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GENERAL INTRODUCTION

General Introduction

Thermoplastics are currently main polymer materials used in the packaging,
automotive, electrorics,and medical application®ue to the environmetal context of the
sustainableinnovations, biobased and biodegradable polymemscupy an increasingly
important place in the ecaesign of materialﬂ. The increase of sustainable concerns of the
petroleumbased polymers resultg a growing iterest in the biopoymers, inparticular
poly(lactic acid) RLA-based material. BesidesPLA requires 255% less energy tbe
produced than petroleumbased polymers and researches shibnat thisvaluecan be further
reduced to less than 10% in the futLﬁ. In addition, god thermalpropertiesof PLAbased
polymers increase the competition with the fossdsed polymes. Neverthekss the
functional properties of PL-Based materialshouldbe improved in terms of theithermal,
mechanicabndbarrier properties in order to correspond to food packaging requiremefus.
this purpose,many different strategies have been alreadpplied; physical or chemical

modifications (crosslinkingblending with other componentand additionof plasticizers or

compatibilizerd4-7].

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. Sashociation allows to form new
% }oCu E Al3Z vZ v %ZCe] 0 % E}% ES] o }UbeplEsendd SZ %o
of the chiral carbon in the skeletal chain of PLA yields two stereoregular enantiomers, i.e.
poly(L-lactide) (PLLA) andofy(D-lactide) (PDLA)The mixture of homochiral PLLA and PDLA
macromolecules leads to thdormation of stereocomplex PLA (sc PLAy the
stereocomplexation reactian Stereocomplexation improves PLA properties through
increasing the crystallization ability and crodsiigsbetween enantiomersSc PLAttracts
great attentionfor packaging industrgis 29 generation PLA due to the enhanced thl and
mechanical propertiesSc PLA has higher melting temperature, { rL& 240 °C) compared to
the homopolymers (PLLAnd PDLA) and qmlymer (PtDLA) Tm pa= 180 °C El
Furthermore,it has been reportedhat the stereocomplexation enhances the mechanical

properties i.e. increase inltimate tensile strengths from 31 MPa for pupéLAo 50 MPa for
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sc PLAand in elongatiorat break from 3.2 5.8% to15- 160%depending on the molecular
weight of PLAs observed10-12].

Unlike racemic mixturesf small chiral molecules, in the case of a polyntlee length
of macromolecudr chains (molecular molar mass) will stgly influencedhe mobility and
the structural arrangement of the materiallhe numerous studies dealing with thec PLA
formation, its microstructure, and degadation have been carried outAlthough many

researchers focused their attention on tlse crystals species in order tanderstand the sc

PLA propertie1;13"14 , the behavior othe amorphous phasand the transporpropertiesof

sc PLA is still enigmatic topBesides it is known thahe barrier properties oPLA arestill too
low in the presence of moisture for the induil packaging requirementsn order to

overcome this problem the addition tdmellar nanofiller, the plasma surface gatment
or elaboration of polymer blenﬁ were proposed in the literature.

In this workthe sc PLA filmsere elaborated by two methodse. solution casting and
extrusion process. Furthermorthe enhancement of the physical and transport properties of
PLAbased materials wasoted by stereocompleation, i.e.without the additives, surface
treatments, chemical modifications, or inorganic fillefhetransport properties of small
molecules (KO, N, & and CQ) were linkedwith the molecular mobility oer a wide range of
temperatures from room temperature to the glass transition temperatyrén order to
understand the role and evolution of the free volumihe aim of thisvork is to study new
PLAbased material obtained from PLLA and PDW# solution casting and extrusionith
enhancedtransportproperties.The originality of this workases 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 volunsésireocomplex
polymer which is not studied yetWe studiedwholly amorphous andsotropic crystalized
materiak in order to generatemore or less confined amorphous phaséhis research work

and results have beepresentd as follove:

X the stateof-art of stereocomplexation anghroperties ofamorphous and semi
crystalline polymer materialss presented in the first chapterThe effective

parameters on stereocomplexation adiscusseavith the elaborations methods.
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The properties of the glasgyolymers arepresentedto exhibitdifferent theories
and concepts related to the glass transition phenomeridwsinformationallows
us better understandinghe molecular dynamics and relaxation phenomegfa
the glassforming liquids and the glassy state;

X the secondchapter presents the materialas well as instrumental techniques
used in this work, namelgalorimetricinvestigations, microstructure analysis and
permeametric analysis

x theinfluence of the elaboration methods on tiséereocomplexation is developed
in the third chapter Theselection procedure of the sc PLA sanmgllborationis
detailed The effective parameters, i.e. solvennature, proportion of
homopolymers, elaboration conditions, were compared aigtussed;

x the fourth chapterreports glasstransition and molecular mobility of the
homopolymers andvholly amorphous sc PLA. Fast scanning calorimetry (FSC)
and dielectric relaxation spectroscofyRSjnethodswere combined to perform
the kinetic study of the molecular dynamicThe aim of tfs investigation is to
observe the influence of the tacticity on the molecular dynamicstha
stereocomplex structure;

x the last chaptempresentsthe transport properties of sc PLA relation tothe
molecular mobility of the sermrystalline and amorphous sampés. The
microstructure of sc PLi8also reported to highlight the structural influences on
the barrier properties of sc PL&pecial attention has been giveo the water

permeability as aunction of temperature.

This research thesis, financiallypported by the Normandy Region and the Fonds
European Regional Development (FEDEpv & $Z (€& u D(S%EE}oe Sv* ,/E 0]SC
MACHIX /§ A « E&] 'YHEU% SWZCe.]<p + D 3tOVRICERS 6634)D

v Polymeres Biopolymeredufaces (PBStUMR CNRS 627@pm the University of Rouen

Normandy.
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CHAPTER 1. STATE OF THE ART

CHAPTER.BTATE OF THE ART

In this chapter the bibliographical research related toB®hsed materials is presented.
The differentparameters affecting PLA stereocomydéion, its diverse propertielsave been
summarizedThe scientific basics and concepts that can be applied wezéybexplained and
discussedBesides the scientific concepts, the history alydactide}based materials and

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

The concepts of chirality and stereoisomerism 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 imégene anoher
is known as chiral moleculﬁ (Fig 1.). The chiral compoundsharethe same atomic shape
but they are different in structural arrangementsuch example of chiral compounds is

lactides.

Figurel. 1. Two enantiomers of a tetrahedral compl.

The isomers of chiral compounds are called stereoisomigreontrast tothe 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 asshidne same numberof atoms and elementsSpatial
arrangement of atomsoncerrs how different atomic particles and molecules are situated in
the space arounthe carbonchains.In this sensethe spatialarrangement of a polymer chain
will be different if one of theatoms in the polymer chairs shiftedeven by one degrem any
three-dimensional directioa This opens up a broad possibilitgrmation of different

molecules, each with their unique placement of atomshiathree-dimensional spacﬂ.

1.2 Lactides

Lactides are produced by the depolymerization of poly(lactides) under reduced
pressure to give a mixture flactide,D-lactide and/ormesaclactide isomergFig 1.2. The
different percentages of thebtainedisomers depends on the lactic acid isomer feedstock,

temperature and catalyst.
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Figurel. 2. Chemical structures of-lactide,D-lactide andmesa or LDlactide isomer.

1.3 Poly(lactide)

Dueto environmental concernthe development of biosourced and biodegradable
packaging materials hadtractedgreat interestto replace petroleurrbased plastic packaging
materials. PLAis one of the mostly usetliodegradable thermoplastic aliphatic polyester
derived from renewablédio-resources . It is used in many applications from biomedical

devices and tissue engineering to packagohge to its excellent biocompatibility and

sustainability{6{ 7]. In particular PLA is used fiood packaging applicatiaitue to itsnumerous

advantages:

it can be obtained from renewable beburces
it provides significant energy savings
it is recyclable andompostable

it is useful to improve farm economies

~ ~ ~H ~ —

the physical and mechanical properties can be tunable through the polymer

architecture i.e. grafted homopolymers by graphene ox@ and starshaped

isomersﬂ.

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 stren. The thermal and mechanical
stability of PLA limits its wide applications that still need highegss levels and higher barrier
properties. In addition, the low crystallization rate of PLA causes low heat distortion
temperatures (HDT . Therefore, there are still so many challenges for the full
applications in utilizing neat PE#ased materials. Many solutions have been developed to

improve the property deficiency of PL.Acluding plasticization, copolymerization and melt

10
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blending with flexible polymer. Such modificatiom vZ v W> [« o0o}vP §]}v § G
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 tetesistrength to enhance the thermal and mechanical

stability of neat PLA in a broad temperature range.

131 Chain $sructure 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, thg(+) andD- (-) isomers which are presented
in Fig 1.3.The basic configurational unit of PLA can be manufacturecdrpohydrate

fermentation (as shown in Figd).or chemical synthesis (as shown in F&j.1.

Figurel. 3. Synthesis and moleculatructures of PLLA [(a) and (b)] and PDLA [(c) anﬁ)]

11



CHAPTER 1. STATE OF THE ART

Figurel. 4. Schematic illustration ahe production of PLA, image wasgoptedfrom Gruberet aI..

Figurel. 5. Shematic illustration of chemical synthesis of low and high molecular weight PLA, image

wasadoptedfrom Hartmann et a.

12
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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 wealown r crystals obtained in
conventional melt and solution crystallization conditiomere first reported by De Santishd
Kovac, then further investigated in a numerous stud‘éﬁ. Zhang et aI noted
based onWide Angle Xay Dffraction (WAXD and Infrared (IR spectroscopy the slightly

different r[crystals of PLA crystalized below 120. The chain conformation and crystal
structure of r [form is similar tor form, but r [form has a less ordered chain packittgis

proposal that pure r[crystalsare formed at crystallization temperatures below 10C,

whereas crystallization between 10CQ and 120C leads to the coexistence ofand r crystal
structure. tform, firstly reportedby Eling et aI Ule E 3§ C *SCE § Z]vP
form at high drawratio and high temperaturd.e.duringhot-drawing of melt or solution spun
fibers. Melting § u% E $uE crybtalsis dbout 10Co}A E }u% E &} §Z r
crystal,attesting$3Z § t (}Eu ]+ $Z Eu .Q'hen Puiggali et a suggested

§ Z &otm crystal is a frustrated structure with a trigonal cell containing three chains which

are randomly oriented up and down. A more ordered cry$taination called was also

reported by Cartieet al.[24]. In the form, which was obtained by epitaxial crystallization of

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

14 Stereocomplexation

Besides the homocrystallizatiori BLLA and PDLA, these two enantiomeric chains can
co-crystallize together and form a stereocompleoystals. In contrast to PLLA or PDLA
homocrystals, the stereocomplex crystal cell contains one PLLA and one PDLAMglain.
known examples of stereocomplexation for enantiomeric polymers and for polymers with
different tacticity were reported by Pauling and Coiay1953 and by Fox et aln 1958
, respectively Since a novel stereocomplateraction between twochiralpolymers was
discoveed, a third group of polymer complexes are ainted based orydrophobic or van
der Waals interactions. Stereocomplex formation between enantiomeric polymers leads to

achieve better physical andechanical propertiethan thoseof pure canponents.

13
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Interestingly, meltingemperatureof the stereoconplex is about 50C higher than that of PLA
homocrystals.In virtue of the different tacticity of PLAomers i.e. PLLAand PDLAthe
improved interactions between the isomers with different tacticiye governed by
stereocomplexationDue to thedifferent tacticities a stereoselectivassociation takes place
through the stereocomplexation reactiofihe presence of chiral carbon in the skeletal chain
of PLA yields two stereoregular enantiomers (PLLA RBdA) that allos/forming the
stereocomplex PLA (sc PLA) by stereocomplexation, as depiatedFig 1.6
Stereocomplexatiorcan be obtained byhe attracting complementary interactions result
from a hydrogen bondin. L-lactide andD-lactide unitscanmaintain the two helical chains

with the opposite configuration together through the multicenter hydrogen bonding

interactions, betweenvCH||Q|C and { ,|||| K [29-31]. These improvements arise

from a peculiar strong interaction betweenandD-lactide enantiomersthus opening a new

way of preparing innovative matersl

Figurel. 6. Chain sucture of scPLA obtained from the linear pdl-lactide) and pql(D—Iactide).

15 Stereocomplex PLA: structure and detection
151 Structure of stereocomplex PLA
Since sc PLA was discovered, lkada @.noted that sc PLA has differentray
diffraction pattern from homopolymerscrystals; however,the stereocomplex crystal
structure was not determinedjuantitatively. De Santis and Kova@ reported a right

handed helical conformatioaf PDLA chairstructurallybased on the lethanded helical

14
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conformation of PLLA&hain; therefore, they proposed van der Waals forces sugottifzle-

dipole interactionsas the origin of the stereammplexation (as shown in Fig 1.7

Figurel. 7. Schematic illustration of the crystal structure of stereocomplex

Based on Xay measurements and energy calculations, the crystalline structure of sc

PLA wagvestigatedn details. The sireocomplex crystals weidiscoveredo be triclinicand
trigonalunit cells with dimensions of a = 0.946d 1.50nm, b = 0.91&nd 1.50nm, and ¢ =
0.870and 0.87 nm, with thangles r = 109.2%nd 905 E= 109.2°%nd 90°and J= 109.8%nd
120°, respectivel . Properties ofthe different types of PLA crystal form are
summaried in Table 1.1. The values dénsity arecalculated based on the reported cell
parameters and the number of monomers in each unit cell.

Crystal Crystal system Chain Cell parameters Weoretical

Type conformation (g/cm?®)
a(mm) b(nm) c(nm) r ~£+ E°) J°)

r E Pseudeorthorhombic 10s helical 1.07 0.65 2.78 90 90 90 1.25
r E Orthorhormbic 10z helical 1.05 0.61 2.88 90 90 90 1.30
E§ Orthorhombic 31 helical 1.03 182 0.90 90 90 90 1.28
E@ Trigonal 31 helical 1.05 1.05 0.88 90 90 120 1.28
J2__4f| Orthorhombic 31 helical 099 0.63 0.88 90 90 90 1.31
sc Triclinic 31 helical 092 092 0.87 109.2 109.2 109.8 1.27
sc Trigonal 31 helical 150 150 0.87 90 90 120 1.27

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

Inaddition,CartieretaandeujietaI cUPP & §Z § Z |ve[ IV(}EU

is 3 helix, and each unit cell involves a PLLA and a PDLA chain with the same numaed of

15
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D- units. Therefore, stereocomplex crystals have more extended chains compmafd_Ar

crystals, in which chains are composed of i€lices.

15.2 Detectionof stereocomplex PLA
Sc PLA was detected mostly byax diffraction and DS analysis due to the different
patternsand melting tenperaturefrom the homopolymers; thus the presenaad fractionof

sc crystalsn the obtained new material can be easily evaluated.

1.52.1 Xray diffraction
Sincesc PLAas different XRD pattern compared to homopolymers, it can be detected

without altering the thermal history of polymersle et aI. and lkada et aI reported
diffraction peaks for sc PLA appearing2gtaround 12, 21 and 24%hile PLA homocrystals
diffraction peaks appear at Pequal to 15, 16, 18.5 and 22.%Fig 1.8) The quantitative
analysis can aldoe done to evaluate the amount of stereocomplex present inlilends by
XR. Wide Angle Xay ScatteringWWAX$intensitycurves (Fig 1.84f PLLA/PDLA blends
were obtained bycooled from 175°C by 5°C/min with different shear rates (2)(6%50s" (c)
100s! (d) 178s with the temperature interval of 5°C

A

16
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B

Figure 18. Typical(A) WAxﬂ and (B)XRD spctra of W>> ~re v o W> ~e¢ ¢ (E P]e3 G
the radiationwavelength,, A.24 andl.54 A respectively.

1.52.2 DSC analysis
The blends of PLLA and PDLA can form stereocomplex crystals which have a melting

temperature about 50C higher than those of PLLA dPidLA homocrysta. Due to the
higher melting and crystallizaticlemperature,the existence and amount of stereocomplex

crystalsin the blendscanbe simply evaluated by DSC analyBig 1.9)

Figure 1. 9TypicaDSC curvesf homopolymers andc PLﬁ.

17
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15.2.3 Othertechniques
Theother methods have also been proposed to detect the presence of stereocomplex
in the blends. Such techniquesclude microscopies and spectroscopies. Tomner (i.e.
scanning electron microscopy (SENdplarized optical microscopy (POMyansmission
eledron microscopy (TEM) and atomic force microscopy (ARkgyenerally used to reveal
the information about surface morphology, crystdbrmation as well as crystallization
kinetics; while thelatter (i.e. Fouriertransform infrared spectroscopyFTIR), &man
spectroscopy anduclear magnetic resonangpectroscopf{NMR)) reveal information about
the hydrogen bonding in stereocomplex polymers. For instance, there is ahs@rption
peakat 908 cm' in the FTIR spectra of sc Pdife to the hydrogen bondings compared to
homopolymers as shown ifig 1.10. The hydrogen bons undergo rearrangement
between CH group and C=0 groupnd causea conformational apgistment in the GO-C
backbone ¢hown in Fig 1)6In addition,the 10 Z o] A& Z ]v }v(} Giystald)}at 928

cnrt disappears aftestereocomplexation.

Figure 1.10. FTIRspectraof homopolymers andc PLAe.g. D/L=25/75 corresponds to 25:75 (w/w)

ratio of PDLA and PL.

1.6 Influence of thedifferent parameters on stereocomplexation
In the racemic miture of PLLA and PDLAhere is a competition between

homocrystallizationand stereocomplexationSeveral parameters that could influence this

competition are follovs 39-47):
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S blending ratio of twohomopolymers PLLA and PD ﬁ 4850

S molecular weight of twdiomopolymerg49-51]

S optical purity of the two isomeric polymefd1|{52

S temperature and time after blending of twllomopolymersin solutiors

S the solvents utilized for polymer casti@
S the structure of cemonomer units and length of thadtide unitsequences in

copolymergq53-57].

The most common conditions blending to form stereocomplex crystallites without

homocrystallitesnclude:equimolar mixture olow MW L- and D-lactide homopolymer

49-52].

16.1 Blending ratio othomopolymers

Ikada et aI. has reportedthat the optimum blending ratio fohomopolymersis
50:50 at which only stereocomplexfermed. When deviating from equimolar ratio of PLLA
and PDLAthe formation of homocrystals is obvious through thepaprance of melting peak
at 180°C As for the equimolablend, there is only melting of swystals at 230 °Gs shown

inFig 1.11

Figure 111. Melting thermograms of polymer blends of PLLA and PDLA in differeno

O
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In addition, Tsuji et aI indicated that the melting paks ofboth homocrystals
and stereocomplex were observedhen PDLA fractiorkf) wasbetween 0.1 to 0.3 and 0.7 to
0.9, whilethe purestereocomplex was detected fo between 0.4 and 0.@ith maximum of
the melting enthalpy @) atXo = 0.5 The only homocrystallization occurred néar= 0 and
1. According to the obtained stereocomplex crystalline structure in which PLLA and PDLA
chans are paired in each units with the equilateral triangles structurés reported that
equimolar blending ratio is the optimum condition for yielding formation of stereocomplex

crystals.

