift to higher frequencies but keep the same amplitude as the
temperature increases until the cold crystallization temperatures of amorphous samples. As
shown in Fig 4.9C, there is a strong reduction in the amplitude of dielectric loss above T=75 °C
due to the cold crystallization during the measurements. Therefore, the analytical procedure
of fitting was carried out until the first crystallization appeared. The demonstration of complex
secondary relaxation with two contributions is supported by the results obtained for the other
polyesters, such as poly(ethylene terephthalate) (PET) [26, 27], PLA [28] and
poly(hydroxyalkanoates) (PHAs) [29]. In addition, Soccio et al. [30] reported that such a broad
[ relaxation phenomenon is caused by interactions between ester functional groups and the
main polymer chain as well as stereocomplexation between homopolymers (PLLA and PDLA).
In the case of poly(butylene 2,5-furanoate), the 3 relaxation has two processes which are a
faster 1 relaxation due to the association of the mobile subunit with the C — O of the ester
group and a slower [, relaxation correlated to the connection between the aromatic ring and
C=0 of the ester group. In the case of stereocomplexation, such a classical broad [3 relaxation
of polyesters maybe caused by similar interactions between the mobile subunit and the C— 0
of the ester group and/or the main chain and C = O of the ester group due to the
stereoselective van der Waals forces. Therefore, the isothermal spectra of 3 relaxation were
analyzed by two symmetrical HN functions, called Cole-Cole functions at different

temperatures.

4.3.1.1 The master curves and shape parameters: a and 3
The shape parameters determined by the HN fits of the a-relaxation process are used
to define the symmetric and asymmetric broadening of the complex dielectric function [31].
The values of the shape parameters determined for all the samples are found to be less than
1in accordance with literature [31]. By using the estimated values of thn, ann, BHn parameters,

the relaxation time, Tmax = (27tfmax)* was calculated as [31]:

(4.7)

. a T
sin HN
2+2BuN
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The correlation function can be calculated using the HN relationship [32]:

( . )ﬁHNaHN sin(Bun @)
1 T
f@®=- iy BHN (4.8)
T r \2®HN r \*HN /2
[1+ (THN) +2 (THN) cos(naHN)]
with
THN XN
_m 1 (T) +cos(mayy)
® =7 tan [ Py — (4.9)

where f (1) is the distribution function, thn is the HN relaxation time, axn and Bxn are the HN
shape parameters. Therefore, in term of the distribution of relaxation time, the correlation

function @ (t) is expressed by [32]:
d(t) = fooof(r)exp_t/fdt (4.10)

In a certain time domain, the correlation function can be well described by the KWW stretch
exponential function as presented in Eq 4.3 [33]. To express the time-scale required for
molecular units to relax or move, the master plots of the dielectric loss for each isothermal
spectrum are reported in Fig 4.10. The results show very good overlap of all the curves forming
a single master curve. On the other hand, systematic deviation from the master curve is
observed in the high frequency range for the a relaxation. This kind of deviation can be
explained by the contribution of noncooperative localized molecular mobility, such as
relaxation process, combined with the molecular mobility of localized molecules. Furthermore,
such an interdependence of a and [ relaxations was reported also by Johari and Goldstein [34]
and was investigated in glass-forming systems [35, 36]. While the temperature of
measurement is increased, the impact of the B relaxation increases on the master curves. The
non-Debye relaxation in the time range (t) is empirically explained by the KWW function [24].
Each master curve was fitted by the KWW relationship (Eq 4.3) in order to calculate KWW
stretching parameter [Skww. The stretching parameter Swww allows comparing any
asymmetrical broadening behavior of the relaxation process at high frequencies with the

exponential decay which corresponds to a Debye relaxation with Scww = 1.
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Figure 4. 10. Log-log plot of the master curves of amorphous (A) PLLA, (B) PDLA and (C) sc PLA samples.
Light blue dash lines correspond to the KWW fits.

The HN parameters are correlated with the stretching parameter Scww as follows [31]

Bxww = (@unPun)®® (4.11)

The master curves were obtained by normalization of the spectra with the maximum
of €” and its counterpart frequency at the different temperatures (from 58 °C to 78 °C with a
step of 1 °C) and fitted by KWW function to graphically visualize the stretching parameter Skww.
These master plots lead to show whether temperature has influenced on the shape of the
structural relaxation process, which would represent different distributions of the relaxation
times at different temperatures. As shown in Fig 4.11, the values of Swww are experimentally

found to be 0.37 + 0.02 for PLLA and PDLA, and 0.36 = 0.02 for sc PLA. These values have a

146



CHAPTER 4. MOLECULAR DYNAMIC STUDY IN AMORPHOUS STEREOCOMPLEX
POLYLACTIDE

good compliance with the values calculated by Eq 4.16: 0.40 = 0.01 for PLLA, 0.39 + 0.01 for
PDLA and 0.39 £ 0.01 for sc PLA. In addition, This result is in good agreement with the value

reported in literature for PLA from DSC measurements, fkww = 0.35 [37].
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Figure 4. 11. Variation of the Sxww parameter as a function of temperature for studied samples.

4.3.1.2 Dielectric relaxation strength Ag,
The dielectric relaxation strength Agy of a relaxation recorded for all the isothermal
measurements is obtained by fitting the experimental data with the HN function. In addition,
as reported by Onsager, Frohlich, and Kirkwood [31], the values of Ae, depend on several

parameters and are also calculated by the generalized form of the Debye’s theory as follows:

S .
Aeq = -Gk 7y (4.12)

where &g is the dielectric permittivity of vacuum, gk is the Kirkwood correlation factor which
corresponds to the short-range intermolecular interactions leading to specific static dipole-
dipole orientations, p? is the time-correlation function of the total dipole moment, kg is the
Boltzmann’s constant, T is the temperature, and N/V is the volume density of dipoles involved
in the relaxation process. Fig 4.12 presents the temperature dependence of the Agq of a-

relaxation for PLLA, PDLA and sc PLA.
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Figure 4. 12. Temperature dependence of the dielectric strength Ag, of a-relaxation for amorphous

PLLA, PDLA and sc PLA.

In general, the dielectric relaxation strength Ag, decreases with temperature
increasing [31, 37, 38]. Such a temperature dependence of Agq was also reported in literature
for other kinds of glass-forming systems, i.e. polymers and thin polymer films [31, 38, 39]. The
obtained results indicate the same behavior of the dielectric strength Aeq for all the samples
(Fig 4.12). In addition, the dielectric strength Agq of sc PLA is close to the Aeq values of
homopolymers. The maximum values of Aeq were reported at the lowest measurement
temperature for each sample. The maximum of Agq value (2.0 £ 0.5) is close to the previously
reported results of Pluta et al. [40] for PLA (~ 2.5). The inset in Fig 4.12 presents the normalized
Aeq by temperature (T Agq normalized to the maximum value at lowest measured temperature)
as a function of temperature for all the samples. Inset plot shows that TAg, decreases with
increasing temperature for each studied sample. As reported by Schonhals [41], such
temperature dependence caused by an increasing influence of intermolecular interactions
between dipoles with decreasing temperature. Therefore, the stronger the temperature
dependence of Ag,, the stronger the intermolecular interactions with decreasing temperature.
Thus, such characteristics of the a-relaxation can be defined by cooperativity character of the

fundamental molecular motion responsible for the molecular dynamics. The size of the

148



CHAPTER 4. MOLECULAR DYNAMIC STUDY IN AMORPHOUS STEREOCOMPLEX
POLYLACTIDE

cooperative rearranging region increases with decreasing the temperature and, therefore,

effective dipole moment increases [41].

4.3.1.3 Relaxation map for a- and 3-relaxation
The relaxation map in Fig 4.13 shows the relaxation times zmax as a function of the
inverse temperature for both a and [ processes. The temperature dependence of the

relaxation time, i.e. the recorded 7nax values, could be fitted and well described by the

Arrhenius law as follows:

T = Tgaexp (%) (4.13)

where Eg is the activation energy of the 31 relaxation, R is the gas constant, and 1o, 4 is a pre-

exponential factor.
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Figure 4. 13. Temperature dependence of structural a and P relaxation times as a function of the

inverse of temperature for amorphous PLLA, PDLA and sc PLA films.

The values of activation energy E, are calculated as 64 + 10 kl/mol for PLLA, 57 + 12
kJ/mol for PDLA, and 65 + 10 kJ/mol for sc PLA. Such results are in good agreement with the

results for the other polyesters — 79 + 10 kJ/mol for PET [42] and 36 - 46 kJ/mol for PLA [28].
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The values of E, correspond to the local motions of the polar subunits of all the samples.
In addition, the E, value obtained for sc PLA is the same that the value obtained for PLLA and
PDLA. Such results can be at the origin of the similarity in the chemical structure of the

repeating units of homopolymers and sc PLA (Fig 2.1).

4.3.1.4 Angell’s and Stickel’s plot of a relaxation
To investigate molecular dynamics in a relaxation process, Angell’s and Arrhenius plots
are studied and presented in Fig 4.14. The symbols correspond to the experimental data and
the red lines represent the VFT fits. T, corresponds to 7= 100 s and v, is a relaxation rate,

which is equivalent to 1/ zmax, Where Zmax = 1/21fmax [43].
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Figure 4. 14. (a) Relaxation time zmqx as a function of normalized temperature Ty, ;- 100s/ T (the Angell’s

plot), (b) Arrhenius plot of the amorphous PLLA, PDLA and sc PLA films for the a relaxation process.