1.6.2 Molecular weight ofhomopolymers

The work of lkada et a and Tsuji et aI. demonstratedthat the
molecular weight of isomers affects the extent of homocrystallization and stereocomplex
formation. In their work not onlythe impact of the molecular weight dfomopolymerswas
investigated but also differerglaborationmethods were compareth orderto understand
the competition between stereocomplex and homocrystals formation. The investigatien
carried outby usingdifferent viscosity averagmolecular weigh{M,) PLLAand fixed PDLA in
a 50:50 ratio of PLLA:PDIA&. shown inFig 112, stereocomplexcrystalswere obtainedover
a wide range ofM,. Sereocomplexationwas preferentially obtained wherow molecular
weight polymer (approximately below 40 kDa) was ugsedhe film casting process. With
increasing molecular weight, the formation of stereocomplex decreases while the
homocrystals formationincreases When the polymer was prepared by precipitation
accompaniedy stirring, stereocomplegrystalsformation was obtained regardless molecular
weight variations, as shown iRig 112. It can be deduced that the chain mobility in the
samples prepared by precipitation is highmmpared to the samplegrepared by solution
casting.However, if the precipdtion was carried out in high concentration (5g/dL) and/or

without stirring, the stereocomplegrystalsfailed 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 methodq51/58|.

Fig 113shows the effect of blending method as the functioMaf Tsujiand Ikad
revealedthat the stereocomplexation occurred rapid(g.g. from 90 J/g il0 kDa polymer
prepared by solution castingto 70 J/g when the My is approachingl00 kDa)while

homocrystallization required longer induction tinfe.g. the ' Hn increases only after 100 kDa)

Figure 1.13. Competitive stereocomplexation and homocrystallization in solution casting and melt

blendingas the function oMy of homopolymer isomerg42|{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 lineand branchedPLAs in the racemimixtures
. It wasreported that the enhanced nucleation processcurred in the blends due to the
branched chain structurelhe impact of branched structure was confirmedrbglucing cold
crystallizationtemperature (from 140 °C in linear structurdown to 111 °C) increasing
spherulitedensity,different growth rate of branched PLAs adifferent internalmorphology
during stereocomplexatiorin addition, Tsuji and Ikad reported theinfluence ofoptical
purity on the stereocomplexation d?LLA and PDI(30:50ratio) preparedby solution casting
POMmicrographs demonstratethat no spheruliticstructure was observed for neblended
polymerswith optical purity &ss than 76%l he gherulite densityincreaseswith decreasing
isothermal crystallization temperatur¢from 0.2 number/mn? at Tc = 140 °Cto 1200
number/mn¥ at T = 100 °Cin the same 98% optical purity Pl)la& well asat higheroptical
purity (i.e. from 36 number/mriin 76% optical purity PLLA to 1200 number/fim 98%
optical purity PLLA measured&t=100°C) Furthermore, blended films had highgsherulite
density (42009700 number/mni at T = 100°C)at any optical purity and crystallization
temperature compare to nofblended onesDSC results depicted thatdreasing optical purity
reduced the cold crystallization t@mperature and increased meltingemperature. No
homocrysallization and melting peaksere observed for optical purity less than 90%nd a

melting peak correspondeih the stereocomplex crystalas monitored around 23€C.

Brochu et aI. investigated theimpact of composition and overall enantiomeric
excess on the morphology of sc PLA. The samples were elaborated by solution casting and
slow solvent evap@tion. The 4y, of stereocomplex crystaiscreaseswith increasing PDLA
content, with the maximumvalue at50:50ratio of 100% pure PLLA and 100% pure PDLA
isothermally crystallizedat 104 °C. Such resultcan be explained by theprohibition of
homocrystals formation in the premce of stereocomplexationFor the blend filns that
contain100% pure PLLA and 80% pure Pida#ermally cystallized at 113C, themaximum
4, for the stereocomplex crystals was achieved&t65 (PLLA:PDLA) blend ratdile for
homocrystalscan be observed up t80:70 ratio of PLLA:PDLA&urthermore, the amount of
homocrystalsn the blend of 100% and 80% pure PLLA and PDLA, respectisiahyiado the
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blend that contains entirely 100% putgmopolymers On the contrary, the amount of
stereocomplex crystals the blendfilms containingl00% pure PLA and80% pure PDLWas
less tharthat in the blends with 100% pure isomeiSuch a consequence can be attributed to
two facts (1) adecline inthe stereocomplexation rates due to thHe units in80% optically
pure PDLAchain, and (2higher molecular weight of 8@ optically pure PDLgamplesas
compared tothe 100% pure isomerghigher molecular weighensuresslower chain diffusion

to form stereocomplex crysta)s

1.7 Barrier properties of PLAbvasedmaterial

Transport popertyis one of the most importamarametersan food packagingndustry.
The mostly usegolymersshould be irthe form of norporous filmswith high barrier property
and selectivity Permeants (kD and gased\;, G and CQ) pass through the polymédims
when there is a pressureor activity difference between the opposite film interfaces.

Permeation through non-porous polymer films is described by "e}opuSJJHM( ]}V _

mechanism|60-62]. Based on this mechanismenmeation is a complex process involving

different sequenceof events:

1) absorption of the permeant into théilm at its interface appliedo the higher
pressureor activity

2) molecular diffusion of the permeant in and through thien

3) desorption andelease of the permeant from thi@m at the opposite interface

exposed to the lower pressui activity.

Due to environmental concernshe transport properties of traditionaPLAswere

widely investigatedor packaging application$3-68|. Howeverto our best knowledgethe

barrier properties of sc PLA is not wativestigated Tsuji and Tsurun proposed the
influence of crystallinity degreand crystal typeson the water vapor permeabilitf\WVP)of
PLAs. Thegrepared pure PLLA and PDLA films with homocrystals and PLLA/PDLA blénds wi
only stereocomplex crystals #se crystalline speciedsothermal crystallization process was
applied to the edborated filmsn order to obtain filmswith different crystallinitydegreeand

pure crystalslt was showrthat the WVP of studied polymers decreases (barrier properties

improves) with increasing degree of crystallinityater vapor transmissioaf homopolymers
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became slowe(permeabilitycoefficientP decreasedrom 2.2 to 1.15 Barreryvith prolong
isothermal crystallizatiotime at 140°C. In the case of sc PLA, the water vapor transmission
isfaster(Pincreases from 1.00 to 1.81 Barrevhen the samplesisothermally crystallized at
higherT¢ (ranging from 205C t0255°C). To sum ughe P value ofscfilmsis 1423%lower

than that of pure PLLA and PDfilAs depending on the degree of crystallinityig 1.4).

Nevertheless there is no sufficient information about the impact of
stereocomplexation on the barrigproperties of PLAased materials, especially towards
water and gasegN2, & and CQ). In literature, elaborated PLLA/PDLA films were thermally
treated after elaboration to increase the purity of crystalline species and degree of crystallinity.
Therefore duringthis thesis the barrier properties of sc PLA fdra studied(cf. Chapter 5). It
Z o v Al oC %S S5Z 8 83Z % Eu v3e SE VeU%}ES SZE}n
amorphous phasalisregard of its crystalline structur@. Therefore, he next section

focuses on the amorphous phase through glass transdarcept.

Figue 1. 14 The water vapor permeability coefficierR)(dependence on crystallinity degr.
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1.8 Theory ofthe glass transitionand its phenomenological aspects
The concepbf the glass formation and the glass transition temperat{Iegis detailed

with theoretical models to describe the molecular mobiligfated to the glass transition.

18.1 Glasses andite conceptof Tqy
Glasses are definedsdisordered materialsincludingall solids having a necrystalline
atomicscale structue. The glases indicate a transition whdreatedup to the liquid stateA
liquid can form glasses numerous waysf the applied cooling rate isnough to prevent
crystallization of thematerial . Glasses include different materials display different

chemical nature; i.eoxides, chdcogenideq§73-75], ionic quuids, and polymers
78-80]. The glass transition is a transition from metastable equilibrium (litjked state) to

the glassy stateMeanwhile glasforming liquid is cooled dowmapidly, its viscosity K
increases and reaches a value approximatelyj Rbiseat arelaxation time close to 10.

The temperatureat which the viscosity is reacheds called Tg. The dynamic phenomenon
associated to thd@g, so called ther-relaxation has been widely used tovestigate different
polymer glassforming liquids. Most commonlysed theoriesand models arerée-volume
approach, thermodynamic model W , Adam and Gibbs theo, mode coupling
theory ﬁ , andcoupling mode. The glass transition affects different dynamicantities

and thermodynamigarameterssuch as the viscosity, the heat capacity and the relaxation
time which is the required time to recover equilibrium after an exterpatturbation .
Therefore, thelg can be measured by different experimental technigusasch aglilatometry
measuements and differential scanning calorimetry (DSC) measuremlerfigy 1.15 typical

curve shows thevolution ofvolume, the enthalpy and entropy of a glessming liquids as a
function of temperature.Once the melting temperaturém is reached, the thermodynamic
properties of crystals turn into liquid state species. The molecules are extremely mobile at and
above the equilibrium temperaturelf the glassorming liquid is able to crystalize, the
thermodynamic properties of the crydime state can quietly increase towards to higher
temperature (path of the purple line)n this case, the entropy of the equilibrium liquilg(id)

would be equal to the entropy of the cryst&qswa) at a temperatured *} 00 < plu vv[e

temperatue (Tk). Tk is inaccessible and can only be determined by extrapolation, so this

J8p ]IV ]e @ ( EE &) §Z 18&9??. VV[e % E }E
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If the liquids were cooled down by sufficient cooling rate to avoid crystallization, the
systemwill reach in a metastable state, so called the ligliké 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,Tgie reached resulting
in a discontinuity in the evaluation of the thermodynamic properties. ThereforeT§leealso

commonly defined as the intersection of the liquid and the glassy lines of the thermodynamic

properties :

Figure 1. 5. Schematic representation of the thermodynamic propertiés glasforming liquidas a
function of temperature Wine-red dotted line corresponds to the thermodynamic equilifoni. Tk:
< plu vv[e 8§ u% @& @ Wansition temperature T,: melting temperature, 4:

configurational entropy4s; = Siquid t Srystar

The glass transition kinetic is demonstrated by the dependence digttve the cooling

rate [94-96|. The faster cooling rate the high&value and the slower cooling rate the lower

Ty value, as depicted ifrig 1.16 Thus, theTy is not intrinsic temperaturebecause ofthe
dependencyon the cooling rate. The cooling rate is defined by the first derivative of the

temperatureT by timet:

x|

L — (1.1)
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By estimating the cooling as the series of temperature steps,ettp 1.1 can be

expressd asthe time t taken towards eackemperatureT:

opL < (1.2)

Hereby, higher cooling rate resulting a shorter time betweeneachT. Such result

allows us to define the idea of relaxation tim@vhich is required time by the system to reach

the equilibrium after external perturbations. Therefore, the liquid falls out equilibrium when

4 at eachTis smaller thanW

4 >> W liquid and liquid like state
4 | Wb glass transition

4 << Wb glass

Figure 1. . Schematidllustration of thetemperature dependence of the thermodynanpooperties
of a glasdorming system fo three different cooling ratesk. Tq1, T2 and Ty3 are thetemperatures

correspondo the glasss obtained atlifferent cooling ratesks:, E», Es, respectively, whereks< E:

< Eu

High cooling rate prevesthe possibility of the rearrangement of moleculgooling
rate > relaxation rate)o the molecules can be frozen rapidifisfact can explain high speed
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cooling rate resultingn a higherTy. The glass @nsition phenomenon can bexplainedas a
discontinuity in theassessmentf the enthalpyH (shown inFig 115). TheTg will causea step
in the heat capacityplot as a function of temperaturand can be estimated by the middle

temperature of the occurring variatiores shown irfFig 117.

Figure 1. Z. Temperature dependence of the specific heat capacityldfAssampleobtained byDSC

measurementThe glass transition temperaturedstermined atthe middle point.

The fundamental of glass transition is always a point of dedateto its complexity
that includesthe equilibrium, thermodynamic and kinetiactors relatedo the nature of the
material. The physical properties of thmaterials, @rticularly in the case ofamorphous
polymersdrastically changat Tq. Thereforeanyphysicakcharacteristicgi.e. chain flexibility
stiffness including steric hindrance, polarity, branchimgd/or any other impacts (i.e.

crystallization, crosslinkinghat affect the chain mobility can also influence the valueTgf

1.8.2 Theoretical approachesf the glass transition
Recently various theories and models have bealeveloped to explain the
fundamental nature of glass transition the glassforming systemsUnfortunately, there is

no generdly accepted theoretical approadhat can successfully describe pilienomena of
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the glass transitionNevertheless, theoriebased on thehermodynamic and kinetic aspects

used in this worlare briefly introduced.

1.82.1 Free volume model
The free volume theory proposeay Turnbull and Cohe and Doolittle @ was

based orthe followingassumptions

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

voids of approximately equal or greatgzethan that of molecular dimensions.

Motions of themoleculesresulting the redistribution oftie free volumé, can bedefined as
the difference between the total specific voluwWeand an occupied volum, i.e.\i =V t V.
The relation between viscosity and free volume was developed by Doolittle asé@m

»ki ?T o

ZRLZHE

(1.3)

N

in which Kcorresponds to viscosityy and B are the fitting parametersY is the total specific
volume andv;is the free volumeTheaverage free volumisvi =V;/ N, whereNis the number
of molecules. The fundamentaksumption from Cohen and Turnb is based on the
linear temperature dependency o@verage free volumgEq 1.4) They proposed that

redistribution of the free volume in viscous liquiddkes place without any charge of the local

energy. Thusmolecular motionis associated to the mobility of space which has a sufficient

large volumeo retain a molecule towards the redistribution of free volume.
8:6;L U&S6F 6 (1.4)

where To is the temperature at which the average free volunje 1 Er}ib the thermal
expansion coefficient and3is themean molecular volumeAccording tahis hypothesis, the

free volume model predicts that while the temperature approachgs: evanescesso then

the molecular diffusion is stoppeWhen the contraction occurs, the packing density increases

causing a reduceftee volume and molecular mobility with the decrease in temperature.
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Furthermore, these translational diffusive motions freeze at the glass transitids. a
consequence,the free volume approach can be used tarify strong temperature

dependence of réaxation mechanisms like the segmg&no ~re & o £ 3]}v }E A« }+]5C

18.22 The Adam'] <[ u} oW }v(]PuUE §]}v o VSE}%C
The configurational entropya was proposed by Adam and Gib based on
reduction of the relaxation time with decreasing temperatuosvards the glass transition.
The relaxation processf glassforming liquidstakes place bgooperative rearangements of
the molecular groupsSuch a motionis only possiblef the given numberof neighboring
molecular groups arelependentlyin motion. In other words,the rearrangements above
v EPC EE&] E- }( ulo po E pv]de upes N 11% E S]A U (VA
units that necessarily increas with decreasing temperature. audition,the systems can be
divided into independent and equivalent regigrr} 00 ~ }}% E 3]A E EE vP]v
(CRR)CRRs defined as the smallestgionthat can be exposed a nesonfiguration without
any essential simultaneow®nfigurational changelhe segmental relaxatios based on the

rearrangement of the molecules in the CRRs.

1.8.2.3 The concept of cooperativity
. }v §Z u v '] e[e <9 the%ySiew can be divided inth-
independent and equivalent subggms obtained by moleculesalso,n of these regions are
assumedo be in thethermodynamic statevhich leads to cooperative rearrangementhe

isothermatisobaric partition function of the system can be defineﬁ:

¥a

GV L Ay SIVE 8 1 8@ AT S I (1.5)

bs
in whichw is the degeneracy of energy leeand volumeV of the subsystemsandkg is the
Boltzmann constantlf eq 1.5 is limited to the values BfandV, the fraction ) of CRR&hich
involving transitionscan then be estimated relatively . The pobability of cooperative
transition W (T) with zmolecules, whicls proportional to thef of CRRcan be expressed as:

i¢oe

S:6;L#i§5Fm, (1.6)
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where A is a frequency factor which is negligibly dependent on temperature, dnds the
difference between the chemical potential tdie molecules incooperativeregion and the
molecules in the noitooperative region.While the relaxation time Ws related to the
transition probability andthe relaxation is proportional to the size of CREgion, the
temperature dependence ofelaxation timein a glassorming liquid (approaching glass

transition) is then expresseds
N S
1 :6; L i,%8 @‘EA (1.7

where Wand C are constants S corresponds to molar configurational entropy of the
macroscopic samplélthough this equation depicts the relation between relaxation time and
the configurational entropythe configurational entropy is not experimentglaccessible.
Therefore,S (T) can be linked to the change ithe heat capacity4s al/TresultingS (T) a

(T- To)/ TTo by using thermodynamic considerations

19 Relaxationphenomenaand molecular dynamics

Different molecular motions exist below and above the glass transition temperature in
glassforming systems.The type ofpolymerrelaxation processes depends on the size of the
segments that are related to the molecular movementsesemovements can beeparated

in two main motions:

S the movement of long chain segmentnd
S the local movement of group of moleculés the chain segmentso called

"o} o]l u}sl}v_

Deceleration of the molecular movementsn glassforming liquids broaders the
relaxation tme or frequency intervaland the time shifts to longer intervalat Tq. The
information about the dynamics of these motions candiiained by measuring the dielectric
responses of the sample; i.e. the complex dielectric functiéindr the complexconductivity
(V). The correspondingesponse of a time dependent dielectric functiot) to outer
alternating electric field Et) is called a relaxatioFig 1.18) The relaxation function is

measuredas theresponse to external perturbation based omg or frequencyThe
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characteristic relaxation timeWand/or the relaxation rate Q al/ Wof these motions are
measured as a function of temperature by lgietric spectroscopy techniq . Therefore,
the glass transition temperature is conventionally determirmedthe basis of the time scale

in which the structural relaxatiofrr-relaxation)time \Weaches 100s

Figure 1. 8. Schematidllustration of dielectric loss spectra in the frequency rangé 100" Hz at
temperaturesT; and T . The dotted lines correspont the slope at high frequency flank of

relaxation peaks.

The characteristic dielectric lospectra in broad range of frequeneay two different
temperaturesare represented inFig 1.B, where different relaxation processes in glass
forming systems are depictedd slow process called-relaxation (primary relax#on) is
generally observed at low frequency randfes well known that manglassforming systems

showa Erelaxationand/or an inflection at the high frequencide of r-relaxation, usually

called wing[100,(101]. The secondary process namésielaxationor EiowiS associateavith

intramolecular fluctuatiorand can be observed at higher frequency rangee Erelaxation
processes can be attributetb the internal change of the molecular conformatiore. a
molecular side group motion in a polyme8ome other responses can be obseruedhe
higher frequerty rangelike a peak called boson peakhich corresponds to the vibrational
properties of the systemd he r-relaxation is associated with the segmal movements and
is based on the atrophiediffusion of conformational changes as like gautfaas transition

throughout the polymer chai. Such a conformational changefiluence the bond length
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and the bond angles, thus increases the probability of a neighboring moventieats
undergoes a cooperative motion§herefore,the r-relaxation isa cooperative phenomenon
that can be defined aa conformationarearrangemenin the amorphous domaiwhich can

take place withoutffecting rearrangements in the surroundirihe cooperative character of

the r-relaxation is described by the sizetbe cooperative rearranging region (CRR) in the
Adam and Gibbs approac@. The cooperative molecular motion occurs around the
crossover temperaturd@c, and the CRR size increases with decreasing the temperature to the
glass transition temperatureSuch an increase in the CRR sidinked tothe evident

characteristics of the relaxation dynam@aound the glass transition, i.e. thn-Arrhenius

dependence of ther-relaxation time.

19.1 The nonrArrhenius temperature dependence

Although several workroposedthe numerous theories, findirggand understanding

the universal features of relaxation phenomena in glassy systemshallenging102}|103.

Thestudyof the dynamis of glassforming liquidsis attractive topido find an explanation of

the Arrheniusto nonrArrheniustemperature dependenceof the r-relaxation time Wor
viscosity K of the glassy polymers while approachitig glass transition temperaturéhe
temperature dependence of the relaxation dynamics can be studied by differential scanning
calorimetry (DSC), modulated temperature DSC-P®L), fast scanning calorimetry (FSC),
dielectric relaxation spectroscopy (DRS$hese techniques allow u® investigate this

temperature dependency as schematically demonstratedignl. 19

The liquids at very high temperature exhibit Arrhenius temperature dependence,

which can be explained by an Arrhenius law:
6L iy $3@A (1.8)

where Wis the relaxation time at infinite temperatur& is the activation energy required for
molecular motions andkg is the Boltzmann constantkg = 1.38 u10°® J.K!). At higher

temperature, molecular motions occur with the couplingmfand E relaxations.
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Figure 1. 19Schematic illustration of the temperature dependence of the relaxatigng Jand G
processesn a glassorming liquidduring coolingThecrossover temperature(Te), is the temperature
at whichthe r- and E processesombine each otherThe Arrheniuslike behavioris depictedat high

temperature. Ty and Te are theglasstransition and Kauzmav[e § u% E SuE U E +% 3]A oCX

However, when théemperature is decreaskto the crossover temperaturé., these
relaxation processes can be separatéice Erelaxation can be still explained by an Arrhenius
behavior, the r-relaxation becomes cooperative motions, and can be describaddpdam
and Gilbstheory. The temperature decrease of therelaxationbetweenT. and Tk exhibits

the nonArrhenius behavioalso called supeArrhenius lehaviol) which can be explained by

the empirical VogeFulcherTamman (VFT) equati¢b04-106 as follows:

156, L i, 18" 1?;’@A (1.9

where s the relaxation time at infinite temperatur®yr is the strength parameter related
to the fragility, andTy is the characteristidemperature below Ty, so called the Vogel
temperature In addition to ther-relaxation processeshe CRRize is increaseoly decreasing

temperature fromTc to Tk. The VFT law can explain the temperature dependence of the

relaxation time of glas®rming liquids up tdlc HoweverNgai[107] presented that the most

of the glasdorming systems, in particular polymer systentsave two differentiated

temperature dependence of the relaxation processethatcrossover point. Therefore, two
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VFT equations are required for good fittiofjrelaxation data in the temperature range from

Tc to Tg. Furthermore, thetemperature dependence of the-relaxation has beestudiedby

usingderivative methal that proposed by Stickelt al. [108 confirming the preence of the

crossover regionsStickel et al. defined thassociation of the VAHaw in glassforming liquids
with the linearity ofthe correlation function) ras a function ofl. The Sti | o[+ % dddades
the )t versus 1T whereas )t =[d log10 W d @/T)]¥2. The norArrhenius temperature
dependence of ther-relaxationtime has been extensivelyvestigated to classify the glass
forming liquidsbased on theirelaxation time aroundly. The evaluatiorfrom Arrhenius to

non-Arrhenius behavior was proposefv §Z § E&ue }( (& PJ]o]8C_ 8§} (]Jv 8Z

deviation from the Arrhenius dependend@09-111]. Fragilitym is used to estimate the

dynamic propertie®nd movements of a glagerming liquids when temperature approaches
the glass transitionlt shows the steepness of the temperature variations of viscokity

relaxation time Wapproachingly, and is expresskas follove.

| L emey (1.10

wheremis the fragility indexT is the temperature Ty is the glass transition temperatuand

Vis the relaxation timeThe value oin P]JA « Jv(}&u $]}v  }us 8§z S PYE] « ~
ANE PlJo _X dZ «Ce3 ue AZ] Z -Z}A *SEIVP EEZ viie 3 u%o
~ EEZ v]pe Z Al}E-. E 00 NeS3E}VP_X D VAZ]o U 8Z +C+3
non-Arrhenius temperature dependee of W(non-Arrhenius or VFT behavior) with steep

A E] §]}ve E Iv}Av < myaiieRd asually befveei® @ @O00. The higher

value ofm indicates the more fragile systems which show deviation from strong systems, as

«Z}YAv C VP toroHig D20 }
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Figure 1. 20 v P o o[ *présentifgthe variations of Véis a function othe normalized temperature

Ty, wiood Tfrom Arrhenius to nopArrheniusbehavior.

19.2 The nonexponential behavior
Due to the molecular movements at equilibrium, a simple linear exponential function
exp(-t/ W Je v}S ep((] ] vS 8} A% o0 ]Jv §Z ]}5Z Eu-relagionin % v Vv

liquids Such behavior can be observed by the time or frequency dependendheof

equilibriumliquids measurements, i.enechanical112|, dielectric[113 and lght scattering

114). The relaxation orcorrelation function monitoredgenerally slower decays than the
E%}Iv v3] o (pv 8]}vU «} §Z]e Z-ABmIEVEI@® » THe FaMIE X

molecular movements areassociated with the structural recovery, therefore the time

dependence of the strctural relaxationfunction under norequilibrium conditionss called

o} ~vJ}E % }v valteo loXg relaxation time, thesystems relax completelgnd the

JEE o S]}v (pv S]}v C %% E} Z + 8} | Eidlbxatioheof heE E %o}V
system. &uESZ Eu}E&® U pyu S} 8Z & - ]wreléxatithe ocep<E U SZ
decelerates and becomes nomxponential near the glass transitio®n the dher hand, the
configurational entropy theory showed that each CRR has unique relaxationTtimaesfore,
the correlation function in a broad distribution of relaxation timéfs well and simply
expressed by a stretched exponentiahction ), so calledKdhlraushWilliamsWatt (KWW)

function[115(114:
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0 RLATHE@—A"h (1.11)

YiEE

where kwwis the stretch exponent (0Q &ww Q1) correspondsto the distribution of the
relaxation time, Wvwis the relaxation time lwwis inversely proportional to the distribution
of relaxation timeaswhen kwwis near to Qthedistribution is very broad. In addition, when
Ewwisclose to 1, the time distribution can be characterized by a simple exp@heo called
Debye relaxatiorthat is observed in liquids above the melting poibtebye redxation was

firstly reported in 1863 to explain the mechanical creep in glassy f@. and was then

studied by Williams and Watts in 1970 to investigate dielectric relaxation in polymer systems

11¢]. The KWW lawcan beused fordifferent physical and mathematicallculationsof

models based on distribution of relaxation timesdomplex correlated processes.

1.10 Dynamic heteogeneity and cooperative movements
Thereare some important concepts thdtave beeruniversally acceptedndin which
the experimental resultsire linked to the investigation ofitrification and its dynamics. The
most well-known studies are the notions aoperativity and the spatially heterogeneous
Cv u] U v u AN Cv u]  Z ST@eEkbnoept DCtheXdynamic hetegeneity is

applied tofind an answer for why there aevere variations of experimental parameterlik

relaxation time and viscosity of glakgming liquidsgowards glass transitiofLl17-119. Ediger

118 proposed that the dynamic heterogeneitgay be expressed hiye different regions

(few nanometers away from each othen)a liquid including sulensembles oparticles that

showmomentarilyincreasedor diminished mobilityelative to the average mobilitylf these

particles hae higher mobility than the A E P U §Z ¢ & (1v e "u} ]Jo _

particles Thoseparticleswith lower mobility areconsidered to be*Juu} Jo _ }E "e0}A_

particles.Dynamic heterogeneity in thglassforming liquids is not statias itimproves over
time. The notion of dynamic heterogeneity exudée dynamically correlated movements of

the particles in the regionsTherefore, molecular cooperativitgssociated with the glass

transitionis intimaely related to the dynamic heterogeneif$20-124]. Indirect methodsi.e.

multipoint dynamic susceptibility functiof125-127] and thermodynamic methodsased on

the fluctuationdissipation theory[123 128, are currently used for understaling the

dynamic heterogeneity. These approacheasd to estimate the length scale & that is
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approximatelyfrom 1 nm to 4 nm fodifferent glassforming liquds|129. It has been found

that the dynamics of the glagserming liquids isdynamically heterogeneoutwards the
calorimetric glass transition temperaturg. The discovery of thelynamical heterogeneity
well defines the deviatin from the exponential behavior of the glakgming systems
responsesFurthermore, the variations in the temperature dependence @nsitional or
rotational diffusion in the systems approachitigthe glass transition can be also oefd by
the dynamic heterogeneity existencéhus, theapproaches have been focused on the notion
of the heterogeneous dynamics of threrelaxation processes in the liquitke state for better
understanding the nature of the molecular mechanisms assodisethe glass transition.
Therefore, the majority of the research groups focus on the length sohldynamic
heterogeneity and the cooperativity as a function of time and temperature fdyrperglass

forming liquids.Two independent models are mostly usedestimate the length scale. One

model wa proposed by Berthieet el. [125 on the basis of the higher order correlation

function, the other onewasreported by Donth|130 based on the fluctuation digsation

theory.

1.101 Length scale from foupoint dynamic susceptibilityfunction
Since ther-relaxation exhibits both supehrrhenius and norexponential behavior
towards the glass transition temperaturtéhe existence of the length scale associated to the
coexistence of moleules with essentially different relaxation tinestill widely investigated.

Dynamical heterogeneity is spatially organized into fast and slow regitthsa typical size.

To define the quantity in dynamics, the twwint correlation function is usefll25 and is

generally expressed by the KW#/stretchedexponentialfunctionto define the r-relaxation
in glassforming systems However,the two-correlation function cannotindividuate the
homogenous and heterogeneous movements in one region of a -fgassng liquids.
dz €& (}E& U Z]PZ €& }E& E }Epdntayddimc fysedidi]}s C (IWEZ
fluctuation is used to investigate the behavior amégnitude of thedynamically correlated
molecules in glas®rming liquids (i.e. repeating units in the case of polysheFoupoint
dynamic susceptibilitcorresponds to the spatiatorrelation oflocalized particles, as the

evident location is associated to the correlated motion of the particlescupied by

neighboring particle§131)|132. Whentwo-point correlation function involves the variables
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at two times for the dynamics descriptiothe four-point correlation function expresses the
spatial and temporal fluctuation of dynamic heterogene1|1320. Therefore, the fourpoint

susceptibility = (t) is estimated by the integration ahe probability of a similar event that

occurs at a distanceat the same time interval (G (r, t)) as[133:

ig:P L 1% NP@N (1.12

where = (t) corresponds to themaximumvalue at the relaxation timeWof glassforming
liquids. Interactions between regimeglay a role on a longer time scatben these regimes
are separated in early and lategimes due to the elasticity theory. Later then, because of the
approach and departure from thelateau of the fouspoint susceptibility function, the
relaxation time \Ws reachedand = (t) presents a peakith amaximum whichis proportional

to the volume where correlation movements occlihe number of correlated moleculdioor,

4In an average relaxation timé\can be estimated gd20)1122|125:

Oyeea L 1=T,<g:R= (1.13

Due to the impossibility of an experimental measurements-oft), Berthier et al.[125

proposed a new model to estimate a typical length scale of the dynamic heterogeneity on the

basis of the temperature dependencEhey modified the foupoint susceptibility function to

the three-point dynamic susceptibilitys (t) which is experimentally accessiply. The =(t)

exhibits a peak at a \WMirom which the mmber of molecule®\c, whose dynamics on the time

scale of ther-relaxation are correlateccan be estimated134]:

C: b
a, Ya

6
0y, L 6% f s@ A (1.19

65+ f&i{:P:5 or O, L = 2

a, (YA

whereNcis the number of the dynamically correlated segments (repeating units in polymers),
mo is the molecular weight of the repeating unitdy ]+ 3Z A}P & }[«4®jsutheE® U
variation in heat capacity between liquid and glassy stdteis the Boltzmann constant, and
His the dielectric relaxation functionwhen the dielectric relaxation function shows a

KohlrauscHorm with a stretch expnent, the number of dynamically correlated units can be

estimated by a simpldiorm orbyeq. 1.4 as Capaccioli et al. proposgBy:
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P
YA

. 8 xpa 6
Oyl = @A @ A (1.15

where 4% is the variation in heat capacity between liquid and glassy statesis the
molecular weight of the repeating unitdla ]« 3Z A}P €} *keiguthe BEItamann
constant, kis the stretch parameter ]« SZ po E[e+ v MWis th&relaxation time of
r-processAs consequencé\cincreases with decreasing temperature andrease of\Was a

function of temperatue T andrelaxation time W respectively.

In this work, the number of dynamically correlated systésasilculatedusingeq. 1.15
Different parametersn eq. 1.15can beusuallyexported fromthe results oftwo experimental
techniques that ardRSINdMT-DSC.

1.10.2 Length scale fromS u% E SPE (oun SH S]}VW }vSZ[e %% E} Z

Donth proposedasimplemethod based oithe temperature fluctuation in subsystems

(CRR)n orderto calculate the length scale at the calorimetric glass trans‘tidm 136. As
explained in the Adari] <[« $Z }ECU S 4lefindlde ind&pendent subsystems that

demonstratethermodynamic fluctuatios . Therefore, CRR represents an independent
relaxation from the rest of the system ovds iown relaxation timeVés well as own glass
transition Tr. In addition, the dispersion in relaxation tingan be linked to thelistribution of

T, between these subsystemdherefore an average dynamic glass transitiom><of all
subsystems can be defined as the conventional calorimetric glass transition tempefgture
dz ve]SC EU 3$Z T theYentpySadd the energ)E of the subsystems can be
different in each equal sulolume of the glasforming liquids. The thermodynamic
fluctuations were limited toe 0} A PE (E }urelakatiah amdthe width of the

E o &£ S]}v Sgnoces3d$137). Therefore, a characteristic length of glass titioa can

be egimated from experimental data.

Donth assumed that each CRR pastial structural entities witrown frequencyand
localfree volumethat fluctuate during timeas frequencyis the function of the partial free
volume CRR is divided into the equivalent parsgbstems which are considered as statically
independent butcooperatively associated dyee volume redistributionTherefore,Donth

considered thathe partialfunctionsfor each entitiesare independent andooperative
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movements are caused by the distribution of the partial free voluMereover,these partial
subsystemsan be investigated by its frequency and free volume and invobhogulilations
that arelinked to a temperature. Themn average temperature fluctuatio® confirmedin a

CRR between the different populations.

The independent and equivalefree volumeis thermodynamically in the metastable
equilibrium where the fluctuation in variables can be defined by Gaussian fifthigenergy

fluctuation is dependent on the isochoric heat capa¢itic!), Sz (& }u PE - }( sZ

relaxation processeand vibrational motion associated with glass bel@y§13g. Therefore,

the relation betweerthe averagelg and the thermal heat capacity can be defined as:

kUgo L G,a?ﬂ (116
andor

N @BAL —— F—° 1.1

Y8a Cé/:; Yeo xibb Yex0Ua0i (1.179

By assuminghat the variation of 1Geis identi@l with that of 1/G,, then:
kKUgo L G & ¢ @A (118

can be expressed.o calculate a length scale of cooperatiyttye heat capacityCp, r (JK?)

can be modified in terms of the specifieat capacity in unit of J'gk* as follows:
%8, L %, €8 (1.19

in whichG, =G, 19 G, T<1dSthe change in the specific heat capacity step at the glass
transition. Thus, the characteristic leigscale of the glass transitioft and the volume can

be expressed as:

/gpsl

[ L¥8 L 's (1.20
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where 4G isthe variationin the inverse of the isobaric heat capacity for liquid and glass at
the dynamic glass transition temperatufe, ks is the BoltzmanmonstantU & ]« SZ ve]SC

Trand Gis the temperature fluctuation in a CRRTat

Correspondinglythe number of structural units in a CR¥R)(can be estimated as:

0L % (1.21)

where Na is the Avogadrg numberandmo is the molar mass of repeating unit.

dZ % €& u § E-+ }( S@proatly $Z[F and 45! can be exported from
calorimetric techniques such &3SC andMT-DSC.The cooperativity length[, at the glass
SE ve]S]}v S]u § C }visiZglassyep&ly@efs usuallyin the rangeof 1-3.6
nm [139-142].

1.10.3  The cooperativity size in a wide temperature and frequency range
dz 0 ] o }vS8Z[e u} 0 % E&}%o}e §Z drify mddrow <3Ju §]}
temperature and frequency range close to the calorimetgcHowever the combination of

two experimental technique@VT-DSC and DR&8Iow usto estimatethe cooperativitylength

in a broad temperature andrequency rangg142|143. There are several camon and

complementary notions of the glass transitineedin these two techniques:

S the dynamic glass transition can be monitored by applying a periodic
perturbationto the sample, i.e. a modulated temperature ramgT-DSC and
a periodic electric fielth DRSTherefore, such techniquesdlow usto measure
the complex quantities of thleat capacityG* by MT-DSC and thdielectric
permittivity B by DRSnvolvingreal (GG[ vHe v Ju P]@&[E QH{"
parts, respectively;

S due to the linear response theorpoth real and imaginarguartities can be
directly compared,;

S in case ofMT-DSC, the dynamic glass transitican beestimatedby a heat
capacity stepdCin the real partwhile the relaxation peakan beobservedn

the imaginary part;
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S in caseof DRSthe dynamic glass transition can be determingdm the

dielectric strength4Hand a pealof Hin the imaginary part.

Therefore,both 4% and 4Hcorrespondto the amorphous phase species at the
dynamic glass transition temperature. So, the glass forming liquids exhibit a relaxation time
distribution function at each temperature stepAs the consequencethe temperature
fluctuation Gis associated to the stalard deviation\f of the Gaussian peak function, g
average temperature fluctuation@ can beobtained from the imaginary partG [ [ T)~of
complex heat capacity as well as from the imaginary pditT)~of the complex dielectric
permittivity. In DRS analysis, the dynamic glass transitiosdeterminedfrom the maximum
of the peak in DRSspecka dZ % @& u § €&+ }( $Z Jv,Zdnd Z="%adie Z U
obtainedby3Z « 3A} § Zv]<pu « v }u ]Jv &) apprdavh tahicilZtthe
temperature dependence of the CRR siae well as the cooperativity degréé, in a wide

temperature rangdfrom Eq 1.20and 1.21, respectively.