The temperature dependence of the relaxation time of the a-relaxation can be fitted

by a Vogel-Fulcher-Tamman law (VFT) by the following equation:

Tmax = TOexp(

DT, )
T—Tp

(4.14)

where 7max is the relaxation time at the maximum of the a relaxation, D is the dimensionless

parameter defined as the steepness strength, Ty is a reference temperature - so called Vogel
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temperature, and 1o is a pre-exponential factor. The Angell’s plots in Fig 4.14 are all practically
superimposed. Furthermore, the temperature dependence of the relaxation frequency
corresponding to the dielectric a relaxation peak v ., is superimposed. Such a similarity can
be explained by the similar dynamic glass transition temperature as shown in Table 4.2. The
dielectric value of the glass transition temperature is usually selected as a temperature at a
relaxation time equal to 100 s. The temperatures obtained by DRS at relaxation time equal 10
s match better with the calorimetric glass transition temperatures obtained by MT-DSC with
a period of 60 s [44]. In literature, there are several studies of dielectric values of the glass
transition temperature showing good deal with the values observed by thermal techniques,
such as DSC and MT-DSC [45, 46]. For better fit of relaxation data in the relaxation
temperature range, a second VFT law is required to define the temperature dependence of

the relaxation time depending on the material [47, 48].

Samples To(t=100 s) (K) To(r=10s) (K) Ty (K) D To(K) log(to) (s)  Ea (k) mol?)
PLLA 328 331 332 3.5 296 -13 64.4
PDLA 328 330 331 5.7 299 -15 57.3
Sc PLA 329 332 332 4.3 299 -14 64.7
PLA [49] 327 327 5 292 -14

Table 4. 2. Results obtained by DRS: the glass transition temperature at t= 100 and 10 s; dimensionless
parameter of the VFT equation D; reference temperature Ty; the relaxation time extrapolated at an
infinite temperature 1o; the activation energy of the Bi-relaxation E,. The values of T, are obtained by

MT-DSC measurements.

The temperature dependence of the relaxation time of a-process is investigated by
analyzing the derivative method as proposed by Stickel et al. [50]. Stickel et al. presented the
VFT description in glassy liquids which is associated with the linearity of ®ras a function of T:

b = | (Lo 2 (419

Stickel’s plot is important key tool to determine the dynamic crossover temperature between
two dynamic domains [47, 51]. Fig 4.15 depicts the derivative analysis of the dielectric
relaxation time for all the samples. As shown, a single linear fit is sufficient to examine the

behavior on the entire temperature range. For quantitative analysis, the VFT parameters B (B
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= D7 x Tp) and the temperature Tp (@r = 0) were estimated from derivative-based analysis by

linear regression as follows [38]:

[(oottmery) ™2 _ (20 )2 g (4.16)

dar 2.303

The value of Tp and Dr are determined to be 293 £ 5 K and 4.12 + 1 (as an average for
three samples), respectively, so the parameter B is calculated to be 1207 + 100 K. The
parameters obtained from the Stickel’s analysis have good agreement and are similar for all
the samples. This result is in good agreement with previous work on neat PLA presented by
Rijal et al. [49]. All these parameters correspond to the fragility index values of the glass-
forming liquids. By taking into account VFT fits and the derivative-based (Stickel’s) analysis,
uncertainty for the parameter B can be taken in the range of = 100, so Stickel’s analysis can

be also used to export VFT parameter for fragility investigation.
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Figure 4. 15. The derivative-based analysis of the temperature evolution of dielectric relaxation data,
so called Stickel’s plot. Light blue dash line corresponds to the linear fit of the relaxation data. Ty is the

Vogel temperature.

4.3.2 The fragility index m by DRS
The next step of analysis for glassy polymers is calculating the fragility index m to
extend quantitative comparison. High values of the fragility index m demonstrate “fragile”
materials with a non-Arrhenius temperature dependence of the relaxation time 7, approaches
to T,. The systems called “strong” supercooled liquids represent linear Arrhenius-like
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temperature dependence of the relaxation time on the Arrhenius diagram. As defined, for m >
30 liquids are considered as “fragile”, whereas for m < 30 they are defined as “strong”. The
degree of deviation from Arrhenius-type temperature dependence near T, allows a
classification of glass-formers on the basis of the structural relaxation, so called “fragility

concept” by Angell et al. [52, 53] as follows:

_d log(Tmax)

= - (4.17)
@ .,

where Ty / T is the temperature normalized with respect to the glass transition temperature
Tg. All parameters which are necessary to calculate the fragility index are gathered in Table

4.2.

The calculated values of m for homopolymers and sc PLA are 146 and 150, respectively.
Therefore, such results correspond to “fragile” glass-formers. Such behavior depends on the
molecular structure with extended van der Waals interactions and/or hydrogen bonds
between polymer chains [52, 54]. In previous works, the fragility index m of PLAs was reported
as 144 [49], 155 [55], 149 [56]. According to the accuracy of £ 10 % for the fragility index
calculation, we can assume that amorphous sc PLA has practically the same fragility index as
neat PLA and homopolymers. Furthermore, the values of the fragility index m determined
from DRS analysis match well with the values of fragility index m calculated from FSC

measurements by VFT fitting.

433 Molecular mobility and dynamic heterogeneity
Previously, Schick et al. [57] combined DRS, MT-DSC and Ac-chip calorimetry in order
to study molecular mobility of different polymers, such as polystyrene (PS) and poly(methyl
methacrylate) (PMMA). They found that the different experimental technigues show
consistent results of cooperativity length obviously correlated with the structural relaxation

temperature and time dependence.
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4.3.3.1 Method of extraction the parameters for cooperativity size calculation

Typical length scale of cooperativity ranging from 1 to 3.5 nm was provided at the glass
transition temperature for different glassy polymers. Besides, the relationship between the
cooperativity, the glass transition temperature and the fragility index has been purposed [58].
It is found that the CRR size increases with increasing fragility. Fig 4.16 represents isochronal
spectra of the dielectric loss in the frequency range of 2.10° Hz down to 0.1 Hz combined with
the heat capacity curves from MT-DSC as a function of the temperature for sc PLA (same
calculation was applied for all the amorphous samples). The dielectric spectra were plotted by
subtracting the contribution of the conductivity and the secondary 3 relaxation. The observed
relaxation peak corresponds to the segmental (a-) relaxation process. The CRR length can be
estimated by using the temperature fluctuation of the amorphous phase by Eq 1.20 as Donth
proposed [59]. All the quantities used in Donth’s approach [59] were determined from DRS
and MT-DSC investigation.
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Figure 4. 16. Dielectric loss (without conductivity) from DRS measurements and heat capacity from
MT-DSC measurement as a function of temperature. The blue dash lines present the heat capacity in

the glassy and liquid states. The red line corresponds to the Gaussian fit of a dielectric loss spectra.

As shown in Fig 4.16, the temperature fluctuation T (related to the standard deviation

or of the Gaussian peak function) is calculated as 87 = FWMH / 2.35 and the dynamic glass
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transition temperature T, (corresponds to the maximum of the Gaussian peak) is exported

from Gaussian fit of the imaginary part of MT-DSC and DRS spectra by following equation:

C" (T) or " (T) = (4.18)

I exp (B

where A corresponds to the peak area, oris the standard deviation and Ty is the dynamic glass
transition temperature. The value AC; ! is the difference in the inverse of the isobaric heat
capacity between the glass and the liquid at T, and exported from the calorimetric

investigation, as shown in Fig 4.16.

Therefore, combination of MT-DSC and DRS allows us to calculate the temperature
dependence of the cooperativity length &y (by Eq 1.20) and the cooperativity number of
relaxing entities Ny (by Eq 1.21) as well as the number of dynamically correlated units N¢ (by
Eq 1.15) in a wide temperature and relaxation time range from the onset of cooperativity in

the crossover region to the calorimetric glass transition temperature Tg.

4.3.3.2 The cooperativity length &, and cooperativity degree N,

The cooperativity length £y and the cooperativity degree N, were estimated in a wide
range of temperature and relaxation time for each investigated sample. The cooperativity
length &y associated with the a-relaxation as a function of temperature and relaxation time
determined from MT-DSC and DRS measurements is presented in Fig 4.17. The results shows
that the cooperativity length &, depends on the relaxation time and the glass transition
temperature. In addition, the cooperativity degree Ny is presented in Fig 4.18 to investigate
the temperature dependence of Ny and compare it with other systems. A non-linear increase
of the cooperativity length £, and the cooperativity degree N, with decreasing temperature
and increasing relaxation time is observed for each sample. All studied samples have similar
behavior regarding temperature dependence of the cooperativity parameters. In addition, the
similarity in the cooperativity length of homopolymers and sc PLA could also be correlated
with the results of similar fragility index m of samples. It should be noted that the
extrapolation of the cooperativity length &, estimated from DRS over a wide range of

relaxation time and temperature fits very well with the values estimated by MT-DSC (star
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shape symbols) at calorimetric glass transition T, at T = 10 s as well as the cooperativity
number N,. However, such a non-linear temperature dependence of £, and N, can be related
to the temperature dependence of the relaxation time. The cooperativity length &, at the
calorimetric Ty for all the samples is quite similar, i.e. 2.9 £ 0.2 nm for PLLA and sc PLA, and
2.8 £ 0.2 nm for PDLA, independently from the intermolecular interactions obtained through

stereocomplexation.
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Figure 4. 17. The cooperativity length &, as a function of (a) normalized temperature at T, and (b)
relaxation time for each sample obtained from DRS measurements by estimated the calorimetric glass
transition temperature at period 60's, T ~ 10 s. The star shaped symbols at T/ T, = 1 correspond to the

results derived from MT-DSC analysis at Toat Tt~ 10 s.

Furthermore, as depicted in Fig 4.17, the values are rather similar to the results
obtained by Rijal et al. [49] for commercial PLA. It is interesting to compare the results of our
systems with the results of Hamonic et al. [60] obtained for another polyester, PET with
different microstructure, i.e. wholly amorphous and isotropic PET, and semi-crystalline PET
drawn at two different draw ratio (A) (Fig 4.18). Hamonic et al. have shown a huge impact of

the microstructure on the temperature dependence of the cooperativity.
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As a consequence, if the amorphous phase is anisotropic and constraint by crystallites
(i.e. highly drawn PET [60]), the CRR size and N, are drastically smaller. These results reveal
that cooperativity could vary a lot in the amorphous part of the polymer, but in the case of

amorphous PLA, stereocomplexation has no significant influence.
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Figure 4. 18. The cooperativity degree N, as a function of normalized temperature. The star shaped

symbols at T/ Ty, 605 = 1 correspond to the results obtained from MT-DSC analysis at T,at T~ 10 s.

4.3.3.3 Dynamic heterogeneity and comparison of Nc and N,

The number of dynamically correlated segments N¢ of all the samples is calculated by
Eq 1.15 and is depicted in Fig 4.19 as a function of temperature normalized to Ty. The
calculated values of N¢ for each sample exhibit similar temperature dependence. The slight
increase of the number of dynamically correlated segments Nc¢ with decreasing temperature
towards the glass transition temperature is observed in Fig 4.19. These results show good
relevance with the tendency for all the amorphous samples. Furthermore, the increase of N¢
with decreasing temperature is independent from the chemical structure of the glass-forming
liguid samples. Therefore, such increase can be explained by two regimes: the first fast regime
is observed at short relaxation times and the second one, much slower, is noted for relaxation
times towards the glass transition. Thus, the extent of spatial correlation in the molecular

dynamics so grows as temperature approaches the glass transition. This result is supported by
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several works [49, 61, 62] and can be predicted also by the mode coupling theory [63]. These
results support the common evolution of N¢ during the relaxation for a large family of glass-

forming liquids.
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Figure 4. 19. The number of dynamically correlated segments N¢ as a function of temperature

normalized at T, for all the samples.

Although the direct comparison of Ncand Ng is insignificant due to the shift in absolute
values, similar behavior can be observed for all the samples. The increase of Ny with increasing
relaxation time can be also described by a short relaxation time, a single power law and a long
relaxation times up to Ty (t = 100 s), as the variations of Nc. In order to compare more precisely
the number of dynamically correlated segments N¢ with the cooperativity degree Ng
calculated from the Donth’s approach, the ratio Nc / N is presented in Fig 4.20 as a function
of the relaxation time. When close to the Ty (in the range of trg #10 s — 100 s), the values of N¢
and Ny are rather similar (Nc/ N« ~ 1). However, these values start to deviate with the
relaxation time decrease. Therefore, we may suppose that such similarities can be found in
the physical definition of Ny and N¢. The number of dynamically correlated segments N¢ is
calculated based on the 4-point correlation approach, different from the Donth’s approach,
since it allows us to calculate the number of molecules whose dynamics are correlated

depending on the temperature fluctuations. However, with a relaxation time decrease, the
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ratio of Nc/ Ng slightly increases and remains constant. For these two approaches, the
temperature or the relaxation time associated with the value Nc or Ny = 1 corresponds to the
limit of the cooperativity, and defines a “cross-over” point in Arrhenius diagram. From the
results of Nc and Ng as a function of relaxation time, the “cross-over” point is observed at the
relaxation time t ~ 1013 s depending on the N¢ =1, but it is at the range of t ~ 10! s according
to N = 1 for all the samples (as an average of three samples). Results show that N, decreases
faster than N¢ with a decreasing relaxation time. According to the relaxation time
investigation, the different asymptotic behaviors are observed in these two models. These
new and original results of sc PLA compared to the homopolymers indicate that the origin of
the cooperative molecular motions for both N¢c and N, of sc PLA is independent from
stereocomplexation. Therefore, the different values of the relaxation time and the different
definitions between correlated and cooperative motions (especially for very short relaxation
times) resulting in the correlated motions appear at a time scale lower than the cooperative

motions.
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Figure 4. 20. The ratio of N¢/ N4 as a function of the relaxation time.
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Conclusion

In this chapter, the influence of the tacticity on the molecular dynamic of poly(lactides)
has been investigated in terms of the segmental (a-process) relaxation by FSC and DRS
measurements. It is found that fictive temperatures and glass transition values determined by
different techniques (by FSC, DSC, MT-DSC or DRS) have same values for PLLA, PDLA and sc
PLA. The kinetics of enthalpy recovery of amorphous sc PLA and homopolymers (PLLA and
PDLA) was investigated by FSC measurements. The results show that the enthalpy recovery
has a single step decay towards equilibrium and glasses are allowed to completely relax in the
range of aging time. It is found that the relaxation kinetics of the glass towards the enthalpy
recovery of the supercooled liquid is independent on the tacticity in the stereocomplex

structure.

Furthermore, the structural relaxation investigation was carried out by DRS analysis for
wholly amorphous samples. The a- and B-processes of wholly amorphous samples were
examined to observe the dielectric properties such as relaxation time, dielectric strength, and
fragility. All the samples have the similar dielectric properties independently on the tacticity
existence. The cooperativity length &, estimated from Donth’s approach for the all samples
was studied and found to be very similar at the glass transition (= 2.9 nm) and in a wide
temperature range. It is shown that the cooperativity length & has no dependence on the
chemical structure, while the cooperativity number Ny has the strong dependence on the
microstructure. Moreover, no effect of stereocomplexation on the origin of the cooperative
molecular motions is observed. The correlated motions appear at a time scale lower than the
cooperative motions for all the samples. It is found that the kinetics of the segmental
relaxation of wholly amorphous sc PLA and the amorphous phases of PLAs are the same. In
addition, the results of B-process testifies that the local movements of polymer chain are
independent from the stereocomplexation impacts on the local interactions in case of

amorphous samples, although stereocomplexation led to generate different crystalline phase.
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CHAPTER 5. MICROSTRUCTURE INFLUENCE ON MECHANICAL AND BARRIER PROPERTIES OF
STEREOCOMPLEX PLA

The influence of the stereocomplexation on the barrier properties of PLA-based
materials towards water and gases (N2, Oz and CO) is discussed in the present chapter. Special
attention is paid on the water permeability as a function of temperature. Transport properties
towards water were investigated for both the amorphous and semicrystalline samples. In
addition, gas permeation measurements were carried out to investigate the barrier properties
of semicrystalline samples. The transport properties were correlated with the microstructure

investigations.
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5.1 Microstructure investigations
DSC and XRD measurements were carried out to study the microstructure of the
crystalline phases of polymer films. As depicted in Fig 5.1, the sc PLA crystal has higher melting

temperature (about 50 °C) than a crystals.

A -1
Endo up T 20Jg K

Tm, a crystals

PLLA /\
Tm, sc crystals
sc PLA A

Tm, a crystals

PDLA j\

40 80 120 160 200 240
Temperature (°C)

Normalized Heat Flow (J.g".K")

Figure 5. 1. Normalized heat flow curves of PLLA, PDLA, and sc PLA films.

The values of thermal characteristics (i.e. glass transition temperature T, heat capacity
step AC,, crystallinity degree Xc) calculated from DSC measurements are presented in Table
5.1 for homopolymers and sc PLA. The T, values of semicrystalline PLAs are higher than those
of amorphous PLAs due to the strong coupling between the phases caused by the low
crystallization temperature (Table 5.1) (it is also discussed previously in Chap. 3 (Fig 3.23)).
The Xc value of sc PLA is slightly higher than that of homopolymers. Also, semicrystalline sc
PLA has smaller heat capacity step which is closed to the limit of detection as compared to
homopolymers. Therefore, we observed broad glass transition range. The crystalline structure
was also confirmed by XRD analysis as presented in Fig 5.2. The presence of only one
crystalline phase was revealed by the reflection peaks at 20 = 19° and 22° for a crystals and

20 =14°, 24° and 28° for sc crystals.
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Samples T, (°C) AC,(J.g.K?) 3-phases of semicrystalline samples
amorphous semicrystalline  amorphous  semicrystalline X (%) Xmar (%)  Xgar (%)
PLLA 59 75 0.46 0.16 48 35 17
PDLA 61 76 0.46 0.19 48 41 11
Sc PLA 59 69 0.54 0.12 54 22 24

Table 5. 1. Thermal properties of studied amorphous and semicrystalline samples.
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PDLA o o

12 15 18 21 24 27 30
26(°)

Figure 5. 2. XRD spectra of PLLA, PDLA and sc PLA films.