1.11 Structural relaxation of glassy polymers
Besides the Arrhenius and ndxrhenius temperature dependence of the r-
relaxation process in glagsrming liquids, the structural relaxatiotakes placewhen the

temperature approachethe glass transition temperaturand below

1111 Physical aging concept
Even though the glassy form seetosbe *(E}l v_ }v 8Z u *uE u vs8 » o0
glass transition temperaturea molecular mobility still exis. Therefore, wherthe
glassforming liquids are hiel below their respective glass transition temperatuse, called
physical agingthe structural relaxatiol will occur. Such a structural relaxation is the
convergent evolution of the thermodynamic propertigswards equilibrium . Such
thermodynamic properties towards equilibrium are associatedhva free volumehole

diffusion towards surfaceshich could be the external ones of the systenthe internal ones

in the low density region obtained lmpntrolledcooling rate]144-146|. Thus, investigation of

structural relaxation in the terms of physical agigyes information about molecular

motions/dynamics.
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Figure 1.21. lllustration of theheat flowsof a glassforming liquids during physical agirgreen area

corresponds to superimposed peakTt(aged sample), blue area corresponidsinaged sample

The physical aging can be studied by calorimetric investigations. When glass is held
isothermally belowthe glass transition temperature, the following heaticigrvewill exhibit a
peak superimposed to the glass transition as showhignl21. Such a peak is related to the
enthalpy recovery of glass forming liquids angives an information about the excesf the
energy releaseduringphysical agingenthalpyrecovery of ajlass that aged at a temperature

Tagfor an aging timeagis calculated by the integration of the variations between theasure

of aged and rejuenated sample by following equati¢h47):

& Keo R oL i 9R:6; F of:6;%@ 6 (1.22

where 0/é)('l‘) and 0/&([) are the heat capacity of the aged and rejuvenated (unaged) sample
andTiandT. are theoptional temperaturesbelow and above the glass transition temperature
respectively. It is considered that equilibrium is reached for an infinite aging time. Therefore,
the expected total enthalpy loséH: can be extrapoleed from the equilibrium dependingn

the aging tempegiture Tag andthe glass transition temperaturg,;, as well as the heat capacity

step 45 of the sample, as expresses by follows:

g L c%kGF (1.23
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1.11.2  The fictive temperature concept
Due to the kinetics related with the glass transititemperature and devitrification
upon heating,Tq can be measured by the concept of the fictive temperatliteThe fictive
temperature is thermoginamically defined as the crasger point of the enthalms of the

glassy and the liquitlke state at norequilibriumprocess. This concept has been reported by

Toolet Eicitlinin 1931|148]. The kinetics of the structural relaxation can be also investigated

by measuringhe fictive temperature as a function afiging time.The fictive temperature
concept is also used to examine the cooling rate dependence of the glass tramnsiticaer
to understand the nature of glagserming liquids.The kinetic impact of the coolingte can
be observed uposubsequenheatingfrom the glassy state to liquitke state. When a glass
is obtained atk; and thenit isheated at the same raté E1 = k1), the enthalpy recovery will
occur on the same line at the liqulike state.However, if aglass is formed ak> ( B2 << Ey),
the glass transitin temperature will decreaselhen, aglass is heated a1 (&1 >> E), the
enthalpy recovery exhibita peak supemposed on the glass transition upon heatinghe
fictive temperatureT; can be measurettom calorimetric measurements, i.BSC an&#S®y
§Z D}Cv]Z v[e [149S8]}Vv

i ) N )
i "k%gaebx%aom 8@ & 1, k% F %gp008@ 6 (1.29

where T: and T, are the optional temperatures above and below the glass transition,
respectively G is the heat capacity ohie sample at constant pressut@, iiquiscand Ge, giassare

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

Background history of PLBased materials and related theoretical approachase been
presentedin this chapter Existing literature focuseits attention to the crysalline structure
of sc PLA with very little emphasis on the amorphous phase. With this in mind, we est@dblish
our objectives to understand the structurploperty relationship of sc PLAn Chapter 2
detailed experimerdl setups are presentedn orderto achieve the mentioned objectives.
The effect of two differentelaboration 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 (ChapieAnd lastly, the glass transitiongperty in terms
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of free volumeconcept (molecular mobility) was linked to the transport property of sc&A

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

GHAPTER EXPERIMENTAL PART

Thischaper presents thedetaileddescription ofexperimentaltechniques(calorimetric
investigations, microstructure analysis and permeametric analysexd in this thesis order
to analyzethe elaboratedsamples.Experimentalsetups and protoco$ applied during the

analysis were briy described.
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2.1 Materials

PLLA and PDLA were chosen duthépresence of chiral carbon in the skeletal chain
of PLAthat yieldsto two stereoregularisomers PLLAand PDLAThe mixture of these
homopolymerdythe stereocomplexation reactioallows obtaininganew structure, so called
sc PLAIn this work, homopolymers gioly(L-lactide) PLLAand poly(D-lactide) PDLA, and
stereocomplex ply(actide) 6c PLAwere studied(Fig 2.1)

PLLA PDLA
(@) (b) (©)
Figure 2. 1. Repeating unis of (a) PLLAb) PDLAand (c) sc PLA.

211 Homopolymers
PLLAellets(NaturePlastnjection gradeFrancé havethe density of 1.25 g/céh The
content of theD- isomers is negligible.n& melting temperaturely is between 170°Cand
180 °C. The numberaverage and weightaverage molecular weighmeasured by Gel

Permeation Chromatography (GPC) Ee= 53kDa and M = 97 kDa, respectively

PDLA pelletéNaturePlastPDLA 002Francg havethe density of 1.25 g/cfhwith the
content of theL-isomer less than 0.5%h& melting temperaturelm of PDLAs about 175°C.
The numberaverage and weighkaiverage molecular weiglmeasured by GPC aké, = % kDa
and My = D kDa, respectively. The molar mass of repeating unit (Fig 2.1 (a) andnib} &2
g/mol. Both PLLA and PDLA homopolymers were drifd=e85°C during 3 days before using.

2.1.1.1 Preparation of anorphoushomopolymers
After a study of the thermal stability bthermogravimetric analysis (TGAthe
degradation temperaturdy = 273400°C) the died PLLANd PDLAelletswerethermo-
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moldedat 1 bar and 180C between hot plates during 5 min by using a manual hydraulic press
ATLAZ"SPECAC. The temperatuvas selectecbove the melting temperaturénm (ranging

from 160°C to 175°C) and below the equilibrium melting temperatur&? of PLAs
(ranging from 199C to 207°C). Thefilms samples werethen rapidly quenchedhn liquid
nitrogen and then driedit 60°C for 24 hThe thicknesf the oltained PLLA and PDlikms
was150- 250 um

2.1.12 Preparation of &micrystallinehomopolymers

Semicrystalline PLLAnd PDLA filmsere obtained by solution castin@hloroform
(99.8% purity)was used as a solverdried pelletswere dissolvedn chloroform with the
concentration of 3 g/dlat Tamp = 24+ 1 °Cunder vigorous stirringluring 1h. The prepared
solution was poured ato glass Petri dish to obtaifree standing films. The solvent
evaporationwascarriedunder thefume-hood at ambient temperature (¥ 24+ 1 °C) for 48h,
and the samples were further dried in oven at Z2Dforl2hto remove the solvent completely.
The overall preparation process for amorphous and semicrystalline homopolyisers

summarized in Fig 2.2.

PLLA PDLA PLLA PDLA
N/ = -
Thermaomolding
Solution casting i
v Quenching
Semicrystalline v
homopolymer Amorphous
SN R homopolymer
~ L4
N d
~ 4
A Y 4
N 7/
u K
ANALYES

Figure2. 2. Schematic illustratioof homopolymer film preparation.
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2.1.2 Stereocomplex ply(lactide) (sc PLA)
In order to study the influence of elaboration method on the film properties
stereocomplex ply(actide) (sc PLAyasobtained bytwo elaboration methods, i.esolution

casting and extrusion process.

2.1.2.1 Solution casting

Sc PLAalso referred asLLA/PDLA films in sorRégure$ was prepared by solutn
casting using chloroforif99.8% purityas asolvent. In our work, only the influenoé solution
concentration and PLLA:PDLA ratias investigated.In order to study the influence of
homopolymer concentration on the stereocomplex formation, the solutions with different
polymer concentrations (nantg 1, 2 and 3 g/dL) were prepared. In this case, the ratio of
PLLA:PDLA was maintained constant at 50:50 (wiw)order to study the impact of
homopolymers ratio on stereocomplexation, the solutions with different ratios of PLLA:PDLA
were prepared: 50:5060:40, 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 carafalysis ofthe XRD
patterns that will be discussed later in Chapteri®jied PLLA and PDLA pelletre dissolved
in chloroform separately a24 r 1 °C. ThenPLLA and PDLA solutions werxed together
under vigorous stirring for additional 1he prepared solution was poured onto glass Petri
dish (as showin Fig2.3). Solvent evaporation was cardi@ut in the fumehood (T'| 20°Q for
48h and then additional drying took place in convection ovér=(120°C) for 12h. The
obtained freestanding films had the thickness afL50 pm.

Figure 2. 3Schematic illustration of the solvent casting process
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2.1.2.2 Quenching
PLLA/PDLA filmedaboratedby solution casting were thermmolded at 230°C and 1
bar between two hot plates during 5 min by using a manual hydraulic press AMMSRSCAC.
The temperature was selectatdose tothe equilibrium melting terperature T, of 235°C for
sc PLA crystalﬂ. The samples were thequickly quenched in liquid nitrogeto obtain

amorphous filmsThethickness of the obtained films was remained 520 um.

2.1.23 Extrusion

Blendof sc PLA waprepared bywin screw mixingPLLA and PDlp&lletswere mixed
with the ratio of 50:50 (w/w) for etrusion process. The influencé extrusion temperature
(Texy) and mixing timetéx) onthe stereocomplexatiorof PLA wasnvestigated.In order b
investigate the temperature dependence of extrusion, sc Wagextruded atTex: = 180, 190,
200, 210, and 220Cduringtext = 30 min witha rotation of 40 rpm. The impact dime was
observed by comparing the extruded samplesiiffierent time tex:= 15 min and 30 min) at a
fixed temperature Texx = 220°C).The homogeneity of mixing was taken into account by the
feeding amount of mixer because of its capacilye amount of feedig wasfixed as 6 g of

polymers (mLLa= meoua= 3 g)Fig 2.4 illustrates the overall process floe sc PLA elaboration.

PLLA
Solution casting . + - Extrusion
PDLA
\ 4
Semicrystalline sc PLAf = 5 Semicrystalline sc PLA
1 |
\ 4 | 1
Hot compression molding : :
1 1
1 1
Quenching : :
1 1
A | "
Amorphoussc PLA |4 | |
| 1
|
vy ¥
ANALYEBS

Figure2. 4. Schematic illustration of theLLA/PDL#ample preparation.
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2.2 Instrumentation and methods

The influenceof stereocomplexation on the microstructer and the material
properties was studied bythe microstructure andmorphology analysis In addition,
calorimetric investigations weneerformedin order to understand the fundamentbfshort-

and/or longrange molecular mobility

221 Thermogravimetricanalysis (TGA)
TGA is a kind of thermal analysis inieh the samplaeveight losss measurecdeither as
a function ofincreasing temperature, or isothermally as a function of timedger nitrogen,
helium, air other gas, or vacuum It provides information aboutdifferent chemical
phenomenasuch as thermal decomposition and physical phenomena including phase
transitions, absorption and desorpti. It is a beneficialechniquefor the study of polymer

materials, including thermoplastics, thermosets, elastomers, compqditesrs, and coating

6-8|. In this work,the measurements were performedybT GA Discovery (TAstrument)

(shown in Fig2.5) to determine thedegradationtemperature of the samples.

(a) (b)

Figure 2. 5. Images of (a) sample pghace and (b) balance the furnace of TGA Discovery.
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The samples were placed in the pdfig(25. @ with the mass around 5 mg and
measurements were carried out from 3@ to 60FC with a heating ratef 10 °C/min under

nitrogen.The degradation temperatur@deg was recorded at th&%mass lossf the sample.

2.2.2 Differential scanning calorimetry (BC)

DSCis the most used thermal technique thatlows us tomake qualitativeand
guantitative measurements. DSfetermines the heat flow and the temperatirelated to
calorimetric transitions as a fgtion of temperature and time. DSC providesormation
about physical and chemical changes including endothefsample absorbs energy) and
exothermic (sample releases energypcesse®f materials during physical transitions which
are caused by phase changes, cold crystallization, meltingatiization,oxidation, and other
heatrelated changeﬂ. Two kinds of DSE@xist so called heatlux 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 Insts)m&he
fundamental principle ofhis DSdies inthe differencebetweenthe amount ofheatrequired
to increase the temperature of a sample aticht of a reference.The measurementsf the
heatflux DSC o™ technology isbased on thedifference of heat flow between sample,
reference, and furnacdn this type of DSC, the sample pan and reference pan are placed in a

unique furnace (Fig.8).

Figure2. 6. Schematiacepresentation of heaflux DSC.
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The furnaceis subjected to thel changesand heat is transferred to the sample and
reference.The temperature is measured continuously, and a differential techniqueilized
to detectthe heat flow into the sample and to equalize random heat gains and losses between
reference and sanlp. DSCdoes not allowa direct determination of the heat contentn

conventional DSC, the applied temperature ramp is linear:

6L 6gE UP (2.1)
where T is the temperature at the timé, T; is the initial temperature andt is the scanning
rate. The resulting heat flow in the heat transfer Q idetermined as follovs:

oL —'é 2.2)

At the beginning of the measement, the two thermocouples, i.e. sample and refererare

at the same temperaturéo =Ts=T,, whereToistemperature of thelocation of measurements,
Tsistemperature of sample pan, anfl istemperature of the reference parburing heating,
the temperature variationoccursbetween the sample pan and the reference pan due to the
additional weight of sampleTherefore,the variation ofheat transferonto sample(Qs) and
reference () is observedwhich isrelated to the endothermi®@r exothermic events of the
sample. The relation between heat transfer and the variatioleofperature can be expressed

byathe®Eu o <p]A o v§ }( éﬂ:KZu[- o A
OL 3:F 33L& (2.3)

where Ris the thermal resistanceThis variation in temperature is associated to the specific

heat capacity of the samp:

oLl L2 &) (2.4)

where Cisthe heat capacity, c €m isthe specific heat capacityn isthe sample mass, and

tisthe scan rate (heating or cooling rate).

Since, DSC Q100 is basedhe T.ero' M technology andassuch technolgy usesnore

complex equations of the heat flowhe relations between thermal resistance&and Rcp
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andheat capacitie$scpand Geerof the sample and reference cell platforms, respectivate
taken into account in the heat flow equatiohherefore the temperaturedsand T, monitored

as a function of docationtemperatureTo can be expressed as folle:

5
A~ A

2y — . 5 op e op w Xl g xel
OL FP E:6F 65 @ F AE %y d %ue, F % (2.5)

Asthe result of this complex function, a specific calibratimcedureshould be usedThe
calibration procedure has twmlentic constant heating rateneasurementsfirst experiment
should beperformed without sample and pan (witampty funace), and second experiment
is carried outwith sapphire disks which anglaced on the sample and referem positions
without pans and lids.Such experiments compute the resistanceRscp and Rcp and
capacitancéxcp,and Geerof the cell. Then, the tempeature and energycalibratiorsare carried
out using indium standardT§ = 156.6°C and 4, = 28.6 J.g). Benzophenonean alsobe
usedas a second standafdr the cell calibration in temperatur@m, benzophenone 48.0°C) The
calibratiors of temperature and energy have to be repeated according toekperimental
scanning rate. In order to provide a gosignalto-noise ratio, the sample masset5-10 mg
were used Scanning rate was selected as 10 K:mia ensure the good resolution of

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

2.2.3 Modulated temperature DSC (MDSC)

In standard DSC, sampladergoes the thermal eventghich affectits physical and/or
chemical properties during the measurents. These thermal eventsonsist of theglass
trangtion, crystallizationand melting, as well as curing aedaporation The *eversing and
mon-reversing events may occur at the same time or in the same range of temperafties,
the average heatdiws are overlapped and cannio¢ differentiatedusingstandard DSC curves.
In 1993, Reading et . proposedto expresghe heat flowmeasured from standard DSC

as follows:
0L —iL WWUE B:R6: (2.6)

wheref (t, T) corresponds to the part of the heat flow adéd to the kinetic or nofreversing

events so called noweversing heat flow- nr The reversing heat flowrlinked tothe
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thermodynamic eventsorresponds to the complex heat capacity and the scanningGateX
Themain difference oMT-DSC from standard DSQHe control of the sample temperature
and the data treatment methodin addition to thelinear temperatureramp asin standard
DSCMT-DSdncludesa temperaturemodulation program in which the sample temperature
follows a periodic wave patterrsgch as a sinusoidal wave, shown in Fig).Reading et al.
proposed tosuperimpose sinusoidal oscillation with tHeéear temperature rampn

orderto separate the reversing antbn-reversing events
6L 6gE UE#OEMP (2.7)

where A is the modulation amplitude andZis the angular frequency of the temperature

modulation with the period of oscillatioR = 2N Z

Figure2. 7. lllustration of heating ramp in the MDSGxperiment on PDLA sample with a modulation
amplitude A = £ 0.318 K, a period of modulation P =60sANWe v pv EoC]JvP Z=25]vP & §
Kmint,. dZ « A% E&]Ju v§ 0 % & u $§ E-* - }}JEE uo}X S} ~Z §

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

heat flow - as follows:
OLFL OF:UE#M.. iR (2.8)
andthe complex heat capaci§ is defined as:
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o 1/

WL == L

(2.9)

[o]

where Aqr and A are the amplitude of the heat flow modulation and of the heating rate

modulation, respectively.

The thermaynamic events linked to the vibrational andamislational motions of
molecules can be investigated from the reversing heat flowwvSuch motions are very rapid
and caninstantaneously follow any sample temperature modulati@n the contrarythe
non-reversing heat flow- nrcannot follow the modulatiorand contribute to themodulated
part of the heat flow. Thus,the total DSC signalmsultaneously measured by MDSC
correspadsto the signal measured byatdard DSC and the reversing DiBGhat casethe

reversing heat flow- randthe nonreversing heat flow- nrcan be summarizedccording to

o

OgL A0L— U (2.10)

Ocel %EF %0 (2.11)

A phase lag Mconsistsof the total heat flow and the heating modulatiotn this
situation, two evidentheat capacity componentsonsideredas the inphase component
related to -r [and the outof-phase component related tonr [ fan be determined by

following equations:
WL %W ..0; (2.12)
WL o ece0; (2.13)

The MTDSC rmasurements were carried out with the Q100 DSC from Thermal Analysis
Instruments (DSC Q100 TA Instrumenfd).experiments were performed under a nitrogen

atmosphere and the calibration of MISGvas carried outn three different steps

1. the heat flow, the temperature and the baselingere calibrated by usinglzero' ¥
technology;

2. the temperatureandthe energy calibrationvere performed by usingndium;
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3. the specific heat capacity calibratiovascarried out using sapphire as a standardtas

did not undergo any transitiom the studied temperature range.

The heat capacity of sapphire as a functiémeonperature isknownexactlyandis very
stable . The third calibration stephas to be repeated if theamplitude and period of
oscillation, the average heating or cooling rate are chantyethe end, a cabration factor lkp
is calculatedrom the ratio of the experimental and theoretical specliieat capacity values

of sapphire:

7 VP ;";X
-1/A6, L A|U@OY5BDDUYDGO{| (214)

1/ .
7AR10 @0 Va0D YO oD URIx

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

correct the apparent heat capacity of sample

Inthis work, MTDSC analysis wperformed inheat-cool mode to invetggatethe glass
transition evolution of molecular dynanics in terms of free volume andRR as well de
perform crystallinity degree calculationThe measurementsvere carried out with a

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

2.2.4 Fast scanning calorimetr{FSC)

Somethermal evens or reactionsnay take place simultaneoustyring heating. While
MT-DSCanalysis allows us tdissociate the rewsing and norreversingevents, Schick and
Mathot proposed to apply very high scanning rates in order to awoighrevent thermal
reactions, as well as to observe very fast thermal evantior crystallization process.

In this case fast scanning calorimetry (FSC) is U$edfundamental principle of FSMased

on the measurement dhe difference in amount of required heat to increase the temperature
of a sample and a referenceThe investigated sample and the reference are placed in
separated furnaces hen, bothfurnacesare heatedand 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 temperaturensnitored. In this work, FSC analysis \wasformed

by fast scanning calorimeter Flash DSC 1 from Mettler Tolatlothe powercompensation

twin-type calorimetric chip senspbased onmicro-electro-mechanical system$MEMS
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technology.As shown in Fig. 3, the twintype chip sensor has two independent furnaces
onefor a sample andhe other one forreference.The MEMS chip sensor is neally a sable

ceramic and the applied temperature transferred by electrical thermocouples

0.5 mm

Figure2. 8. lllustration of the twintype chip sensor based on MEMS technol.

Both sides of the chip sensoontaintwo thermal resistance heatelia orderto apply
desired temperature and the temperature resolutiorcaculated by the time constant of the
sensor (about 1 milliseconde. thousandtimes less tharnn case otandard DSC). The heat
flow is controlled through eighthermocouplesat each side (totally sixteen thermocouples).
The measurement areaf the chip idabricatedof a silicon nitride and silicon dioxide coated
with a thin layer of aluminum tprovide homogenous temperature distributioBefore each
use hechip sensor isonditionedand corrected according to Mettler Toledo procedures. The
conditioning procedure allows verify the proper behavior of the sensand its potential
memory effects ee erased bysensorheating to the maximum temperature (40C).The
correctionprocedure icarried out in oder to correct the thermocouple signal with respect
to the sensor support temperaturdhe correction procedure is performed lopmparing the
signal of thermocouples with the temperature behavior of theating resistance. In this work,
small piece of samplwas cut and placed directly ihe center of themeasurement area of a
MultiSTAR UFS 1 MEMS chip sensor. A Huber TC106datea was used to cool the system

down t0-90°C and carry outigh cooling rates. The calorimeter was operated under nitrogen
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gas flow of 20nL.min' to avoidwater condensation from the environment and to optimize
the applied program temperatur. The mass of samplesaw estimated from the
amplitude of the heat capacity step at the glass transition by comparing the value of the heat
capacity step(4 p) obtained by standard DSC & = & = 0.78K.s* and thevalue of 4p
obtained by FSC ak = &= 1500K.s! . The heat flow curves hereby wen®rmalized to

the mass and thecanningate, and the spectra curves wethenplotted in equivalentGunit,
i.e.J.gtKL

2.2.41 Glass transition temperature determination by the fictive temperature concept
Therespective glass transitions have been investigated in terms of fictive temperature
and as a function of cooling rat€éhermal history of homopolymers and sc PLA samples was
erased at 220 °C and 270 °C, respectjumhisotherms during 0.5 s before any investigations
Samples were then studied at temperatures freb® °C to 270 °C at scanning raie = k
ranging from BOK.s! to 4000K.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

temperaturein the glass transition region.

Figure2. 9. FSC normalized heat flow curve of wholly amorphous sc PLA sample as a function of

temperature upon heating at scanning rate = = 1500 K&
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The values ofhe glass transition temperature/ere then calculated as the fictive
temperatures by usingraa matching method that was proposed by Moynihan e, as
shown in Fig2.9. Since the heat capacity step at the glass transition is independent on the
scanning rate, special attention is paid to the sensitivity, i.e. signabise ratio, of the heat
flows during FSC experiments because of its dependence on the sample massaming
rate . The cooling rate dependence of the fietiemperature is extensively presented in
literature . When applied cooling rate increases btk glass transition temperature and
fictive temperature will increase according to the nArrhenius behavior. Such coolingte

dependence of the fictive temperature can be fitted by the VdgakcherTammanHesse

(VFTH) equatio:

where Asis a constantB is a fitting parameter andv is a Vogel temperature which is the

2%}k L # F— (2.15

|N?i(;

extrapolated temperature when relaxation timédpproaches infinite. In the concept of the

fictive temperature, the VFTH equation can be modified to the \\Bg&therTamman (VFT)

equation to determine the dynamic frdigy indexm as follow:

jmejq ;

L H O/L | (2.19
A i @

Taking into account the VFTH behavior for the cooling rate dependence of the fictive

temperature,m can also be expressed as follows:

))éo

.17

o2 icr

The fictive temperatures as a function of cooling raterev determined by area
matching method for all the samplemnd the experimental data were fitted by the VFTH

function to calculate the fragility indem.
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2.24.2 Thermal lag corrections
In order to improve theaccuracyof the fictive temperatures investigation by FSC, the
thermal lag correction is require@. Thermal lag @) is defined as a shift in temperature
due to the sample thickness and the high scanning rate, which provokes the hedetrans

delay between heater and sam. The thermal lags can be corrected by the melting of

indium piece placed on the top of the sam{@6-29]. As proposed by Scha @ two

corrections of thermal lag may be applietietstatic (Gs) and the dynamic @p) thermal lag.

The static thermal lag @s) 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 chipsensor, when extrapolated to heating rate zero. The dynamic
thermal lag @p) 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 calculateddr all sampls by following equation:
UgL UBE Ug (2.18

2.2.43 Physical aging in a scanning rate range more than six decades
Physical aging as carried out atdifferent aging temperatureqTag = Tg t 18 °Q
calculated according to the correctdd for different aging timeag= 1 min; 10 min; 100 min
at the scanning rateE_= E rangingfrom 300 K.3 to 4000 K.3. Fig 2. 10a displays the
normalized heat flows of aged and rejuvenated samplig. 2. 10bshows he scheme of

enthalpy recoveryleterminationof a glass, aged at a temperaturg during an aging timéyg

by the equations 1.2and 1.2.
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(a) (b)

Figure2. 10. (a) Heat flows of aged and rejuvenated (naged) curves of amorphowss PLAample.

(b) Schematic illustration of the enthalpy recovery calculation.

2.2.5 Dielectric relaxation spectroscopy (DRS)

DRS is a powerful technique to investigate molecular dynaamd relaxation
phenomena ofmaterials, especially polymers. The advantage of DRS is that measurements
can be carried ouat 9 decades of frequency or timand this range can lextended up to 12
decade. DRS analysis is basedtba study ofthe motion of permanent dipolepresent
in a material as ammpact of applied alternating electric field B( In case of polyer, thenet
dipole moment per unit volumés linked to the total vector of all molecule dipolsthat exist
in the repeating unit, the polymer chain and overstiucture in polymerchain The electric
field stimulates the electronic cell accordirig the atomic nucleus (so called electronic
polarization) ad composes induced dipole moment in atoms (so called atomic polarization).
Such phenomenon in polymeissdue to the rotationamobility of permanent dipole moments
(1), whichare defined as dipole momentsf chemical groups in theolymer chains. Tis
reorientation of the permanent dipoles of thenoleculesallows usto determine the sample
properties, i.e. permittivity, energy stoge, resistivity and dissipation, and, thug
investigatemolecular motions occuwithin the polymers as a function ofdgquency and

temperature.
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Therefore, dielectricelaxation spectroscopy technique usuallyused toinvestigate

the molecular mobility{32-35|. In the frequency range of 0to 10’ Hz, the sample can be

studied as a circuthat iscomposedof an ideal capacitor and an ohmic resistmmbined in
parallel or serial. The complex impedance*Z(2 of the circuit ismeasured by the
spectrometer andmay bedefined in terms of energy digsition or resistance RZ, and
energy storage or capacitance 8,(in which Zthe angular frequencis determined from the

frequencyf by the following equation:
ALteB (2.19)

The derivation of the complex electrical impedance(ZF gives other properties, such as
electricalmodulusM* ( 2, electricalconductivity \* (2, resistivity R (2, and esgcially
complexdielectric permittivity B (2. To measure complex impedang& (2, a sinusoidal

voltageU* ( 2 at a constant frequency is applied to the sample
U:fi; L ,18'FAR; (2.20
then, the current g (2 is measured as follosy
$:h;L $t3FAPE T (2.2))

where Msthe phase shifbetween the applied voltage and measuredrrent. The complex

impedancez* (2 is then calculated by following rat:

0.x . Yo
Uil L 0 (2.22

As shown in Fig.21, the impedanceis determinedfrom the measurements of two
voltagescorresponding to the generated voltage applied to the sample and the veltage
converted sample currents (2. These voltages are analyzed by the Fourier transform
technigue to obtain information on theiphases andamplitudes. The complex dielectric
permittivity (B) of a capacitoC filled with studied sample is expressed as:

Wi L 2 2.23
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where G isthe capacitance of the empty capacitor. The capacitance of the empty capacitor

can be defined a:

where HKlis the permittivity of vacuumAisthe area of the electrode and is the thickness of

%L # (2.29

the sample (distance between the plates as showrFig. 211). The complexdielectric
permittivity () can bederived by measuring the complex impedanég 2) ofthe sample:
X 5
W AL m (223
ViR L Yud; FEARA; (2.26
where H A isthe real part(related to the stored energyand H [ 2~is the imaginary part

(related to the dissipation of eneryypf the complex dielectric permittivity Kl).

Permittivity allovsusto invesigate the ability of charges inmaterial tobereoriented
or displacé in the pregnce of an external electric field orderto obtain information about
the capacity of dipesin a material mobilityIn 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 £KI8onmetalized amples
were plaed 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 rainga 10! Hz to 16 Hz.
The temperature was changed betweet50 °C and 150 °C with increasing step of 10 °C for
the range from150 °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 211. Schematic representation of the spectrometer analﬁ.

2.2.6 X-ray diffraction (XRD)

XRDis ananalytical technique used for phase identificationcofstallinephases Ths
analysisis based on a constructive interference of monochromaticays and a crystalline
sample and provides information on unit cell dimensiaksays are generated ia cathode
ray tube by heating a filament to produce electrons,elecating electrons towards target
material by applying a age, and bombardinghe target materialwith electrons. When
electrons have sufficient energy to dislodge inner shell electroinghe target material
characterisic Xray spectra are obtainedAs shown in Fig. 2]1the basic principle of -xay
diffractionis based on thé&ombarding of a sample withn X-ray beam andhe recording the
intensity of the reflected Xays.Constructive interference angeak intensityoccur when the

geometry of the loaded Xays impinging the sampfellows §Z & P : o A
JaL t@ «<+3q; (2.27

where d is the spacing between diffracting planes in the crystalline latfice the incident

angle, n is any integer, an@s the wavelength of the beam (depicted in Fig 2.13).
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Figure 2. 12Schematic representation of the basic principle o‘h)(diffraction.

Figure 213. /oo S E §]}v }( §.(E PP[+ o A
X-ray diffraction technique is widelysed for:

S characterization of crystalline materials;

S determination of unit cell dimensions;

S measurement of sample impurity;

S characteriation ofthin films by:
0 determining lattice mismatch between film and substrate;
o0 determining dislocation density arglality of film;

o0 determining the thickness, roughness and density.
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In this work, XRD measurementere performedon & pl &4y Diffraction D8
Discover instrumentThe generator was set up at 35 kV and 40 mA andalget material
copper for singlecrystal diffraction with CuKradiation (O= 1.54A) was selected. The
measurementsvere run at room temperaturelEe 25 + 2C) from 5° to 404t 0.04°increment

with 1s/step scan speedll Xray patterns were corrected by background scattering.

2.2.7 Polarized optical microscop{POM)

POMis a basic and sensitive techniquesed for both quantitativeand qualitative
studiesof a widerange of anisotropic specimenBOManalysisis designed to observe and
photograph specimens that are visible primarily due to their opticatligotropic character.
In order to accomplish this taskOM usespolarized light Therefore, in experiment two

additional polarizing filterare associatedo 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 elestmagnetic field vectors constituting visible light to a
single plane, as shown in Fig.14. As a consequence, &lectromagnetic field vectors are

vibrating in the same planend the light is then polarized.

In cross polarization mode, the analyzer oriented perpendicularly to the first
polarizer. This position leads to block remaining electragnetic 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, resultingh no visible light in the eyepiece. However, when birefringent sample,
such as anisotropic materjak placed on the polarized light field, the restricted eleetro
magnetic field vectors coming through the sample are produced in many different
perpendicuar 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 andarevisualized in the eyepiece.
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<« Digital camera system
Recombined light rays after
interference

¢ Eyepieces <4— Camera extension tube

<4 EPHIlluminator for reflected

— Analyzer— polarized investigations
\Ordinary ray
Extraordinary ray —p
— Birefringent <4— Strainfree objectives
specimen . )
) . <4— Circular rotating stage
Plane polarized light—p
— Polarizer— <4—  Focus

Light from source—p-

Figure 2. 14Schematic representation g@olarized optical microscopy configuratim.

In this work, POM observations were carried out by using a universal Niken EPI
illuminator with Nikon M Plan2.5/ 5/ 10 lensesonnected with a digital sight camera
system from Nikon Corporatigeither transmissioror reflection mode. A Mettler FP82HT hot
stage connected to a Mettler FP90 central processor was combined with POM as a

temperature controller system during theystallization observations.

2.2.8 Scanning electron microscopy (SEM)

DuringSEManalysisa sampldasplaced in a vacuum chambend itssurfaceis scanned
by a focused beam of electron®ue to theparticlewave duality of electrons, thelectron
beam isaccelerated and focuseah asamplein the path of anode, condenser and magnetic
lenses as shown in Fig. 15. These electronsiteract with atomsn the sampleas well as the
sample surfaceThe primary beam focused on the sample area leads to the ejection of other
electrons including secondary electrons, bachttered electrons or-¥ays.Specific detectors
are used according to the materials nature and the signals measuoxedve information
about the surface topographgnd the composition of the sampl&n this work, SEM analysis
was carried out by a DUBIEAM LEO1530EISS scanning electron microscopy to observe the
surface morphology of senrarystalline homopolymers PLLA and PDLA, aflLAc
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Figure 2. 5. Schematic representation gtanning electromicroscopyanalysis in a vacuum chamber.

2.2.9 Permeation measurements
2.2.91 Water permeation measurements

The permeatiomprocessincludes severasteps(shown in Fig 26) such as sorption,
diffusion and desorption while maintaining tlencentration of the permeards a constant
at the upstreaminterface of the film (). The concentrationof the permeant at the
downstream interface of the film ([)[is negligible comparetb [( [>> [)} Ih case of this
concentrationdifference, a transfer of matter is observed and follows the two laws of Fick
. The dissolutioiffusion process results from the association of henomena:

x the dissolution of permeant molecules within the material whishcharacterized
thermodynamically by a solubility coefficier);(
x the diffusion of permeant molecules through the materiédinetic orde) and

characterize by diffusion coefficientD).

The first law of Ficlexplains the dependence of the fludXx, f) on theperpendicular
positionto the plane of the filmx) and the time {) with the gradient of the local concentration
C(x, 1):

| ABg;
e

TP L F& (229)
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where D is the local diffusion coefficient of permeanfccording to the observed Fickien
mechanism two types of diffision can be preseniThe type lis observed wherD is

constant and the type Il occurs whdhdepends on the concentration of the permeant.
Accordingto&] [+ « }v the ekdlution of the local concentration with the divergence

of the flux can bexpressed as follosv

| Va8, I Aeg;
T L T (2.29)

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

The interfaces of th&lm can be defined as= 0 for upstream ang= Lfor downstream,
whereLcorresponds to théilm thickness Several hypotheses must be made in order to apply
these diffusion models(1) the sample is homogenous and initially made of permeant is
present (2)the impact of swelling ding measurements is negligible, and {133 sorption at
the film surfacereaches equilibrium in a quasistantaneous manneiThe initial and limiting
conditions are expressed by followifighctions and the permeant concentration profiles are

depicted sckemaically in Fig2.17.

whent =0 0 <x<L Cx,0 (2.30
whent >0 x=0 C@O,t) = [FGyq (2.3
whent>0 x=L ClL,9= 1[0 (2.32
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Figure 2. . Schematic representation diie profiles of permeant conceration in reduced scales at

t = 0 up to steady state whete=ts: for constantD.

The transport properties of the samples (sewrystalline PLLA, PDLA, and sc PLA)
towards water at 25°C, 45°C and 65 °C were studied to investigate the influence of
stereocomplexation orfilm barrier properties.The water permeation measurements were
carried out by the device designed by MPBM team of PBS laborékagy 2.8). The
permeation cell, in which the sample is installed, is placed in a thermoregulated chambe
(oven atT= 25°C, 45°C and 65C). Before measurement, a purge step is carried out with a
flow of dry gas (Technical Nitrogen upstream and BIP downstrearRrdducts®applied for
a certain time (generally 18hJThe downstream gas arrives to a mirfgrgrometer (General
Eastern, USAand the dew point temperatureTr (Dew point)is measured When this
temperature is sufficiently loaround-70°C at atmospheric pressurehe flow of dry gas in
upstream isstoppedand 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, theA § E u}o trarsfer[will result in a rise in the amount of water in the
downstream compartment and so in & increase over time, ashownin Fig. 2.19. The

measurements were repeated between 3 and 5 times for each sample and each temperature

for better accuracy.
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Figure 2. 8. Schematic illustration of the water permeatiomeasurements.

Figure 2.19. Example of the evolution of dew poirfik over time during the water permeation

measurement.
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2.2.92 Gaspermeation measurementgN,, &, and CQ
'« % Eu ]o0]35C A s u uE C 3@ Fmgtho by usingthe
experimental device reported by Joly et @ (shown in Fig2. 20). The gasesisedare:
nitrogen N (Air Products®purity 99.99%)xygen Q(Air Liquid&) purity 99.99%) and carbon
dioxideCQ (Air Products®purity 99.5%).

Figure 220. lllustration ofgas permeation apparatus.

Nitrogen, oxygen and carbon dioxide permeaticogerties of semurystalline PLLA,
POLA and sc PLA filnet room temperatureT= 25+ 2 °C were determined using the
permeaton apparatus shown in Fig. 20. Before measurementsthe permeation cell
(XX45047 Millipore filtration cell adapted for gas permeation) was completely evacuated by
applying a vacuum on botides of the film. Then, the upstream side was provided with the
gas under test at pressumm (3 bar). The increase giressurein the calibrated downstream
volumepz (p1 >>p2) wasmeasured using a sensitipgessure gauge (@ 10 mbar, Effa AW
10 t T4) linked to a data acquisition systefrthe measurements of each gas were repeated

between 3 and 5 times for each samjbde better accuracy.
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STEREOCOMPLEXATION REACTION

CHAPTER.3NFLUENCE &GEABORATION METHODS ON STEREOCOMPLER&ATINON

In order tostudythe 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 timedn cas

of extrusion) were optimized in terms of film microstructure and thermal properties.
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3.1 Homopolymers
3.1.1 Homopolymer pellets
Dried PLLA and PDLA pellets waralyzedin order to investigatetheir thermal

properties before furthercharacterization

3.1.11 Thermal stability of pellets
Fig 3.1 presents thermograms and derivative curvesarimograms folPLLA and PDLA
pelletsas a function of temperaturd hermal degradation temperatut@qeg Was determined
as the temperature at which the mass losasobserved as shown in Table 3PLLA pellets
degrade about 25 °C lower than PDLA pelléis € 296 °C andiseg= 321 °C, respectively) (Fig
3.1.a), while the maximum of derivative curves showscimless temperature variation
between the homopolymers, i.e. about 5 °C (shown in Fig 3.1.b). In any Tasaf

homopolymer pellets is sufficiently high for the stereocomplex formation.

(@) (b)

Figure 3.1. TGA curves of pure PLLA and Ppaiksts: (a) thermograms and (b) derivative curves as a

function of temperature.
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Sample Tof 1% weight loss T of 50% weight loss Maximum of derivative curve
°C) °C) (°C)
PLLA pellet 296 367 373
PDLA pellet 321 373 378

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

and the maximum of derivative curves.

3.1.12 Thermal properties of pellets
DSC analysis was performed in order to examine the thermal properties of
homopolymerpellets, i.e. glass transition temperatuflg, and melting temperatureTn. The
DSCurves of homopolymer pelletse shownin Fig 3.2The endothermic peaks ag( a60°C)
are due to the structural relaxation imposday Tg. The endothermic peaks aa 175 °C
correspond to the melting of homorystalsTn, r obtained by the coletrystallizationTccwhich

is confirmed by the exothermic peaks at 1l and 90C for PLLA and PDlkéspectively

Figure 32. DSC curves ¢fLLA and PDLA pellets.