In addition, surface morphology of PLLA, PDLA and sc PLA films was examined by SEM
(Fig 5.3). As one can see from Fig 5.3, homopolymers films are characterized by a granular
structure (Fig 5.3a and b) while sc PLA film has a smooth compact structure (Fig 5.3c). Besides,
no porosity is observed for all film samples. Such difference in surface morphology can be
caused by the formation of the different crystallites types (i.e. pseudoorthorhombic which
contains 103 helices for homo-crystals and triclinic in which L- and D-lactide are packed as
parallel taking 31 helical conformation for sc crystals [1]) during the crystallization through

solvent evaporation.
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Figure 5. 3. SEM images of (a) PLLA, (b) PDLA, and (c) sc PLA film.

5.2 Barrier Properties

Several works can be already found in the literature dealing with the improvement of
the barrier properties of PLA-based membrane in order to fulfill the industrial packaging
requirements. Tenn et al. [2] found that the incorporation of nanoparticles (Cloisite 30B (C30B))
in the PLA matrix decreased the water permeability with the increase of the nanoclay content.
It is also shown that the transport properties depend strongly on the dispersion state of the
nanoclay platelets and their orientation in the PLA matrix. Tenn et al. [3] also found that
despite the fact that the surface modification of PLA films by hydrophobic plasma treatments
improved the water barrier properties, no influence was observed on the transport properties
towards oxygen. Besides the nanocharges [4-6], the transport properties can be improved by
modifying the morphology of the polymer films [7-10]. For example, Messin et al. [11]
revealed that the use of semicrystalline poly(butylene succinate-co-butylene adipate (PBSA)
polymer improved the barrier properties of PLA in the case of multilayer PLA/PBSA film. In
addition, Delpouve et al. [12] confirmed that the presence of a’ crystals had no influence on
the PLA water permeability, but the drawing processes allowed improving the PLA barrier
properties due to the crystals shape and increase in crystallinity degree. Therefore, it was
shown that the crystalline and amorphous phase organizations are the main parameter of the

barrier properties improvement in the case of PLA [12]. Furthermore, Bai et al. [13] reported
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that the shape of crystals had influence on the barrier properties. The oxygen barrier
performance of PLA was improved through constructing parallel-aligned shish-kebab-like

crystals with well-interlocked boundaries.

In our work, the transport properties of PLA-based materials obtained by
stereocomplexation are investigated and compared to those of homopolymers. The
permeation measurements for homopolymers (PLLA, PDLA) and sc PLA are performed
towards water and gases (N2, O2 and CO;) and are correlated with the molecular mobility study

(i.e. the CRR volume and size).

5.2.1 Water barrier properties

The water permeation measurements were carried out at controlled temperature
25 °C, 45 °C and 65 °C by using a home-made apparatus (as detailed in chapter 2). The water
permeation flux J was recorded at the dry interface of the investigated sample. To annihilate
the influence of the film thickness, the water permeation kinetics curves were analyzed by
using the reduced scale JL = f (t/L?). Each permeation curve may be divided into three parts
[14]. At the beginning of the measurement no water flux is determined, i.e. JL = 0. Then, after
a while, water molecules start to pass through the film and the strong increase of the water
flux is observed. Such increase corresponds to the transient step, from which the diffusion
coefficient D can be estimated. After transient step, the steady state (stationary state, during
which the water flux remains constant Js:) is reached and the permeability coefficient P can
be calculated as the amplitude of the curve. Therefore, the reduced water permeation flux
was plotted as a function of the reduced time, and the values of the water permeability
coefficient P were determined from the flux at stationary state Js: by using the following
equation:

L
p = Istat (5.1)
Aa

where L is the thickness of the film sample and Aa is the activity difference between the two

faces of the sample, Aa = 1 in case of liquid water, i.e. liquid water on the upstream and dry
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gas on the downstream face of the film. The permeability coefficient P is usually expressed in
Barrer units as:

o cm3 (STP)cm

1 Barrer = 10710 —
cm“ s cmHg

(5.2)

The materials often used such as epoxy resins or polyesters, may suffer from
plasticization, local strain and chemical modifications/degradations over a long period of time
[15]. In order to examine the possible plasticization effect induced by the water molecules in

the studied samples, the dimensionless curve j = f (1) calculated from Fick’s equations was

defined by Follain et al [16], where j = %, T= % and D is the diffusion coefficient assumed

tat

as a constant value. The diffusion coefficient D was calculated from the transient regime of
the water permeation flux according to the Fickian behavior. The two distinct diffusion

coefficient noted as Do.24 and Do62 can be distinguished:

L%x0.091
Do24 = T (53)
0.24
and
L2
Doyer = " (5.4)
0.62

Do 24 and Do sz were calculated at two different times of the permeation process (assumed as
tr and t;) that corresponds to the inflection point I (j; = 0.24, 7= 0.091) and to the time-lag

point L (j: =0.62, 7= 1/6) of the theoretical flux curve, respectively, as detailed in Fig 5.4 [17].

173



CHAPTER 5. MICROSTRUCTURE INFLUENCE ON MECHANICAL AND BARRIER
PROPERTIES OF STEREOCOMPLEX PLA

steady state
1.04 y
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Figure 5. 4. Representation of the flux (/) as a function of time (t) to determine the P and D coefficient.

The plasticization effect induced by water molecules maybe described by an

exponential dependence of diffusion coefficient with water concentration by:
D = Dye’¢ (5.5)

where Do is the diffusion coefficient when the water concentration tends to O, y is the
plasticization factor and C is the local permeant concentration in the membrane. Therefore,

the maximum diffusion coefficient Dy can be determined as follows [15]:
DM == Doey Ceq (56)

where Ceq is the water concentration within the studied sample at the stationary state.
Therefore, the mean integral diffusion coefficient <D> can be calculated as follows:
<D>= = [ZD(C).dC (5.7)
AC YCy | '
5.2.1.1 Water permeability of amorphous samples
The water permeation tests of amorphous samples towards water were carried out at
25°C to examine the stereocomplexation impact on the barrier properties. The water
permeation coefficient was calculated from the J*L = f{t/L?) curves (Fig 5.5a) and the values

are presented in Fig 5.5b. Sc PLA reveals lower value of P as compared to homopolymers.
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Therefore, one can say that stereocomplexation improves the water barrier properties due to
the intermolecular stereoselective interactions; although, the glass transition properties (g,
CRR volume and size) and molecular dynamics of amorphous samples are the same (presented
in Chap. 4). As seen in Fig 5.5a and ¢, an increase in the delay time in diffusion on the
normalized curve of flux for sc PLA is observed compared to the homopolymers. The
calculated values of Dy (C=0) and Du (C=Ceq) are shown in Table 5.2. As one can see, the
increase of the D values with the water concentration and the plasticizing factor y > 0 confirm
the existence of plasticizing effect. According to the values of water concentration (Ceq) at
steady state, sc PLA films are characterized by lower value of Ceq compared to homopolymers.
It can be also noted the higher affinity between water molecules and homopolymers was
revealed. This affinity can be at the origin of the differences in barrier properties of the studied
samples taking into account that intermolecular stereoselective interactions limit the water

concentration in the film in case of sc PLA.
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E © 20001 -
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Figure 5. 5. (a) Evolution of the reduced flux of water permeation (J*L) as a function of reduced time (t*L?),
(b) water permeability coefficient P and (c) normalized water permeation curves as a function of the

reduced time for amorphous PLLA, PDLA and sc PLA.

Samples P Do . 10% Dwm . 108 YCeq Y Ceq
(Barrer) (cm2.s?) (cm2.s?) (cm3.mmol?) (mmol.cm?3)
PLLA 2917 £26 24+0.3 146 +2.7 1.8+0.2 43+0.1 0.42 +0.03
PDLA 2945 £ 21 1.6+x04 18.0+2.9 24+0.1 58+04 0.42+0.04
ScPLA 204028 1.3+0.1 18.7+2.7 2.7+0.2 8.8+1.8 0.30 £0.05

Table 5. 2. Water permeametric coefficients of amorphous PLLA, PDLA and sc PLA at 25 + 1°C.

5.3.1.2 Water permeability of semicrystalline samples

The water barrier properties of semicrystalline samples were studied at temperature
of 25 °C, 45 °C and 65 °C. The results are presented for each measurements’ temperature
separately. According to the obtained results, the permeation flux through the sc PLA film is
lower than that in the case of two homopolymers whatever the studied temperature. Such
results obviously demonstrate an improvement of the barrier properties of PLA by the
stereocomplexation and/or crystallization. Besides, it should be noted that while the
permeability coefficient of sc PLA increases with T, the permeability of homopolymers

decreases by increasing the temperature.
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Figure 5. 6. (a) Evolution of the reduced flux of water permeation (J*L) as a function of reduced time (t*L2),

(b) water permeability coefficient P, and (c) normalized water permeation curves as a function of the

reduced time for semicrystalline PLLA, PDLA and sc PLA at Tpermeation = 25 °C.

25°C P Do . 10® Dwm . 108
Samples (Barrer) (cm2.s?) (cm2.s?)
PLLA 2454 +13 1.26 £0.34 8.718.7
PDLA 2036 +£11 0.92 £0.56 7.01+19
Sc PLA 760+ 5 1.76 £0.05 4.74+1.7

YCeq Ceq
(cm3.mmol?) (mmol.cm?3)
2.17+1.22 2.29+0.18 0.83+0.03
2.04 +£0.05 2.64 +0.62 0.77 £0.08
0.99 £ 0.02 4.00+1.23 0.25+0.02

Table 5. 3. Water permeametric coefficients of semicrystalline PLLA, PDLA and sc PLA at 25 + 1°C.