The coldcrystallization at temperatur@d <120 °C leadsta[ & C+3 dorm@tiahy

i.e. disordered crystals with hexagonal packi. The reorganization off[ Ju% E( $§

crystals intor form crystalsis noticedby the exothermic peak before melting at temperature
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T | 160 °C. The values of the thermgbarametersare presented in Table 3.2 anthet
crystallinity degree ofr crystalsis estimatedby following equatio:

*%Ag? AiAii?

0 Ay

(3.1)

where 4 is the measurednelting enthalpy, 6 'Hec is sum of cold crystallization enthalpy,
¢* 4is themelting enthalpy of 100 % crystalline sampléich equals 93 Jigr r crystals of
PLA . The equal value of melting and cald/stallization enthalpies reveals that

homopolymer pellets are amorphous.

Sample Tq (°C) Tec(°C) 'Hee(J/g)  Tm(°C) "Hn (J/9) X (%)
PLLA pellet 60 104 47 176 48 1
PDLA pellet 59 90 51 174 53 2

Table 3. 2The values of thglass transition temperatur&, the coldcrystallizatiorilc,, and the melting

Tm and the enthalpy of the coldrystallization (H.) and the melting (H») for PLLA and PDLA pellets.

3.1.2 Homopolymer film samples
Homopolymer filmswere obtained by thermemolded and solution castingnethods
(presented in chapter 2)The influence of theelaboration methods on homopolymers

propertieswas investigatedy DSC, MDSC and XRahalysis

3121 U}E% Z}Ue Z}u}%}toCu E-[ (Jou
AmorphousPLLA and PDLA films obtained byrthe-moldingmethod were analyzed

by DSGn order to examine thermal characteristics of homopolyméitens. ObtainedDSC
curves are presented in Fig 3:Bhevalues of the thermal grameters(Ty, Tec andTm) are
presented in Table 3.3 and the crystallinity degreerafrystalsis estimated by Eq 3.1. DSC
curves of the thermemolded homopolymer filmgevealthe formation of r[ E&Ce*S 0 SZ S
confirmed by the exthermic peaks at 90 °C and around 158 Tle Tn of homopolymer
crystals is observed at 174 °C for both PLLA and PDLATmslose values of melting and
cold-crystallization enthalpies reveal that the thersmoolded homopolymer films are

amorphous.
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Figure 33. DSC curves d¢iiermo-molded PLLA and PDLA films.

Sample T(°C)  Tee(®C)  "Hee(Ig)  Tm(°C)  'Ha(Ifg) X (%)
PLLA film 58 90 51 174 53 2
PDLA film 59 90 43 174 45 2

Table 3. 3The values of the thermal properties of thermwlded homopolymer films

3122 "N u] EC*S o00]v Z}u}l%}oCu E-[ (Jou
Semicrystalline @émopolymere [ flms were obtained by solution castingand
characterized by DSC, NDSC and XRD analysis in order to ingatti ther thermal
properties and microstructureThe DSC curves and thermal characteristiedues of
homopolymers filmare presented irFig 3.4 andable 3.4 respectivelyThe F' heating DSC
curves show only endothermic peaks at 176 °C which correspotite melting peaks ofr

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

The obtainedhomopolymers films are semicrystalline with tevaluesequal47 and
41 % 6r PLLA and PDLA, respectiviiyorder to study he stability of thehomo-crystals 24
heatingscan was carried o{Fig 3.4b)Although, there is a [crystals formation 6385 t95 °C),
the reformation of r crystals is confirmed by the melting peak at 176°C. Xhealues

measured durin@"?heat are lower than the valuasbtainedat 15theat(Table 3.4). This result
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testifies that the coolingat 10°C.mirt is not enough to obtairwholly amorphous sample.

Therefore, one can say that thecrystals obtained by solution casting method aather

stable.

(@) (b)

Figure 34. DSC curves of PLLA and PDLA films obtained by solution castiffgn@)) 2 heating.

Samples "Hm (J/9) "Hee (J/9) X (%) Tm (°C)
1stheat 29heat 1stheat 29heat 1stheat 29heat 1stheat 29heat

PLLA film 44 47 - 26 47 23 176 176

PDLAfilm 38 40 - 31 41 10 176 176

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

Theproperties of theamorphous phase ademicrystallinenomopolymers [ (] ovare
analyzed by M'DSC testimatethe Tqgand the heat capacity stepg ;). Afterin-situ melting,
homopolymer films were quenched at cooling rate 88 K.s" and the MTDSC uarves are

presented in Fig 3.9.heTgand ' G values weraletermined as explaireein section 1.8.1.1e

values offgand ' G shows that homopolymers exhibit the similar glass transition properties

as theTyvalues are 59.3 and 60.5 °C for PLLA and PDLA, respectively, a1ty vadues are
0.46J.g*.K*for both homopolymers.
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Figure 35. Z 0 }u%o}v vS ~ [ }( S$Z }u%o £ Z § % ]5C (S E %Z « o0 |

of temperature forPLLA 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 2
16.7°, 17.6°,19.5°, 22° and 26as shown in Fig 3.6. The results of XRD spectra for
homopolymer films are in goodgreementwith the literature as homecrystals showthe
reflection atsimilar2 Tvalues.

Figure 36. XRD patterafor homopolymers films obtained by solution casting.
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3.2 Stereocomplex PLA
The sc PLA films obtainbegl extrusion process and solution casting were characterized

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

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

(Texy) andextrusion time {ex)) on the thermal propergés and microstructure of sc PLA.

3.2.11 Thermal stability
Thermogravimetric analysis was performedorder to determinethe Tgeg Of SC PLA
obtained by extrusion procesdable 3.5)It is shown that he extrusion process has the
influence on thelgegas depicted in Fig 3.7. The degradation of sc PLA obtainegtiysion
process is initiated below 300 °C while homopolymers (PLLA and PDLA) start to degrade above
300 °ClIn addition, thermal treatment and its time duration decreases Thg of sc PLA from

317 °Cto 273 °C.

(a) (b)

Figure 3. 7TGA curvesf sc PLA obtained by extrusiof= 220°Ctex;= 15 and 30 min): (a) thermograms

and (b) derivative curves as a function of temperature.
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Elaboration conditions T of 1% weight loss T of 50% weight loss Maximum of derivative curve
°C) °C) (°C)
Text = 220°C text = 15 min 286 356 365

Text = 220°C text = 30 min 273 362 372

Table 3. 5Degradation temperaturelgeg) of sc PIA obtained by extrusion process.

Such results are supported by the work of Bao eﬁlon stereocomplex formation
by extrusion process. Bao et al. reported that elaboration methods had influence on the
thermal degradation temperature of sc PLA as degradation temperate@eased 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.

3.2.12 Influence of the extrusion temperatureTex)

Calorimetricinvestigations were carried out also fec PLAobtained by extrusion
process in order to study the influence of the extrusion temperatiigg on the sc PLA
formation. As one can seghe increase of the extsion temperaturefrom 180 °QGo 220 °C
provokes the formation of sc PLA with different thermal behavior (RBYy Bor the blends
extruded atText = 180, 200 and 220 °C, the purecsgstals formation was confirmed by the
endothermic melting peaks alm, sc= 220t 238 °C. In the case d&x = 190 °C, the cold
crystallization ofrr crystalsTec, r = 103 °C, the melting of crystalsTm, r = 170 °C, and the
melting of sc crystal$m, sc= 224 °Gre observediuring the ' heating stepIn case offex: =
210°C, the melting of 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
stereoconplex formation was observed at the extrusion temperatdeg = 220 °C with the

crystallinity degreex;, scof 55 %@andthe melting enthalpysc crystals Hm, scof 80 J/g
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Figure 3. 8.The P heatingDSC curves afc PLAobtained by extrusion process at the extrusion

temperatureTex: = 180t 220 °C and the extrusion tintg:= 30 min.

Samples "Hm (J/9) X (%)

15t heating r Sc r sc
Sc PLATe: = 180 °C 65 45
Sc PLATex = 190 °C 13 57 14 39
Sc PLATe = 200 °C 30 21
Sc PLATex = 210 °C 33 34 35 23
Sc PLATe = 220 °C 80 55

Table 3. 6The values of the melting enthalpyH) and the crystallinity degreé{) determined from

1stheating forsc PLAbtained by extrusion at different extrusiageamperature.

In order to stuly the crystallization procesd r and sacrystals, the analysis of cooling
DSC curves was performeeig 3.9resentsthe DS@oolingcurves at E = 10 K.mir for all
samples obtained by extrusion process. In the caskf 180 °C, the crystallization of pure
r ECe+3 o« A « }Toy@& R07 °Caring the cooling step. For thkx = 190, 200, and
210 °AU §Z EC+3 00]l Hndvsg crystdlZ talseplace as the exothermic peak is
revealed afT¢, r = 1121130 °C and¢, sc= 150t 162 °C, respectively (Fig 3.7). In addition, in
the case offext = 220 °C, the crystallization of sc crystals takes plade @t 169 °C and no

crystallization ofr crystals can be revealed.
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Figure 39. DSC curvesf cooling after 1 heatingfor sc PLAbtained by extrusion aex= 1801220 °C,

text = 30 m|n

During the 29 heating step fofText < 220 °C (presented in Fig 3.10), the formation of
crystals during cooling is confirmed by the intense melting pedk at= 176 °C, whereas the
sccrystals melting is observed &, sc= 220 °CThedecrease in the melting temperature of
the sccrystalsfor Tex:= 180 °Ci.e. from 232 °C to 220 Y@ay be caused by the change in the
crystal sizaeduced by the thermal protocolt is interesting to note that with the increasing
Text from 190 °C to 210 °C, the formation of ECe+S 0« [ Jv E - AZ]lo 3 E
formation decreasesrThis inverse relation can be revealed by the intensity of melting peak of
bothr v o @ECe*S 0¢ ¢ % & » vS Jvd o iX6X dZ s« E *posSes }uc
S U% E SPE %% E} Z_ %o Cﬁ %dheeauthdgs regortéd tlwaXblending of the
low molecular weight PLLA and PDLA at low temperafliyd. 60 t 170°C) could lead to the
formation of sc crystals in the blends. On the other hand, Baal. also noted that
stereocomplexation from high molecular weight polymetW > 1@ 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 homopaysnduring the process, thus a
special attention should be paid on the extrusion temperatumneour case the temperature
impact on low molecular weighMW < 1¢ kD3 PLLA and PDLA homopolymees observed

as the quantity of scrystals decreasedith theincreasing temperature. In case = 220 °C,
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the pure scrystals crystallization during cooling was confirmed by the melting pe&k at
218 °C with the same melting enthalpy and crystallinity degieduringl®t heating step(Fig
3.10 and Table 3.7)

Figure 3.10. The 29 heatingDSC curves st PLAbtained by extrusion process @x= 1801220 °C

andtext= 30 min.

Samples "Hm (J/9) X (%)
2"d heating r sC r sc
Sc PLATex: = 180 °C 37 11 40 8
Sc PLAText = 190 °C 8 55 9 38
Sc PLATex: = 200 °C 26 41 28 28
Sc PLAText = 210 °C 36 31 39 22
Sc PLATex = 220 °C 80 55

Table 3. 7The values of the melting enthalpyH) and the crystallinity degree{) determined from

2" heating for thesc PLAbtainedby 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 obtainetkat 220 °Clexx A 171 u]v }v §Z }vSE EC §
0}A 3 U% E SUE %% E} Z X D}E }A EU 5Z }VoCT¥%eE * v  }(
218 °C during the"? heating step testifies to the highest stability of sc crystals obtainddxat

= 220 °C duringx: = 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 homocrystallizatio.

3.2.13 Influence of the extrusion timetgx;)
In order to study the influence of the extrusion time on the stability of thergstals,
sc PLAvasalsoelaborated atTex: = 220 °C durint:x = 15 min. As for thec PLAelaborated
duringtext= 30 min, pure sc PLA crystals were olgdiduring the extrusion process shown

in Fig 3.11.

) (b)

Figure 3.11. DSC curves skt PLAbtained by extrusion process @x= 220 °C during the extrusion
time (@)text= 15 min and (bexc = 30 min.

No formation ofr crystals is observed during the cooling as the curve of thhaeating
step is charactezed by only melting peak of stystals atTm, sc= 218 °C for botlstudied
extrusion time. The sc PLA elaboratedeat= 15 min has the same values of melting enthalpy
("Hm = 80 J/yand the crystallinity degre€X: = 55%)as theone elaborated attext = 30 min.
Therefore, one can conclude that the optimum extrusion conditions of pure sc crystals

formation areText = 220 °C antix= 15 min.

3.2.14 Stability of sc crystals obtained by extrusion
Isothermal step duringiso =120 min atTiso = 260 °C was performed between th& 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:#is shown in Fig 3.10,@ystals in thesc PLA
are thermally stableln sc PLAextruded during 15 and 30 min, the presence of pure sci®LA
confirmed by the melting peak ai, sc= 221 °C during®lheating stepDuring the cooling step,
the sccrystal crystallizatioms observedat Tm,sc= 137 °C ah 149 °C for the blahextrudedat
220 °C during 15 min and 30 min, pestively, (Fig 3.12a and 34,2espectively.

(@) (b)

Figure 3.12. DSC curvesf sc PLA obtained by extrusion proces3eat 220 °C during (&= 15 min
and (b)tex:= 30 min. Isothermal step was appliedlias= 260 °C during 120 min between théheating

step and the 1 cooling step.

The heating and cooling cycles were carried out for several timesder to confirm
the thermal stability and thermal charactsticsof sc PLAThe decreasef 10 °dn the melting
temperature can be explained by the change in the crystal sizef/stals during the heat

cool processes.

3.2.2 Smicrystalline sdPLA by solution casting
Sc PLAbtained by solution castinggasanalyzed tanvestigatethe influence of the
polymer concentrationand the ratio of the homopolymers (PLLA and PDa\Yhe sc PLA

formation.
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3.2.21 Thermal stability
TGA was performed to determine tAgegin order to examine the influence of solution

castingmethod on thermal degradationThe solution casting method has no significant
influence on theTqegasone can see fronfrig 3.13and Table 3.85c PLA obtained by solution
castingstarts todegrade above 300C as well as homopolymeiBLLA and PB), while the
degradation of sc PLA obtained by extrusion process is initiated beloWC86éction 3.2.1.1)

Thus, he thermal degradation of sc Pd&pends strongly on thelaboration method used

(@) (b)

Figure 3.13. TGA curves of pureLRPA andPDLA pellets and sc PaBtained by solution casting: (a)

thermograms and (b) derivative curvas afunction of temperature.

Tof 1% weight  Tof 50% weight  Maximum of derivative

Elaboration conditions loss(°C) loss curve
°C) (°C)
PLLA pellet 296 367 373
PDLApellet 321 373 378
PLLA:PDLA =50:58 = 3 g/dL 317 362 379

Table 3. 8Degradation temperatureTgeg) of sc PLA (PLLA:PDLA =8pdbtained by solution casting.

3.2.22 Influenceof the polymer concentration

The influence opolymerconcentration was invegated by DSC and XRD analy®is

define the optimum condition$or the sc crystals elaboratioDuring DSC analysis the
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stereocomplexations characterizetty means othe melting peakofsc,randr[ E&CFg O
3.14 presentsthe normalized heat flow curves st PLAilms obtaired by solution casting at
50:50ratio of PLLA:PDLA with the concentration of 1, 2 and 3.gitle curves of pure
homopolymers (PLLA and PD)Aare given for comparisonThe endothermic peaks at
temperature of 176 °C and 23& correspondto the melting of r crystals and scrystals,
respectivelylt should benoted that the shape of sc PLA melting peaks show different behavior
compared tohomopolymers melting peaks. Thioubled melting peakestifies to the not

homogenoudlistribution of the crystals size in sc PLA samples.

Figure 3.14. DSC curves att PLAIIm obtained by solution castingPLLA:PDLA56:50 as a function

of polymer concentration

Table 39 presents the crystallinity degreealues In the sc PLA film at 50:5@tio of
PLLA:PDLA, the pure mystallites were obtained whatever thgolymer concentration. As
shown in Fig 3.14 and Table 318 polymerconcentration has no significant inénceon the

stereocomplexation.
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Samples "Hn (J/9) X (%)
r sc r sc
PLLA 44 47
PLLA:PDLA =50:50=1 g/dL 75 53
PLLA:PDLA = 50:50= 2 g/dL 80 56
PLLA:PDLA =50:50= 3 g/dL 77 54
PDLA 38 41

Table 3.9. The values of the melting enthalpy Hy) and the crystallinity degreed{ as a function of

polymer concentration

In addition,the microstructure osc PLA films obtained at the ratio of 50:50 PLLA:PDLA
with the concentration of 1, 2 and 3 g/dLasinvestigated andKRD spectrare presented in
Fig 3.15. SPLA shows diffraction peaks aff2 14°, 24° and 28° while homopolymers PLLA
and PDLA have peaks al219.5°, 22° and 26°.

Figure 3. 5. 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 r crystals presence in the film of 50:50 ratio of PLLA:PDLA with the
concentration of 1 and 2 g/dL wa®t confirmed by DSC measurements, ieDspectra of

these samples show thecrystal existenceonfirmed by small intensive pea&s17° and 19°
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Therefore, one may noticed that thpolymer concentration has slight influence on the

homocrystalresene in the obtained film of sc PLA.

3.2.23 Influenceof the ratio of homopolymers
Iv }E & S} Sp C SZ Jv(op v }(SZ Z}u}%}oCu E<[ & §]}}

reaction, te films with different ratio of homopolymer$[LA:PDLA) weedaborated. hie
results of ' heating scarare presented in Fig 6. The presence of crystalswas confirmed
by the endothermic melting peak ak, = 176 °CAt the same time, the pealt Tm, sc= 225-
235 °Ctestifies to the sc crystals presenc&hermal analysis results show th#te
homocrystallizationoccurssimultaneouslydue to the unpaired homopolymers chawhen
deviating from equimolar ratio of PLLA and PDAgcording to the obtained stereocomplex
crystalline structure PLLA and PDLA chaiare paired in each units with the equilateral
triangles structure Therefore,equimolar blending ratid50:50)is found to bethe optimum
condition for stereocomplex crystals formatiofiheresult of pure stereocomplex formation
at 50:50 ratio of homopgimers was also reported by Ikada et.

Figure 316. DSC curvesf sc PLAIIm obtained by solution castingt constantpolymerconcentration

(d=3 g/dD) as a function ofiomopolymer ratia

The crystallinity degree of and sccrystals was calculated by Eq 3.1 and the obtained

values are gathered in Tal3e10. Asshown in Fig 3.16 and Table 3,1i@e ratio of
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homopolymershas significant influence on the stereocomplex formation. The decrease in the

melting enthalpy and the crystallinity degree ofcsgstals was observed with the decreasing

of the PDLA content in the racemic mixture of PLLA and FABUAet al{9-11] indicated that

the melting peaks of both homo crystals andcsgstals were observed when PDLA fraction
(Xo) was between 0.10 0.3 and 0.7 to 0.9, while the pure stereocomplex was detecteddor
between 0.4 and 0.6 with maximum of the melting enthalpdi{) at Xo = 0.5. Thepure
homocrystallization occurred neab = 0 and 1. Irour case, the optimum blending ratiof
homopolmers for pure stereocomplex formatiomas found to be 60:40 and 50:50able
3.10).