177



CHAPTER 5. MICROSTRUCTURE INFLUENCE ON MECHANICAL AND BARRIER
PROPERTIES OF STEREOCOMPLEX PLA

4 Tpermeation =45°C

=45° b T=45°C
(a) T=45°C 2500} )
oE.08 2082
3 20001 1920
< 5
£ =
2 4084 @ 15007
o]
E 9
E & 10001 806
E
2E-08¢
- 5004
—PLLA
—PDLA
0E+004 ; . SchLh PLLA PDLA Sc PLA
0.0E+00 5.0E+06 1.0E407 1.5E407
Samples
t/L? (slem?)
10 (c)]
—PLLA
——PDLA
0.8 ScPLA
5061
2
-
0.4+
0.2
0.0¢ - -- . e
10 10° 10° 10’ 10°
t/L? (s.cm™?)

Figure 5. 7. (a) Evolution of the reduced flux of water permeation (J*L) as a function of reduced time (t*L2),

(b) water permeability coefficient P, and (c) normalized water permeation curves as a function of the

reduced time for semicrystalline PLLA, PDLA and sc PLA at Tpermeation = 45 °C.

45°C P Do . 108 Dm. 108 YCeq
Samples (Barrer) (cm2.s?) (cm2.s?)
PLLA 2082 + 6 1.13+0.57 16.13t1.6 4,78 +0.37
PDLA 19209 1.40+0.36 14.15+£4.9 3.57 £0.05
Sc PLA 806 +4 2.14 +£0.09 16.3+£3.2 2.03+0.22

cEq
(cm3.mmol?) (mmol.cm?3)
2.59+0.32 0,79 £ 0.07
2.23+0.67 0.42+0.04
8.79+1.77 0.24 +0.08

Table 5. 4. Water permeametric coefficients of semicrystalline PLLA, PDLA and sc PLA at 45 + 1°C.
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Figure 5. 8. (a) Evolution of the reduced flux of water permeation (J*L) as a function of reduced time (t*L2),
(b) water permeability coefficient P, and (c) normalized water permeation curves as a function of the

reduced time for semicrystalline PLLA, PDLA and sc PLA at Tpermeation = 65 °C.

65°C P Do . 10® Dwm . 108 YCeq Y Ceq
Samples (Barrer) (cm2.s?) (cm2.s?) (cm3.mmol?) (mmol.cm?3)
PLLA 1445 + 8 6.791+0.47 15.4+2.7 3.12+0.26 1.24+£0.14 0,45+ 0.07
PDLA 1508 + 16 4.05+0.36 12.2+29 1.22 +£0.08 1.08 £0.34 0.35+0.06
Sc PLA 926+ 8 1.2+0.03 51+1.3 1.48 £0.47 5.20+0.87 0.28 £ 0.03

Table 5. 5. Water permeametric coefficients of semicrystalline PLLA, PDLA and sc PLA at 65 + 1°C.
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The normalized water permeation curves as a function of the reduced time are plotted
to compare the kinetics of diffusion for all the samples at each Tpermeation. An increase in the
delay time for the sc PLA is observed compared to the homopolymers at all studied
temperatures. In addition, one can note a decrease in the delay time observed in case of
diffusion through homopolymers with T increasing, while the delay time remains practically
constant in case of sc PLA (Fig 5.6 - 5.8). It is known that water can cause a plasticization effect
in the polymer samples [16]. The comparison of D; and D, coefficients exhibits that the value
of Dy is higher than the value of D;for homopolymers (Table 5.5). Considering that the former
value is related to a final period of the transient state (J/Js: = 0.62), the smaller D; value
corresponds to an increase in the water diffusion during the permeation test. In general, such
diffusion increase is associated with the plasticization effect of the water which leads to an

increase of the material free volume [16, 18].

Temperature <D> Do.24 Do.e2
(Tpermeation) (°C) (cm2.s%).10% (cm?.s1).10%° (cm2.s%).10%

PLLA PDLA  ScPLA PLLA PDLA  ScPLA PLLA PDLA sc PLA

25 371 300 301 384 151 210 400 184 245
45 844 385 698 105 135 352 160 209 416
65 4712 4250 2666 1810 4110 1590 2580 4437 1820

Table 5. 6. The diffusion coefficient of PLLA, PDLA and sc PLA as a function of temperature.

Although according to the D; and D, coefficients the plasticization effect is observed.
The aging phenomenon should be also taken into account in the amorphous phase
organizations in case of homopolymers. Such result is totally different from the results for
homopolymers found in literature. It was previously reported that thermal disturbance within
the material caused an increase in the mobility of the polymer chain and, therefore, the
transport phenomena were impacted by the variation of free volume resulting in increase of
permeability [19, 20]. On the other hand, the aging effect could occur due to the temperature
effect during the measurements. The samples were kept for purge step (drying step) under

the nitrogen atmosphere at Tpermeation = 45 °Cand 65 °C during more than 18 hours. Considering
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the decrease in permeability coefficient, DSC analysis was performed for the studied samples
in order to observe the aging effect in case of homopolymers. The DSC results (e.g. Fig 5.9)
reveal that there is an endothermic peak superimposed with the glass transition which
corresponds to the structural relaxation caused by aging (further results are shown in
Appendix Chap 5 (A. 5.1 and 5.2)). The physical aging causes the structural relaxation towards

equilibrium and results in a reduction in free volume causing lower permeability [21-25].

PLLA film aged °“’t"°d

_ age rejuvenated curve
Tpermeatiurl- 45 C j
endo up IO.1 J.g'.‘.K'.I no take

into account

Normalized Heat Flow (J.g".K")

50 55 60 65 70 75 80
Temperature (°C)

Figure 5. 9. DSC curves of studied semicrystalline PLLA after the permeation test at 45 + 1°C.

The enthalpy recovery of the structural relaxation of studied PLLA and PDLA samples were
approximatively calculated (shown in Fig 5.9) and results are presented in Table 5.7. The
results for PLLA and PDLA were found to be 1.7 and 1.8 J/g (g of polymer) for measurement
performed at 45 °C and 2.0 and 2.9 J/g (g of polymer) for measurement performed at 65 °C,
respectively. Very small endothermic peak superimposed with the glass transition is observed
in case of sc PLA whereas the value of the enthalpy recovery is negligible (Table 5.7) (curves
are shown in Appendix Chap 5 (A. 5.1 and 5.2)). The enthalpy recovery of studied samples is
normalized by the MAP content to compare with the infinite enthalpy recovery (AH«) of
wholly amorphous samples (Table 5.7). From this approximation, the enthalpy recovery values
(AHrecovery and AH) were compared, and, it was revealed that the MAP probably relaxed

completely during the measurement performed at 65°C whereas the complete relaxation is
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not observed during the measurement performed at 45 °C. In case of measurement at 45 and
65 °C (the closest T to Ty), the aging effect eliminates the excess free volume and increases
the barrier properties. As seen from Fig 5.10 (red circles) and well known in literature, the
closer to Ty, the system is quicker to reach equilibrium. So, the strong effect of aging, which is
confirmed by DSC analysis, is revealed by a decrease in the permeation coefficient values

during the measurements at 25 °C and up to 65 °C (Table 5.3 — 5.5).

Temperature 25 °C 45 °C 65 °C
Samples L AHecovery AH,, AHrecovery AHecovery AHo
()/(g polymer))  (J/(g MAP)) ()/(g polymer))  (J/(g MAP))
PLLA ND 1.7 5 14 2 6 5
PDLA ND 1.8 4 14 2.9 7 5
Sc PLA ND 0.2 1 13 0.08 0.4 2

Table 5. 7. The enthalpy recovery values of semicrystalline PLLA, PDLA and sc PLA as a function of

temperature after permeation measurements. ND: non-detected.
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Figure 5. 10. Schematic illustration of the temperature dependence of the thermodynamic properties

of the systems. Red circles present the studied samples towards equilibrium.
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5.3.2 Gas barrier properties

The packaging materials should have high performances to be impermeable at dry
state to protect the foods from the oxidation and moisture. On the other hand, fresh fruits
and vegetables are the sources of biochemical reactions which consume oxygen (0O;) and
produce carbon dioxide (CO;) and water. Therefore, the barrier properties and selectivity of
packaging materials are important for industrial applications. In this thesis, the effect of
stereocomplexation on the nitrogen (N2), O2 and CO; barrier properties of semicrystalline PLLA,
PDLA and sc PLA films was investigated using the permeation apparatus shown in Chap. 2. The
permeation and selectivity values for films were determined. Before measurement, the
permeation cell was completely evacuated by applying a vacuum on both sides of the film.
Then, the upstream side was provided with the gas with a pressure p1 (3 bar). The increase of
pressure p2 in the calibrated downstream volume was measured using a sensitive pressure

gauge linked to a data acquisition system.

The permeability can be described using Fick’s first law, resulting in the permeability

coefficient as follows:
Pi = Di Si (58)

where D;is the average effective diffusion coefficient (cm?/s) and S; is the solubility coefficient
(cm3 (STP)/(cm3 cmHg)) of component i. In addition, from the flux transient, the diffusion
coefficient can be derived as follows:

LZ

D = s (5.9)

where L is the sample thickness, D is the diffusion coefficient at the response time ¢, called
“time-lag”, which corresponds to intercept of the asymptotic straight line of stationary flux

with time axis.