Samples "Hn (J/9) X: (%)
r sc r sc
PLLA 44 47
PLLA:PDLAS5:05,d = 3 g/dL 42 7 45 5
PLLA:PDLAS0:10,d = 3 g/dL 33 13 35 9
PLLA:PDLA%5:25 d = 3 g/dL 11 41 12 29
PLLA:PDLAZ):30,d = 3 g/dL 4 48 4 34
PLLA:PDLAGO:40,d = 3 g/dL 64 45
PLLA:PDLA = 50:50= 3 g/dL 75 53
PDLA 38 41

Table 3.10. The melting enthalpy ‘Hn) and crystallinity degreeX{ values as a function of

homopolymer ratio determined from®theating scan

The XRD patterns éfms withdifferent ratio of PLLA:PDI(ke.from 50:50 up to 95:b
are presentedin Fig 3.7. As one can seeyhen deviating from the equivalent ratio of
homopolymers, the formation of homocrystals is observBte exstence of scrystals andr
crystalssrevealed by the reflection peaks oftcrystals (2I= 19.5°, 22° and 26°) andggstals
(2T= 14°, 24° an@8°).The results of XRD spectra are in good accordance with the literature,
as the r crystals show the reflection at 2= 16.6°, 19.1° and 17°, 1] and the sccrystals

show the reflection at I= 12°, 21°, 24ﬁ and 12°, 20.9°, 2.
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Figure 3. . XRD patterns of the PLLA/PDLA film obtained by solution casting at the different ratio of
PLLA:PDLA

The stability of thesc PLAwas investigatedduring 2" heating scan of DSC
measurementgFig 3.18)It wasfound that the sc PLA crystadbtained by solution casting
were not stable, as already during t28&4 heating up to 250C thecrystallization and melting
of rcrystals wa visibleand confirmed byold-crystallization ananelting peak. Moreovethe
intensity of melting peaKlm, sc at 223 °C which corresponds to the scrystalsmelting,
decreass significantly after heating (Fig 318). The values ofthe melting enthalpy and
crystallinity degree drstically reduce forsccrystals. The gstallinity degree of scrystals
decreass from 54 %0 10 % even for the sample with 50:80d 60:40ratio of PLLA:PDLA
during the 29 heating scanas shown in Table B. In addition, the r [crystals formation is
observed with coletrystallization at| 85 °C (the coldrystallization at tempeture T <100 °C
leads tothe formation of r [crystals form consisting in disordered crystals with hexagonal
packing). The reorganization of [imperfect crystalsnto r form crystals was observed
by the exothermic peak before melting at temperatufe| 160 °C. Th@resenceof sc PLA
crystals in PLLA/PDLA films was confirmediyalue found between 223 °C and 233 °C,

% Vv JVP }v §Z Z}u}%}oCu Enf FHBE]} ~&]P iXio0
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Figure 318. The 29 heatingDSC curves st PLAilm obtained by solutiorasting at different ratio of

PLLA:PDLA

The DSC resultsonfirm 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. withaand r [crystals) by solution

casting, namely at 50:50 and 60:40 ratio of PLLA:PDLA. Moreover, it can be pointed out that

scmaterial isnot stabo U
15t melting, Fig 318).
Samples

2" heating
PLLA

PLLA:PDLAGO:40,d = 3 g/dL

PLLA:PDLA = 50:58,= 1g/dL

PLLA:PDLA = 50:507 2g/dL

PLLA:PDLA = 50:507= 3 g/dL
PDLA

» $crystalscould appeaduring cooling and2"® heating (after

"Hee (J/9)

r
26

28
31
31
31
31

SC

"Hn (J/9)

r SC
47

39 14

37 16

37 14

37 15
40

X (%)

r SC

23
12 10
6 11
6 10
6 11
10

Table 3.11. The melting enthalpy '(Hn) and the crystallinity degreeX{ valuesdetermined from 29

heatingscan as a functioaf PLLA:PDL#ALtiO.
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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 tratisin temperature of the sampleslaborated by solution
casting and extrusion process. Since the material barrier properties are linked with the
molecular mobility and free volume$ Z }vS8ZJ[e ﬁ @as applied in order to
investigate the free volume and th&€RRsiz (as detailed in section 1.§.2MT-DSC
measurements were carried out in heabol mode,andobtainedcurves showed8Z & o0 ~ |-
and the Ju P]Jv EC ~ _* % &S+ }( §Z }u%o £ Z § % 15C
(detailed insection 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 temperalse 220 °C
and the extrusion timeext = 15 min. Therefore, MDSC measurements were carried éot
this sc PLAlend. MFDSC curves of sc PLA aresented in Fig 3.19The values of glass
transitiontemperatureestimated from the ¥and 29 heating stepof MT-DSC measurements
are presented in Table B. The CRR size of semicrystalline sc PLA iBlestimated by Eq
1.20 to be 1.6 nm and 1.3 n(from 15theating and 2% heating) respectivelyandis discussed
later. Sc PLA obtained by extrusion prochsas similar glass transition temperatufg (60 t
62 °C) as amorphous neat PLA and homopolymers, basitliiferent heat capacity stefp:24
J.g*.K! compared t00.15 J.g.K! for homopolymersThe results show that the amorphous
phase of sc PLA is not interlocked by the sc crystallites during the stereocompldxation
extrusion processThe DSC curves reveal that sc PLA obtained by extrusion process is not
guenchedo obtained wholly amorphousc PLAy the cooling rate of s = 0.78 K.mit which
is the maximum cooling rate for the used apparatus (QILAOnstruments). Therefore, sc PLA
sample is semicrystalline during thé4zheating step. Therefore, the minimum required
cooling rate for queohing 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 scannindzrate

higher than 200 K.mih
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(a) (b)

Figure3.9. [ v _ u@APkAgbtainedby extrusion: (a) thestheating and (b) ® heating £an
PLLA/PDLAlend by Ty (°C) 'G Tmax Of [(nm) X (%)
extrusion (J.g~.KY)  Gaussian fit
1%t heating step 60 0.24 61 1.6 55
2"d heating step 62 0.15 61 1.3 55

Table 3.12Glass transitioparameters of sc PLA obtained by extrusion process

3.3.2 MT-DSC analysis of sc PLA obtained by solution casting
Since thepresence opure sccrystals vasobserved in PLLA/PDLA film at the ratio of

50:50 and 60:40 of PLLA:PDL#e glass transition investigatiomgere carried out for these
samplesThe 1%t heating ramp of MIDSC measurements s€ PLAilm obtainedby solution
casting exhibittow heat capacity stegue to highX (Fig 320). Therefore, only the™ heating
step after quenching atk = 0.78 K.min will be presented. Fig2la % & + vSe $Z & o0 ~

v §Z ]Ju P]v & Gofconwplés héascapacity at PLA film PLLAPDLA=50:50) Fig
3.21b revealsthe glass transition and the heat capacity step of amorphau®LAilm with
PLLA:PDLA ratio 89:50 and 60:40The determined values of the glass transition and the CRR
size are presented in Tablel3. The CRR size of semicrystalline (fréhihdating)and fully
amorphous (from 2 heating)sc PLAilms wasestimatedby Eq 1.2@o be 0.8nm and 2.9 nm,
respectively. The number of structural units in CRRN, was determined for the

semicrystallineand totally amorphous PLLA/PDLA film$(&&.13) according to Eq 1.21.

116



CHAPTER 3. INFLUENCE OF ELABORATION METHODS ON
STEREOCOMPLEXATION REACTION

Figure 320. [ UW@EA }( « u] €€ €LAfioo(PLLA:PDLA = 500b®&ined by solution casting

during the ' heating €anof MT-DSC measurement.

(a) (b)

Figure 321. MT-DSC curves st PLA obtained by soluticasting:~ « 2 & o0 ~ [« v §Z Ju P]v
parts of the complex heat capacity as a function of temperature, (b) the glass transition of the amorphous

sc PLAiIms.

Wholly amorphous sc PLA has the similar heat capacity step as amorphous n ﬁ PLA
PLLA and PDLA. Wholly amorphous sc PLA has the glass transition tempkratg °C and
the heat capacity step of 0.54 3.&*, whereas neat PLA and hopalymers (PLLA, PDLA) have
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the glass transition temperaturélg at 60 °C, the heat capacity step of neat PLA and
homopolymers are 0.51 J:d<* and 0.46 J.4K?2, respectively. Ishould be noted that the glass
transition of semicrystalline sc PLA fibbtained by solution casting is rather wide and the
temperature transition range @ > 10 °C)]* }uS }( SZ o]u]Se }( }vSZ[*e %o % E}
3.20), thus theN, value of semicrystalline sc PLA film is too snhal=(5).

PLLA/PDLA fimby  Ty(°C) 'G Tmax Of G [(hm) N,
solution aasting (J.g-K?Y  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.

3.3.3 Comparing the amorphousphea % ] * }( ¢ W% ZC*™ u} o0_
During the crystallizatiorof polymer, the amorphous region volume is regularly

diminished and the decoupling between crystalline and amorphous phases regeiarally
incomplete due to the macromolea length . Such incomplete couplingeads to
decrease in chain mobility of amorphous phakkéssuggestdto describe the sensrystalline
polymers by &B-phase model including the crystalline phase, the mobile amorphous phase
(MAP and the rigid amorphous fractiafiRAF 16"17 . According taAndrosch and Winderlich
, the RAF amount correspondis a number of the coupling between the crialine and

the amorphous phase. Whereas the MAP remains inside the lamella stack, tisoRisied

as an interfacial nanolayer between the lamellae and V\@J Thein%oZ ¢ }u%o}v vSe |
are obtained and depicted in Figl®.and 320 for the semicrystalline sc PLA obtained by
extrusionand solution castingrespectively. Typically, the MAP degiegprfrom the ' G, step

at Ty can be calculateds:

where 'G A iglia t FoiaiS the thermal heat capacity step & for semicrystalline sc PLA

e
 pogl Z—‘” (3.2)

samples andg % is that of the wholly amorphous sample. As showTable3.14, andFig.
3.22, the total of theXuarandX:isfar fromthe equationline Xvwap+ X. = 1. Therefore, the RAF
118
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must be taken into account ia 3-phase modelln this casevap + X + Xrar= 1,where Xpar

corresponds to the RAF content.

Sc PLA samples 'G Xuap (%0) Xrar(%0) X (%)
(J.¢~KY
1st heat 2nd heat 1stheat 2" heat Ist heat 2" heat 1st 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. Thevalues of the degree of mobile amorphous ph¥ges, rigid amorphous fractiodzag

and the crystallinityé of sc PLA obtained by solution castargl extrusion

Figure 3.22. The evolution of the degree of mobile amorphous pha%ed and rigid amorphous
fraction (%kap as a function of crystallinity degre&:) of sc PLA obtained by solution casting (purple

symbols) andby extrusion (pink symbs).

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 extrusioeggigible andower than the ane of sc
PLA obtained bgolution castingln order to examine the relaxation of amorphous phase of
semicrystallinesc 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 seeg 8123, the amorphous phase of sc
PLA obtained by extrusiome{:= 220°Ctext= 30 minyelaxes independently from thexistence
of stereocomplex crystalline structureshile the amorphous phase of sc PLA obtained by
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solution casting relaxes at highgéemperature due to crystalline structurkindrance 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 differencéecan
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.

Figure 3.23. Rescaled heat flow curves of amorphous and semicrystallineoholymers and sc PLA

obtained by solution casting and extrusion process.

Conclusion
Stereocomplex PLAs were successfully elaborated by both solution casting and

extrusion processThe new crystalline structureevealedby microstructural investigation
enhances the thermal properties of PLLA/PDLA fillwas found that the gtrusionprocess
had the influence on the thermal degradation temperature. Thermal treatment during the
extrusion procesprobably leads tahe polymerpartial degradationTherefore, adecreaseof
the degradation temperatures observedThe extrusion temperature has significant influence
on the stereocomplexationasthe pure and stable sc PLA crystaigre obtained at Text =

220 °C andex: = 15 minIn addition, the amorphous phasf sc PLA obtained by extrusion
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process relaxes independently from sc crystalline structdi@vever, the obtained samples

were extremelymechanicallyfragile for further analysis.

The influence of the ratio diomopolymerswasstudiedresultingin the pure sc PLA
crystalsformation in some case§he optimum conditions of solidn casting methodvere
establishedhs the pure sc PLA crystalere obtained only at ratio of 50:50 and 60:40tkvthe
polymerconcentration of 3 g/dLIt was found that saition casting has no influence on the
thermal degradation temperaturddowever, the obtained pure sc PLA crystals were not stable

asthe appearance of the crystals was observed durin§®heating scan

In order to understand the properties of sc Pli#e further advance analysis will be
carried outfor the sc PLAample obtained by solution castifs0:50 ratio of PLLA:PDLA, d= 3
g/dD). The amorphous phase species of sc PLA (obtained by solution casting and thermally
molded-quenched according to the sgon 2.1.2.2.) will be detailed and discussed in the next

chapter.
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CHAPTER AMOLECULAR DYNAMIC STIDAMORPHOUS STEREOCOMPLEX
POLYLACTIDE

In this chapter,§Z ]Jv(op v }( 2 § 8] ]8C }v u}lo po E
amorphous phase will be presented order to study he molecular dynamicthe results of
Fast Scanning Calorimetry (FSC) and Dielectric Relaxation Spectroscope(PRB)elated
The combination ofttese twotechniquesallowed ugo investigate the primary and secondary
segmental relaxations of sc PbAdto comparethem with the relaxations ofamorphous
homopolymers, PLLA and PDLK. addition, different approaches (namely, fictive
temperature, aging process, free volume modelgre used in order to determine the

amorphous phase properties.
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4.1 Investigation of the amorphous phasgropertiesthrough FSC

The glass transition temperatureTd) is the most important parameter for the
structural relaxation analysi Thereforethe evolution of Ty as a function of scanning raveas
studiedby means othe fictive temperature(Tr) concept(presented in sectior2.2.4.1).
During the measurementgscial attenton is paidto the sensitivityof the heat flows of FSC
curvesbecause of its dependence on the sample mass aadrsng rate. The obtained
sample mass is equal to 463 ng according to theds = 0.46 JgK?! and 0.54 JgK! for
homopolymers and sc PLRespectivelymeasuredoy DSC (Fig 4.1)y comparing the value of
the heat capacity step43) of wholly amorphous sampl.

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

At the beginning amples were studied at teperatures from-50 °C to 270°C with
scanning rate E = B ranging from 300 Ksup to 4000 K$to determine the glass transition
temperature The normalized heat flowsurves obtained b¥SGre presented irig 4.2 The
sensitivity of the signal becomes too lavhen decreasing the scanning ratem 4000K.s!
to 300 K.3 (Fig4.2). Nevertheless, no enthalpy relaxation and thermal lagadrserved during
cooling.However, hereare endothermic peakahichcorrespond to the enthalpy relaxation
Besidesshifts of theglass transition asciated to thethermal lagcan be observeduring

heatingfor each scanning rate
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(a) (b)

()

Figure. 4.2. FSC normalized heat flow of the wholly amorphous samples as a function of temperature
upon heating and cooling &guivalentscanning rate E = & ranging from 300 k! up to 4000 K& (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
Thethermal lag olainedfrom FSC curvdsetweenheating and cooling shown inFig
4.2. Thereforethe thermal lag correction ascarried out h order to improve theaccuracyof
the T investigationas detailed in section 2.2.4.Zhe temperature corrections are done as

proposed by Schawﬂ (valuesare presented irAppendix Chp 4 (A. 41)). TheTs and total
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thermal lag weredetermined for wholly amorphous samples at scanning rate of seven
decades from 300 K.3up to 4000 K:&. At the rate of E = B= 300 K3, nodynamic thermal

lag Gpwas observed for PLLA and PDLA, while it was 0.6 °C for sc PlGb imbieeaseswith

the scanning rate increase, and it reaches nearly 3 °CHor k& = 4000 K:$for all samples.
On the contrary, atatic thermal lagGs exists even at the lower scanning rates due to the
sample thickness, anitlincreaseswith the increase ocanning rate. The calculatddupon
heating increases with the scanning ratehile the calculated upon cooling remaingqual

65 r1 °C for PlLA.and sc PLA, and 6@ °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 measuredduring cooling should match well withhe
average values of the correctddfrom heating.Taking into accounadvantages of theGp
and Gscalibrations, the measured fictive temperatures from heatarg corrected for each
scanningrate (detailed inA. 4.1and A. 4.2). The correctedls shows independent behavior
from the scanning rate, and the average values arer@,66 r 2, 65 r 2 °C for PLLA, PDLA
and sc PLA, respectivelg.addition,Schawe purposethat the static effect can be prevented
by the sample thickness of 10 um or lower atiuis, the thermal lag occu onlydue to the
dynamic temperature gradient in case of the relatively lower scanning,rages 100 K.é.
However, in this research high scanning rates were investigated in order to méadureng
heating and coolingthus Gsmight also be considered f@amples with thickness lower than
10 um.Therefore, he estimation of thels was carried out one more timfer the same cooling
rate anddifferent heating rates. Since thelt and/or Ty dependon the applied cooling rate, the
same cooling rat€0.78 K.3) isapplied to all samples to vitrify, thus the uniqligs measured
during heating. Asthe results of the vitrification, the calculated and correctedy FSC
must be equal thels measuredupon cooling at 0.78 Klsby DSC.The evolution of the
measuredTs shows that when the heating rate increases, the heat transfer dslaypserved

in the samples and th& of the samples increasén the temperature range from 54 °C up to
69 °QHg 4.3. TheTs measured by FSC upbeating without correctionT: corrected from Gp
andT; corrected from G areplotted in Fig 4.3TheT; of wholly amorphous samples measured

upon cooling by conventional DSC is also depibtediark red sphereDue to the straight line
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signal upon cooling on FSC, th& upon cooling was determined from the signal on

conventional DSC as 56l °C for PLLA and PDLA,r34°C for sc PLA as shown in F&j 4.

(a) (b)

(€)
Figure 43. Evolution of theTt as a function of the heatingE & fram 300 K3 to 4000 K3 investigated
after vitrified $Z « u% 0 o =9.78tK 3: (3 PLLA, (b) PDLA and ¢c PLADash line is average
from blue empty up triangle (FSC) and dark red sphere (DSC).

Thenthe valuesof Tt obtained by DS@ere compared with the values of the corrected
Tt from FSCOnly the Gpwas applied to thdt to observe the necessity of th@scorrection.
As one can see, thRis still dependent on the heating rate aft€bp subtraction (Fig 4.3).
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Therefore, theGpis notconvenient to completeG correction in case of high scanning rates.
When Gswas subtracted from the measurédas well asGp, the nondependency of thélt
on heating rate and the matching between the correctetrom heating and thdt measured

upon cooling were observed (Fig 4.3)

Consequently, from the results of the thermal lag corrections, it mayndied that
whenthe same cooling rates applied the sameTgy and/or Tr is measured.It shouldbe also
mentionedthat no significantdifference of theT; could be noted between the three polymers.
On the other handthe same values of th& were determinedwhateverthe high cooling
rates. Similaresultswere found for PLAased polymers and its derivativ%. However the
difference between thels measured aftercooling at E = 0.78 K3and E =1500 K.3 is
observedThusthis fact meanshat there is a crittal cooling rate to obtain the uniqugasses.
Dueto suchdifference betweerthe valuesof Tr uponcooling at E = 0.78 K:3and E =1500
K.st, the cooling rate dependenof T is well definedTherefore a lack of the applied cooling
rate dependence of the fictive temperature can besaloved inglassforming systemsbove

certain and/or critical scanning rate during FSC measure .