When the permeation flux and the diffusion coefficient are determined, the
permeability P and the solubility S coefficients can be calculated using the variable pressure

method by assuming p1 >> p2 as follows [26, 27]:
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_ ]stat L
P === (5.10)

where Jsiqt is the stationary flux, and AP is the pressure difference between the upstream and

downstream chambers of the permeation cell, and:
P
S = > (5.11)

The ideal separation factor (selectivity coefficient a (A, B)) of a polymer film for gas A
over gas B is given by the ratio of the gas permeability coefficients determined for gases A and
B, respectively. Consequently this selectivity is the product of diffusivity and solubility
selectivity:

a (4,B) = i—*‘: D4 Sa (5.12)

B Dp Sp

where Da/Dg is the diffusivity selectivity and Sa/Ss is the solubility selectivity. Generally, gas
diffusivity is enhanced by decreasing penetrant size, increasing polymer chain flexibility,
increasing polymer fractional free volume and decreasing polymer-penetrant interactions. On
the other hand, penetrant solubility is increased by increasing the condensability of the
penetrant (which increases with increasing critical temperature of the gas) and increasing
polymer-penetrant interactions. Therefore, the nature of the penetrant has a key role to
investigate the barrier properties of studied film. Indeed, the polarizability, solubility, kinetic
diameter, Van der Waals volume and critical temperature of the penetrant govern the
transport properties. The characteristic parameters of used gases are presented in Table 5.8.
In this thesis, the effect of the stereocomplexation on both the permeation and selectivity
values for PLA-based films was investigated. The change in permeability and selectivity as a
function of crystalline structure variations, free volume effects, glass transition temperature

and MAP and RAF content is discussed.
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Gas Kinetic Polarizability Van der Waals Critical temperature
diameter (A) (cm3 x 10%) volume (cm3.mol?) (°C)

N> 3.64 17.6 39.1 -147

0 3.46 15.9 31.8 -118

CO, 3.30 26.5 42.7 31

Table 5. 8. Physical properties of gas [28, 29].

Due to the high permeability of homopolymers, a mechanical support, i.e. silicone film
(s) is placed above the sample in order to delay the gas diffusion. The silicone film used in this
study is a commercial silicone referenced as pure silicone with thickness Ls of 0.100 £ 0.005
cm (purchased from Solutions Elastomeéres Cie, St Etienne, France). This silicone is very
permeable [30]. In this case, the permeability coefficient of studied sample was calculated
according to:

L L;
-= 22— 5.13
F= 2y (5.13)

where L and P are the total thickness and the total permeability coefficient of the multilayer
sample, L; and P; are the thickness and the permeability coefficient of each layer of the
multilayer system, respectively. The quantity R = L/P is the resistance of the sample to gas
permeation. In the case of a multilayer sample, the total resistance is the sum of the resistance
(Ri= Li/Pi) of each layer [31]. The resistance R;s = Ls/P;s of the silicone sample and the resistance
of the multilayer sample (Rsu = Lsu/Psy silicone/unknown sample) can be determined. The

resistance L,/P, of the unknown film can be deduced from the global resistance by:
Lsy/Psy = Ls/Ps + Ly/Py (5.14)

Py = Ly/(Lsy/Psy — Ls/Ps) (5.15)

The gas permeation measurements were carried out firstly for pure silicone films. The results
are presented in Appendix Chap 5 (A. 5.3, A. 5.4 and A. 5.5). The increase of the pressure p2
as a function of time is presented for all tested gases (N2, O; and CO;). Considering the gas
permeability dependence on the nature and size of the penetrant, and also on the nature of

the polymer, D.W. Van Krevelen [32] proposed the permeability coefficients of N2, Oz and CO;
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gases follow the order according to their kinetic diameter as: P (N2) < P (O2) < P (CO2). The
same order was observed in case of the silicone film. Permeability coefficients and the values
of selectivity (a) of the silicone film towards N2, O, and CO; were calculated and results are
presented in Table A. 5.4 and Table A. 5.5. After silicone film, the silicone-PDLA bilayer system
was studied to calculate the permeability coefficient of PDLA film. The pressure curves (Fig
5.11) reveal that the permeability coefficients follow the same order as proposed depending
on the kinetic diameters of penetrants (P (N2) < P (O2) < P (CO)). Furthermore, the
experimental pressure curves for each gas are practically all superimposed (Fig 5.11) that

indicates an excellent reproducibility of the measurements.

Pressure (mbar) = f(time) (s)
N,, 0, CO,
Silicone-PDLA
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Figure 5. 11. Pressure as a function of time for silicone-PDLA system.

The permeation coefficient and the selectivity of PDLA film can be calculated by
applying the law of series of resistance to diffusion (Eq 5.15) (Table 5.9). The same technique
was applied also for PLLA film to calculate the permeability parameters towards N2, Oz and
CO,. The experimental curves for each gas are practically all superimposable (Fig 5.12),
nevertheless we can note that the results with the nitrogen gas are more dispersed. Such
behavior can be explained by the densification of the polymer film caused by specific

interactions between the polymer film and N». Indeed, permeation of larger penetrants
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molecules (i.e. N2) is more affected by changes in free volume than permeation of small
molecule (i.e. CO3) [33]. The permeation parameters of PLLA film can be also calculated by the

law of series of resistance to diffusion (Eq 5.15) (Table 5.9).

Pressure (mbar) = f(time) (s)
N,, 0, CO,
Silicone-PLLA
12
Cco, 0, N,
10

Pressure (mbar)
(2]

0 500 1000 1500 2000 2500 3000

time (s)
Figure 5. 12. Pressure as a function of time for silicone-PLLA system.

The use of silicone film was not necessary for sc PLA. However, the high mechanical
fragility of sc PLA was a problem because of the film crack caused by the vacuum. The
experimental curves (Fig 5.13) reveal that the results are not perfectly superimposable. It was
impossible to study CO, permeation with the same sc PLA sample, because of the sample
cracking during the drying step. The permeation tests with CO, have been realized with
another sc PLA sample, and we supposed that the sample was cracked between the 3™ and
4t test (Fig 5.14). And, really the photo of sc PLA samples indicates that the samples are
damaged during the measurements. Therefore, only the results of first tests were taken into

account.
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Figure 5. 13. Pressure as a function of time for sc PLA film towards N, and O..
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Figure 5. 14. Pressure as a function of time for sc PLA film towards CO..

The permeability coefficient of all studied samples is presented in Table 5.9. As can be
seen from the results, whatever the studied film, the same tendency is observed for the order
of permeability coefficient (P(CO2) > P(O2) > P(Ny)), i.e. according to the gas kinetic diameter.
Also whatever the penetrant gas, the sc PLA has lower permeability coefficient than that for

homopolymers. Indeed, this result can be explained by the fact that the permeability
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coefficient is a result of the diffusion coefficient (which corresponds to the mobility of the gas
through the film) and the solubility coefficient (which reflects the capacity of a molecule to
condense in the polymer). So, due to the lower kinetic diameter (3.30 A) and highest critical
temperature (31 °C), CO; has the highest permeability coefficient value among all gases
studied. The presence of polar ester oxygens in the polymer chain favors the solubility of

guadrupolar CO; over the other non-polar gases [34-36].

As reported in literature, the presence of crystals is a predominant factor to cause
more tortuosity in the film and to make it less permeable. In our case, this factor was not taken
into consideration due to the similar crystallinity degree of studied films (Table 5.1). Nassar et
al. [37] reported that the RAF content in the semicrystalline samples has strong influence on
the barrier properties. This is due to RAF insufficient decoupling from the crystalline phase
that provides an accelerated pathway for diffusion and, thus increases permeability.
Therefore, we focused our attention on the influence of the crystals type (a and sc) and the
RAF content in the semicrystalline films. In our case, the higher RAF content is observed in

case of sc PLA (Table 5.1).

Permeability coefficient N (07} CO,
P (Barrer)
PDLA 138 +21 339+44 2081 + 187
PLLA 38+ 12 71125 283+ 22
Sc PLA 0.024 + 0.004 0.14 +£0.02 0.28 £ 0.04

Table 5. 9. The permeability coefficient of studied films towards N2, Oz and CO..

However, sc PLA is found to be more barrier than homopolymers films. Indeed, the
measurement temperature (7= 25 £ 1 °C) is below the glass transition temperature of studied
samples (Table 5.1). Therefore, film samples are in the glassy state, so the polymer chains are
rigid and less mobile. In addition, sc PLA has the lowest glass transition temperature (about >
5 °C), nevertheless sc PLA presents better barrier properties whatever the penetrant gases. To
better understand the transport properties of the studied samples, the variations of the
different permeametric coefficients (i.e. diffusion and solubility coefficients) were also

investigated. The diffusion and solubility coefficient values are presented in Table 5.10 and

189



CHAPTER 5. MICROSTRUCTURE INFLUENCE ON MECHANICAL AND BARRIER
PROPERTIES OF STEREOCOMPLEX PLA

5.11, respectively. The diffusivity of a gas is related to the mobility of this gas within the
polymer film. The value of the diffusion coefficient will therefore mainly depend on the size
of the penetrating molecules. The smaller the volume of the gas molecule, the easier it will
diffuse through the film (i.e. a molecule with a larger volume will be slowed down and,
therefore, will have more difficulty to move through the polymer chains). So, according to the
Van der Waals volumes of gases, i.e. Vp,= 31.8 cm®.mol™ < Vy,=39.1 cm3.molt <V, =42.7
cm3.mol? (Table 5.8) the values of the diffusion coefficient should have such tendency as
D(COz) > D(N2) > D(0y). As can be seen from Table 5. 10, only PDLA film has this tendency,
whereas PLLA has tendency as D(N2) > D(O2) > D(CO;) which can be explained by the
condensation effect of O, resulting in the decrease in diffusion. In addition, sc PLA presents
inverse tendency with the Van der Waals volume as D(CO2) < D(N2) < D(Oz). Due to the steric
hindrance in sc PLA, the results show that the bigger the size of the penetrant molecule, the
longer time will be required to cross the film, and the diffusion will be slowed down. The
diffusion coefficients evolution exhibit that the transport of gases through these films is not
done in the same way. This difference can be related to the different crystalline structure (sc

and a) between sc PLA and homopolymers and, therefore, related to the free volume and RAF

content.
Diffusion coefficient . 108 N, 0. CcOo;
D (cm?.s?)
PDLA 1169 £ 32 1397 £ 55 1424 + 27
PLLA 1025+ 120 877 +34 796 + 19
Sc PLA 0.57 £0.05 1.15+£0.13 0.34+0.12

Table 5. 10. The diffusion coefficient of studied films towards N2, Oz and COa.

The different diffusion coefficients values were obtained for the studied samples,
therefore, the lower permeability coefficient value in the case of sc PLA may be correlated
with the solubility coefficients values. The obtained solubility coefficients of studied samples
are presented in Table 5. 11. The solubility coefficient of polymers has an evolution according
to the critical temperatures of the penetrant molecules as follows: S(N2) < $(02) < S(CO3),

(Te(N2) < Te(02) < T¢(CO3)) (Table 5.8) [38, 39]. As can be seen from Table 5.11, the solubility
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coefficient values of studied films present good accordance with literature. In the case of sc
PLA, the lowest solubility values are observed suggesting an improvement of the barrier
properties, except for CO,. The higher CO; solubility coefficient can be explained by the RAF

content which effects the solubility coefficient by increasing the free volume.

Solubility coefficient . 102 N> 0; CO,
S (cm3(STP).cm3cmHg)
PDLA 0.18 £ 0.01 0.32 £0.01 1.32+0.04
PLLA 0.13+0.01 0.29 £0.01 1.29 £0.06
Sc PLA 0.05+0.01 0.12 +0.03 1.36+0.31

Table 5. 11. The solubility coefficient of studied films towards N2, O and CO».

The efficiency of the studied films to separate the components in the penetrants
mixture can be defined by the selectivity parameters presented in Table 5.12. Although the
strong decrease in permeability is observed in the case of for sc PLA for both water and gases,
the significant selectivity is observed only for systems containing water. Therefore, one can
note that stereocomplexation causes more important decrease in gas barrier properties of
film compare to the water barrier properties which must be taking into account for food
packaging. In addition, due to the biochemical reaction products, decreasing the respiratory
intensity is always aimed for the longer life-time, which can be obtained by the reduction of
partial pressure of oxygen in the packaging materials. Moreover, the presence of H,0 and CO;
leads to a bad taste and smell in the packed products. Therefore, high H,0 / O, permselectivity
and the low O; permeability is an optimum condition to reduce the respiratory intensity and
the anaerobic fermentation rate to have longer life-time. The result of permselectivity (Table
5.12) shows that stereocomplexation not only improves barrier properties, but also achieves
the an20/ 02 value of PLA-based materials for packaging applications. The trade-off between
the H,0 and O, permeability and the ideal separation factor an2o/02 was found in case of sc

PLA.
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Selectivity (aa/s) CO,/ 0, CO,/ N, 02/N; H,0 / O, H,O0/N; H,0/CO;
PDLA 6 15 2 6 15 1
PLLA 4 7 2 34 65 9
Sc PLA 2 12 6 5630 31667 2713

Table 5. 12. The selectivity parameters of studied films.

Moreover, the sc PLA results show better improvements and/or are in good
accordance with previous works to achieve better barrier properties of PLA-based polymers.
For example, Picard et al [40] reported that the barrier properties of PLA nanocomposites film
can be improved by increasing the content of organo-modified montmorillonite (O-MMT). In
that work, crystallinity degree was increased up to 35% by annealing time and temperature.
For the maximum crystallinity degree value of annealed and charged (4 wt %) PLA samples (Xc
= 46%), the O, permeability coefficient of PLA composite was calculated as 0.23 + 0.03 Barrer.
In another work, Pinto et al. [41] studied nanocomposite thin films of PLA which were
produced by incorporating small amounts (0.2 to 1 wt%) of graphene oxide (GO) and graphene
nanoplatelets (GNP). The permeabilities towards O, are decreased from 3.76 Barrer for PLA
to 1.49 and 1.30 Barrer; and the N, permeability coefficients are decreased from 1.10 Barrer
for PLA to 0.502 and 0.237 Barrer for nanocomposite film with increasing the percentage GO
and GNP up to 0.6 wt%, respectively. Furthermore, Lehermeier et al. [42] investigated barrier
properties of amorphous PLA and biaxially oriented semicrystalline PLA film. They proposed
that polymer chain branching and small changes in L:D stereochemical content of PLA have no
influence on the permeation properties and the most promoted influence is caused by the
crystallinity degree. The sample prepared in that work [42] has the crystallinity degree X; =
18 % and the permeability coefficients of N2, O; and CO; were determined to be 1.3, 3.3 and
10.2 Barrer, respectively. So, one can say that the results of the sc PLA studied in this thesis
show superior barrier properties of PLA-based material compare to the previous works.
Furthermore, sc PLA possesses enhanced barrier properties compared to the petroleum-

based polymers usually used in the food packaging (Table 5.13).
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Samples N> 0, CO;
Sc PLA 0.03 0.14 0.28
LDPE 1.9 6.9 28.0
PS 2.2 2.6 10.5
PET 0.008 0.04 0.2

Table 5. 13. The permeability coefficient of sc PLA compared to the petroleum-based polymers (LDPE:

low-density polyethylene, PS: polystyrene, PET: polyethylene terephthalate) [42].

Conclusion

Nowadays, a market of packaging requires more eco-friendly materials with high
performances, i.e. strong mechanical and barrier properties. In this thesis, we proposed facile
method in order to improve the mechanical and transport properties of PLA, namely the
stereocomplex formation between PLLA and PDLA. The water resistance of amorphous and
semicrystalline PLA-based film and the permeation of nitrogen, oxygen and carbon dioxide in
semicrystalline samples were studied to examine the influence of the stereocomplexation on
transport properties. The presence of pure homo- or sc crystals was confirmed by XRD and
DSC analysis. The morphology of the obtained films was investigated by SEM analysis. SEM
results show that the homopolymers films exhibit granular structure, while sc PLA films reveal

a smooth compact structure. Furthermore, no porosity is observed for all the film samples.

Superior mechanical properties have been achieved by stereocomplexation of
homopolymers through formation of stereocomplex crystals which are formed by
intermolecular crosslinking. The barrier properties of poly(lactide) were also enhanced by

stereocomplexation.

One should note that although there is no difference on the glass transition properties
of amorphous samples (i.e. the same glass transition, molecular mobility and CRR size), the
water barrier properties of amorphous PLA-based sample can be improved by
stereocomplexation. Furthermore, the value of water permeability coefficient of amorphous
sc PLA at 25°C is close to the value of water permeability coefficient of semicrystalline (Xc =

48%) homopolymers.
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The transport properties of semicrystalline pure PLLA, PDLA and sc PLA were
investigated by water permeation measurements as a function of the temperature. The water
permeation results reveal an important barrier improvement for sc PLA - up to 70% as
compared to the homopolymers. It is found that even if the molecular structure of samples is
the same, the stereocomplexation creates the macromolecular reorganization in PLA-based
films. Moreover, one can note that the type of crystals is the predominant factor on the barrier
properties compared to the RAF content (i.e. although sc PLA has higher RAF content than
homopolymers, it is still more barrier than homopolymers). It is also very interesting that the
barrier properties of homopolymers are found to increase with the Tincrease due to the aging

effect revealed in case of homopolymers.

The gas permeation results clearly show that stereocomplexation not only enhances
the water barrier properties, but also improves the gas barrier properties. The results of sc
PLA reveal that the proposed new method can be applied to the biobased homopolymers,
which have different tacticity, to increase the competition with non-ecofriendly petroleum-
based polymers used in food packaging applications. From that point, the investigation of the
relation between the microstructure of PLA and the water and gas barrier performance is still
a key in the improvement of the transport properties of PLA towards different permeants.
Nevertheless, the improved barrier properties of sc PLA (PLLA/PDLA) films through enhanced
stereocomplexation may comply with the requirement for high temperature engineering and

packaging application.
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CONCLUSIONS & PROSPECTS

In recent years, PLA-based materials have attracted great interest as a biobased
ecofriendly polyester to replace petroleum-based plastic used in many applications (i.e.
biomedical devices, tissue engineering, and in packaging). Therefore, the new production
strategy, called stereocomplexation, is developed to obtain a material with better physical
properties. Moreover, the behavior of the amorphous phase and the transport properties of
stereocomplex PLA was still enigmatic topic. In that concern, the goal of this thesis is to have
better understanding and advanced investigation of the amorphous phase properties and the
evolution of the barrier properties of stereocomplex PLA with the aim of improving the

knowledge about sc PLA and stereocomplexation reactions.

The first part of this thesis was devoted to optimization of the elaboration method of
stereocomplex PLA with pure stereocomplex crystals as a crystalline structure. For this
purpose, stereocomplex PLA was elaborated by extrusion process (at different extrusion
temperature and extrusion time) and by solution casting (with different polymer
concentrations and homopolymers’ ratio). The thermal and microstructural analyses of the

obtained films reveal that:

¢ extrusion process allows decreasing the thermal degradation temperature of
stereocomplex PLA with an increasing extrusion temperature and time,
whereas the solution casting method has no influence on the thermal behavior
of sc PLA;

¢ extrusion temperature (Tex) is found to have influence on the stereocomplex
formation as pure and stable stereocomplex crystals were obtained at Tex =
220°C;

+ the polymer concentration has slight influence on the stereocomplexation and
the homopolymer presence. Besides, the obtained stereocomplex crystals by
solution casting are not stable;

¢ the ratio of homopolymers has significant influence on the stereocomplex
formation and the found optimum conditions of blending ratio are 60:40 and

50:50 for PLLA:PDLA;

201



CONCLUSIONS & PROSPECTS

¢ semicrystalline sc PLA obtained by extrusion process presents 2-phase model
(Xmar + Xc = 1), whereas semicrystalline sc PLA obtained by solution casting
reveals 3-phase model (Xuvar + Xc + Xrar = 1) due to the different crystallization

temperature which is higher in the case of extrusion process.

In the second part of this study, the objective was to investigate the chirality/tacticity
impact on the molecular dynamics of amorphous stereocomplex PLA. The physical aging study
was carried out by FSC in order to examine the glass transition parameters and the structural
relaxation of amorphous stereocomplex PLA. The dynamic parameters associated to the a
relaxation process, i.e. the relaxation time, the dielectric strength, and the fragility, have been
investigated by DRS. The dynamic heterogeneities and the cooperative length scales at the
dynamic glass transition have been studied by combining DRS and MT-DSC techniques.

According to the molecular dynamic investigation, one may conclude that:

¢ amorphous stereocomplex PLA has the same glass transition temperature as
amorphous homopolymers;

+ the enthalpy recovery has a single step decay towards equilibrium and the
relaxation kinetics of the glass (PLLA, PDLA and sc PLA) is independent on the
tacticity in stereocomplex structure;

+ the dielectric properties are independent on the tacticity presence;

¢ the cooperativity length £, and cooperativity number N, have no dependence
on the chemical structure (i.e. chirality) in the case of amorphous samples;

¢ through the B-process analysis it is found that the local movements of polymer
chain are independent from the stereocomplexation in case of amorphous
samples. However, different crystalline phase is obtained during

stereocomplexation.

Our aim was also to investigate the influence of the stereocomplexation on the
transport properties of PLA. Therefore, last part of this thesis is focused on the analysis of the
barrier properties towards water and gases (N2, O, and CO,). Special attention was paid to

the water permeation of semicrystalline stereocomplex PLA as a function of temperature.
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According to the permeation measurements results, the improvements of barrier properties

of PLA can be presented as follows:

¢ the glass transition properties and molecular dynamics of amorphous samples
was found to be same for homopolymers and sc PLA and the stereocomplex
presence improves the barrier properties of amorphous stereocomplex PLA;

¢ in case of semicrystalline samples, an important barrier improvement for
stereocomplex PLA was observed; i.e. up to 70% as compared to the
homopolymers;

+ stereocomplex PLA shows better barrier properties with increasing the
temperature of permeation measurements;

+ the aging effect on the barrier properties of homopolymers was observed as
decrease in the values of permeation coefficient with increasing measurement
temperature;

¢ the gas barrier properties are also enhanced by stereocomplexation, thus
stereocomplexation can be used as a new method to polymers synthesis for

food packaging applications.

Future work can be directed towards the production optimization of stereocomplex
PLA films through the extrusion process if it were to be targeted for packaging applications.
From this optimization, different amorphous fractions could be obtained and analyzed (i.e.
dielectric properties, barrier properties, etc.) for its barrier properties as the function of
temperature. A complete gas permeation measurement as the function of temperature for
both amorphous and semicrystalline samples can also be carried out to study
stereocomplexation effect on the transport properties of PLA. Rheology analysis at high
temperature can be also performed to investigate mechanical properties of stereocomplex

PLA.

The study of molecular dynamics as a function of frequency and temperature for
semicrystalline samples is also crucial to understand the chirality effect of stereocomplex PLA.
High pressure DRS analysis could be utilized to reveal the piezoelectric properties of

stereocomplex PLA. Over the last decade, there is an increase interest towards the piezo-
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response of biobased polymers as compared to other synthetic piezo-materials (e.g. ceramics).
Besides packaging applications, the understanding of piezoelectricity is useful in applications
that involve separation membranes, pressure sensors, energy harvester and transparent

nanogenerator, and ultrasound-based systems (microphones, echolocation).
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|Bc|=Bn (Ks™) 8T
(A) (B) (C)
300 08 1.8 1.5
500 1.0 23 138
1000 1.5 3.7 26
1500 44 55 33
2000 54 76 45
3000 5.7 10.6 6.5
4000 50 124 8.4

A. 4. 1. The measured and corrected values of the total thermal lag and the fictive temperatures for the
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A. 4. 3. Evolution of the fictive temperature measured upon heating as a function of the scanning rate || =
Bn for (a) PLLA, (b) PDLA and (c) PLLA/PDLA. The red-colored symbols present the fictive temperature

determined from DSC at |Bc| = Bn = 0.78 K.s™. The other results present the fictive temperature determined
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Pressure p, (mbar) = f(time) (s)
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A. 5. 3. Pressure as a function of time for silicone film.

Permeability coefficient N (o)) CO,
P (Barrer)
Silicone 215+1.7 460 £+ 10 1853t 6

A. 5. 4. The permeability coefficient of silicone film towards N2, Oz and CO..

Selectivity Oz/Nz COz/ N, COz/ 0,

o 2.1 8.6 1.0

A. 5. 5. The selectivity of silicone film.
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Analyse Thermique Avancée et Propriétés de Transport de Matériaux PolyLactide
Stéréocomplexe

L’originalité de ce travail repose sur une approche physique et physico-chimique des
propriétés de mélanges de polylactides de chiralité différentes (poly L-lactique acide et poly
D-lactique acide) et sur I'influence de cette chiralité sur les propriétés des phases amorphes
de ces matériaux. Les matériaux sont des mélanges élaborés a partir de deux homopolymeéres
(PLLA et PDLA) selon deux méthodes ; coulée en solution ou par extrusion. Nous avons étudié
des matériaux totalement amorphes et cristallisés de facon isotrope afin de générer une phase
amorphe plus ou moins confinée. Il est montré que le mélange pouvant donner naissance a
une phase cristalline stéréocomplexe ne peut étre obtenu que dans certaines conditions. Les
résultats des analyses thermiques et de perméation ont montré que le mélange PLLA/PDLA
améliore certaines propriétés du matériau, notamment des propriétés barriéres a I'’eau et aux
gaz plus élevées par rapport aux homopolymeres parents. Afin d’étudier la mobilité
moléculaire des phases amorphes, du vieillissement physique et de la relaxation structural
(relaxation a et B), le concept de Région de Réarrangement Coopératif (CRR) a été appliqué. Il
a été montré que les phases amorphes des homopolymeéres et du mélange ont exactement
les mémes propriétés a la transition vitreuse et dans I'état vitreux lorsque les matériaux sont
totalement amorphes.

Mots-clés: stéréocomplexation, PLA stéréocomplexe, propriétés de transport, analyse
thermique, dynamique moléculaire, relaxation structurale, vieillissement physique,
Spectroscopie de Relaxation Diélectrique, Calorimétrie a Balayage Rapide, Perméation

Advanced Thermal Analysis and Transport Properties of Stereocomplex PolyLactide

The originality of this work is based on analysis of physical and physicochemical
properties of polylactide mixtures of different chirality (poly L-lactic acid and poly D-lactic acid)
and on the influence of the chirality on the amorphous phase’s properties. The materials
mixtures are elaborated from two homopolymers (PLLA and PDLA) according to two methods;
solution casting or extrusion. Totally amorphous and isotropically crystallized materials with
more or less confined amorphous phase were studied. It is shown that a stereocomplex
crystalline phase can be obtained only under certain experimental conditions. The results of
the thermal and permeation analyzes showed that the PLLA / PDLA mixture improved certain
properties of the material, namely higher barrier properties towards liquid water and gases
were obtained compared to parent homopolymers. In order to study the molecular mobility
of amorphous phases, physical aging and structural relaxation (a and B relaxation), the
Cooperative Rearrangement Region (CRR) concept has been applied. It has been shown that
the amorphous phases of the homopolymers and the mixture have exactly the same
properties at the glass transition and in the vitreous state when the materials are totally
amorphous.

Keywords: stereocomplexation, stereocomplex PLA, transport properties, thermal analysis,
molecular dynamic, structural relaxation, physical aging, Dielectric Relaxation Spectroscopy,
Fast Scanning Calorimetry, Permeation
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