4.1.2 The fragility irdex m
The cooling rate dependence of thie was studied andit was fitted by the VFTH
equation Eq 2.15) (Appendix @h 4 (A. 4.9 to determine the dynamic fragility index by

VFT equation (Eq 2.16 and Eq 2. 8-10]. In them calculation, Ty is taken as theT;

determined at a cooling rate of 0.78 K.as 329 K and 327 K for homopolymers and sc PLA,
respectvely. According to the obtained results (Table 4.1), tadculatedvalues of the
dynamic fragilitym for studied films are ratheclosetaking into account the measurement
precision These values are in the range of the fragility values defined by Angelinl§200.

The higher the value ah, the more fragile the system. So, all the samples can be defined as
N(E Plo _X
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Sample B (K) Tv (K) M
PLLA 36 rl1l 48 r3 185r17
POLA 37r8 48 r3 190 r11
Sc PLA 73122 41 r4 142 r44

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

4.2 Structural relaxation dynamics through physicalying

The measured and correcte@ values were determined to estimate the aging
temperature (Tag). The determined constant values ®&fat all scanning ratesxhibit unique
glass formationDue tothe estimation of unique glassbtained by higher cooling rate, the

scanning rate dependence of the physical aging was investigated.

421 Influence of thescanning rateon physical aging
Physical aging ascarried out at thelyg calculated according to the correctdgwhich
are 66°C for PDLA and 6% for PLLA and sc Paffer a coolingat 1500K.s?, asshownin
section 2.2.4.3Therecoveryenthalpy values werealculated andomparedfor each scanning
rate andaging time(tag) for all the samplegdetailed in section 2.2.4. . The enthalpy
recovery foreach sample$PLLA, PDLA and sc PatAhe scanning rate range fog =1 min,
10 min and 100 mihassimilarbehavior Therefore, onljthe results ofagingat the scanning

rate E = &rangingfrom 300 K.3 up to 4000 K:$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 shé&wg.4b,
the values of enthalpy recovery are independent on the scanning rate, but dependent on the
tag, @S average values of 5r®.4 J/g, 7.8r 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 fletive 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 amorphouBLLA, PDLA and sc PLA, the scanning ratef & =

1500 K.3 was chosen due to the less sigmalise ratio.
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(a) (b)

Figure 44. Aging of sc PLA @, =Ty t 18 °C atthe scanning rateange E = & from 300 K.3 up to
4000 K.3. (a) Normalized heat flow subtraction fag = 100 min. (b)alues of the enthalpy recovery

as a function oftg for tag= 1 min; 10 min; 100 min.

4.22 Physical agingt four different aging temperature
The physical aging was carried atithe Tagchosen a3ag=Tf t5°C,Tag=Ts 18 °C,Tag
=Ts t13°Cand Tag =Tt t 18 °C with thet,s ranging from 0.001 min to 100 min for all the
samples.The enthalpy recovery of the structural relaxation of amorphous sampies
investigatedto definethe chirality impacts on the relaxatiorRhysical aging of polymersaw
widely studied andt was reported that quenching or higher cooling rates albnvusto

acceleratdhe aging and the enthalpy recovery of matesitd reach equilibriunon laboratory

scal¢g 3"12—15 . Fig 45 presents the normalized heat flows of aletged samples from 0.001

min up to 100 mirobtainedby FSGt E = B = 1500 K:&for the T,y below the respective
glass transitionemperature. The red dash lir@rresponds to the rejuvenated curvieorall
the curves endothermic relaxation peakare superimposedo the glass transition and shift

towards higher temperature with the increasing, asusuallyobserved for physical agi

12-15|. The endothermic peaks are intense and broadened, thuslawer the T, the higher

the enthalpy recoveryfig 46 shows the decline of the enthalpy during the physical agpng

all studied Tag.
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(@) (b) (c)

Figure 4. 5Aged amorphous (a) PLLA, (b) PDLA and (c) ddrRé&xamined by FSGraphs on the same

line represent the sam@&,.
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The difference between the total enthalpy logklr and the enthalpy recovery at a
given aging timedag shows different behaviors according to tfg,. Despite the different
structure of samples, similarities are observed for the sd@geandtag. The kinetic decay of
the enthalpy recovery during the phigal aging is similar for different sampl@sapid kinetics
of physical aging was observed as the equilibrium was reaafted1 min at 5 °C below.
Besides the rapid kinetics, FSC aBows usto 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 temperaturewith very short relaxation tim . The enthalpy recovery is guided by a

single step decawnd the classical stretched tendendy observedsimilarto other glassy

polymers|16-18§|.

As depicted in Fig 4.6, the enthalpgcovey 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 ressltoppositeto the assumptionproposed by
Gomez Ribelles et based on DSC measuremenihe auhors assumedhat
thermodynamic equilibrium cannot be reached because of the steric hindramdenolecular
mobility induced during structural relaxatiomn addition, Hutchinsost aI. reported that
a certain fraction of theglassforming liquid was vitrified towards the glass transition.
Therefore, the slowprocess(i.e. the vitrified fractior) and the fastprocess(i.e. the non
vitrified fraction inhibif) to reach the thermodynamic equilibrium. FSC allows oligjiglasses
with high enthalpy andreachng the thermodynamic equilibrium. The lowest aging
temperatures exhibits also single step decay, thoesnot allow reaching the equilibrium at

the investigated aging time.

Although all the samples have the similar behavi@r. a single step decayin orderto
compare the relaxation kinetics of all the amorphous samples, the enthalpy rgcandrthe

master curves of normaled enthalpiesreinvestigated and presented in Fig 4.7.
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(@) (b)

(€)

Figure 4.6. Time evolution of the difference between thdH; and the 4.g for the agedamorphous
(a) PLA, (b) PDLA and (c) sc Bk function o,y with the aging time ranging from 0.00din to 100
minat E = E=1500 K&

The difference in the calculated}S o v3Z o %@ calised by the amplitude of
the heat capacity step of the samplék46 and 0.54 JgK* for homopolymers and sc PLA,
respectively. As shown in Fig 4a, the physical propertiesre dependent on the logarithm of
the t.. Therefore, the aging rate can be determined as the slope of the lifieaand
corresponds to the enthalpy change towarequilibrium.One can noticedrom the Fig 47a
that all the samples have the similar rate of enthalpy reco&r§6 r 0.06 J/decadg Fig 47b

presents superimposition of theaster curve ohormalizedenthalpy recovenas a function
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of the logarithm of thet.g. The enthalpy recoveries ar®rmalized by the infinite enthalppss

as follows:

d*aaéaowilg%wva (41)
<
A Z EHnohaizedis the normalized enthalpy recoveryHecoveryis the measured enthalpy

E }A EC }( 8Z P <Hui%ile total emthadpy loss.

In addition, he ToolNarayanaswamyvloynihan (TNM) model iased to explairthe
evolution of the glass$ransition temperature related to the relaxation enthalpy caaging
temperature {Tag) for an aging timétag) . TheTNM model isised to fit master curves
by assuming a specific expression for the temperature and structure dependence of the

relaxation time WT, T) as follows:

| koL # %515 E%;A 42)
where T is a reference temperature well above the glass transition temperatuiis, the
nonexponentialparameter determining the broadness of the relaxation spectriithen
these parametersare obtained by DSC analysss) the shape of parameters corresposatb
the behavior of the system in the owff-equilibrium gate. However,some nconsistencies
werereported concerning the equilibriutmehavior if the relaxation expressed fofT, Tr) was
not fitted correctly. On the contraryo the complexity of TNM modeiip our casethe master
curves of enthalpy recovemyf all the samples cahe fitted usinga simplified approachi.e.

the KohlrauschwilliamsWatts (KWW) functio, as follovs:
0P L AC wee; “EE 4.3

where ) (t) is the correlation function,&ww(0 < &ww< 1) is a stretch exponent, and{wis

the relaxation time for&ww= 1. As shown in Fig/4the master curves ofag =Ty t8 °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 0.4 forTag=Ty t5 °C anck=-0.2for

Tag=Ty 113 °C andag =Ty t 18 °Clnthis caseKWW function is sufficient to fit all the curves
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within the single relaxation timéMhich is determined as 0.04 s according to the reference
temperature. Thekineticsof decays of the enthalpy recovery of all the samples during the
physical agings exactly the sameNo influence of the tacticity on the structural relaxation is

observedas a result of kinetic investigation.

(@) (b)

Figure 4. 7(a) Time evolution of$Z  v3Z 0% C &k forjdge@apofphous PLLA (up triangle),
PDLA (square) and sc PLA (down triangle) fildgfatent T.g. The arrows show the values @  for
homopolymers and sc PLA. (b) Master curveshefenthalpy recovery normalized by the infinite

enthalpyloss Reddash linecorresponds to the KWW fittindeq 4.3)

4.3 Segmentalelaxationinvestigations by DRS

The molecular dynamics of all the amorphous samples was investigated by means of
dielectric relaxation spectroscopy (DR3$he r-relaxation parameters likehte dielectric
strength, the relaxation timand the fragility indexf all samples were examingéd combine
the results with the results of FSC. The cooperativity of molecular mobility is presented in the

notion of thedynamically correlated numbeédcand the cooperativity degrel .

43.1 d Z -relaxation process
The experimental raw data obtained from dielectric relaxatiepectroscopy
measurements are presented inCBillustration in Fig 8. The dielectric losH [ rheasured

as a function ofemperature and frequencyThe dielectric spectra of all samples display
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similar characteristicin the same temperature rangmwards the glass transitionlhe r-
relaxation peakwhich is the dielectric response of the glass transitimmadens and shiis
towards higher temperature as the frequency increadds conductivity phenomenomhich
isrelated to the charge transport is also obsenadightemperature and low frequency.he

] o SE] & o £ S]}v *% SE v - l@créasE&diH vC  %oe 31 %o
H Jvs§sZ (E ««pv C E VP S v ]+}SZ niain paranetéss techapaGierixked Z
dielectric properties can be determined frombotH vH A Eepe (E <u v C %0}3X
example, the relaxation timéjaxcan be determined from the maximum value of frequency
fmaxwhere H G Z « ]S« u AJupu A op 3§  T.E® heasuredecopléu E
permittivity signals(B) e<¢} ] § Al18z 3§z %aBiatiod @nd~secondary §
relaxation)relaxationwere fitted by the empirical Havriliakegami (HN) function (Eq 4.4) to

complete quantitative analysis of the dielectric spectra in the frequency don

W:ﬁ;L %E>5>:Ul-¢;1a?1¢ (4.4)

The HN function allows to fit the reaH( &) and the imaginary i ) componentsof the

complex dielectric permittivity & ( 2) by the following equations:

. ~ v amdr; 1; ;
Yifi; L Y E ¢*ac e e — (4.5)
&>6q gl——"2¢ 1,0 te > a5 teh
o 1T, 1,
VAL ¢*ac e e — (4.6)
B>6qgl—-"2%: ., i ie>: 4, teh

<

where Zis the angular position{= 23), H is the unrelaxed dielectric permittivity4Hn is
the relaxation strength,W is a characteristic relaxation time andiv and En 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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(@) (b)

(€)

Figure 4. 8DielectriclossH « A Eepe (E <u v C v 3§ stédiedaniqrBouy s&mpleso
(a) PLLA, (b) PDLA and (c) sc PLA.

The isothermal dielectricspectra of amorphous sc Plate shown as a function of
frequency for different temperaturein Fig 4.8 and Fig Cas an example of DRS analysis.
All the amorphous samples show similar variations durglgxationinvestigationslt should

be noted thatall samples show two complex relaxation processes. The first one is the
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secondaryrelaxation (Eprocess) observed at lofvequencies and temperature@=ig 4.9Q\).
This relaxationshifts towards higher frequencyange as thetemperature increasesThe

second one is the primary relaxatiorr-grocess)which can beclearly seen inhigher

temperature ranggFig 4.€)

Figure 4. 9Imaginary parts of the complex dielectric permittivittf (¢ A E e+ pe (G amorphods
sc PLA film: (A) in the glassy state at temperaiureT, (B) clarification of dielectric spectra fitting for
secondary relaxationEprocess)(C) in the liquid state at temperatufe > T, and (D)clarification of

dielectric spectra fittig (} & % E]Ju & C fGroaesdf 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 relaxatons 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
}SZ r ¥relaxations shift to higher frequencies bkeep 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 Bbaie°C

due to the cold crystallization during the measurements. Thereftire 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 aspoly(ethylene teephthalate) (PEY , PLA and

poly(hydroxyalkanoate)s(PHA$. In addition, Soccio et ﬁ reported that such a broad

Erelaxation phenomenon is caused by interactions between ester functional groups and the

main polymer chain as well as stereocomplexationNmn homopolymers (PLLA and PDLA).

In the case of poly(butylene 2fGranoate), the Erelaxation has two processes which are a

faster k relaxation due to the association of the mobile subunit with the G of the ester

group and a slowel relaxation correlated to the connection between the aromatic ring and

C O of the ester group. In the case of stereocomplexation, such a classical Breladation

of polyesters maybe caused by similar interactions between the mobile subunit and tke C

of the ester group and/or the main chain and CO of the ester group due to the

stereoselective van der Waals forces. Therefore, the isothermal spectEaetdixation were

analyzed by two symmetrical HN functions, called @wé functions at diffemt

temperatures.

4311 dZ u 3 E HEA ¢ VvV ¢Z % %EE u 3§ E*W r v
The shape parameters determined by the HN fits of threlaxation procesare used
to define the symmetric and asymmetric broadening bétcomplex dielectric functio.
The values of the shape parameters determined for all the samples are foleless than

1in accordance witliterature . By using the estimated values ¥&, run, Enparameters,

the relaxation time, Wax= (2 $max)™* was calculatedis:
. L H qgb—¢—=~—p ¢ @7
iyosl 14 e— i :
ade AcC qg'.e.l'lép
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The correlatiorfunction can becalculated using the HN relations:

1; 1

< < . .
B L 5 Ilc_p qol 1, 4

AL - — (4.9

> | p ¢ >6l p ¢ amq 1, ;!

¢ ¢
with

. @iA16 >amq 1, ;

i L-F P="%H _ — | (4.9
6 qol 1,

wheref (Ws the distribution function W is the HN relaxation timersnand Enare the HN

shape parameters. Therefore, in term of the distribution of relaxation time, the correlation

function ) (t) is expressed :

0:RL I BLATY @P (4.10

In a certain time domain, the correlation function can be well described by the KWi¢h
exponential functionas presented in Eq 4.. To expess the timescale required for
molecular units to relaxr move the master plots of the dielectric loss for each isothermal
spectrumarereported in Figt.10. The results show very good overlap of all the curves forming
a single maer curve. On the otar hand systematic deviation from the master curve is
observedin the high frequency rangéor the r relaxation. his kind of deviation can be
explained by the contributiorof noncooperative localized molecular mobility, such Bs
relaxation process, combined with tineolecular mobility of localized molecules. Furthermore,
such an interdependence afand Erelaxatiorswas reported also by Johari and Golds

and was investigated in glagsming systems . While the temperature of
measurement is increased, the impact of tReelaxation increases on the master casv The
non-Debye relaxation in the time rang8 (s empirically explaineloy the KWW functio .
Eachmaster curvewasfitted by the KWW relationshigEq 4.3 in order to calculate KWW
stretching parameter &ww. The stretching parameter &ww allows comparing any
asymmetrical broadening behavior of the relaxation process at high frequencies with the

exponential decay which corresponds to a Debye relaxation ighw= 1.
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Figure 4. 10Loglogplot of the master curves of amorphous )LA, (B) PDLA and (C) sc PLA samples.
Light blue dash lines correspond to the KWW fits.

The HN parameters are correlated witie stretching parameterkwwas fO||OV\S
ipp L Uiclhgi**>7 (4.12)

The master curves were obtained by normalization of the spectra with the maximum
of H v ]S -eterppn frequency at the different temperatures (from 58 to 78°C with a
step of 1°C) aul fitted by KWW function to graphically visualize the stretching param&igvi.
These master plots lead to show whether temperature lmdkienced on the shape of the
structural relaxation process, which would represent different distributions ofréh@xation
times at different temperatures. As shown in Fi¥ the values ofkwware experimentally

foundto be0.37 r 0.02 for PLLA and PDLA, and Or®602 for sc PLAThese valuesave a
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good compliance withhe values calculated by Eq 4:1640 r 0.01 for PLLA, 0.380.01 for
PDLA and 0.390.01 for sc PLA. In additionhis result isn good agreementvith the value
reported in literature for PLA from DSC measuremegw | 0.35.

Figure 4.11. Variation of the &kwwparameter as a function of temperature fstudiedsamples.

4312 ] o 8E] & o £ §|Hv +3E VP§Z 4
The dielectric relaxation strengthdH of r 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 Kirkw, the values of4H depend on several
parameters and are also calculated by the generalipedif} ( $Z C [*+8Z }®BC =+« (}oo
oY L 7—5 G— 4.12
where klis the dielectric permittivity of vacuumggs the Kirkwood correlation factor which
corresponds to the shostange intermolecular interactions leading to specific static dipole
dipole orientations, fiis the timecorrelation function of the total dipolenoment, kg is the
}odlu vv[e }vii$theddmperatureandN/V is the volume density of dipoles involved
in the relaxation procesgig 412 presents thetemperature dependence of thetH of r-
relaxationfor PLLA, PDLA and sc PLA.
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Figure 4. 2. Temperature dependence c§Z ] o SE&] B IE vdbaXaionfor amorphous
PLLA, PDLA and sc PLA.

Iv. Pv E oU §Z ] o SE] E K décré&dses with@Eempesaiurel
increasin. Such a temperature dependengg K wasalso reported in literature
for other kinds ofglassforming systemg.e. polymers and thin polymer filn 31"38"39 .The
obtained E eposSe Jv] § SZ <« u Z Al}E }( SHforpllahesamplesSE VvPS.
(Fig 4.2). In addition, the ] o SE] *S@®oV&SALAdiso}e S} SHvaldes of

homopolymers.dZ u ZAZJupu A oH werg(reported at the lowest measurement
S u% E SPE (}E Z * U%o 0 Xduhiie(2.0480]5)jsualoké td thepreviously
reported resultof Pluta et al for PLA @2.5).The insein Fig 4.2 presents the normalized
4Hby temperature T 4Hnormalized to the maximum value at lowest measured temperature)
as a function of temperature for all the samples. Inset plot shows ThHe# decreases with
increasing temperature for each studied samples reported by Scht')nhal, such
temperature dependence caused by an increasing influence of intermolecular interactions
between dipoles with decreasing temmaure. Therefore,the stronger the temperature

% Vv Vv H tde stronger the intermolecular interacis with decreasing temperature.
dZpeU ep Z Z E S EHglaxdtion &andE defined by cooperativilgaracterof the

fundamental moleculamotion responsible fothe molecular dynamics. The size of the
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cooperative rearranging regiomcreases with decreasindneé temperatureand, therefore,

effective dipole moment increas.

4.3.1.3 Relaxation magdor r-and Erelaxation
The relaxation map in Fig 4.5Bows the relaxation timesi4x as a function of the
inverse temperature for bothr and Eprocesses. The temperature dependence of the
relaxation time,i.e. the recorded I values could be fitted and well described by the

Arrhenius law as follosy
L i ATEEA 4.13

where E is the activation energy of théz relaxation,Ris the gas constant, anéya is a pre

exponential factor.

Figure 4. 13d u% & SuE& %o V V }( - SEEejaxatiofEtimnes asva function of the

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

The values of activation enerdg are calculated as 64 10 kJ/mol for PLLA, 5712

kJ/mol for PDLA, and 6610 kJ/mol for sc PLA. Such resultsiargood agreement witthe
resultsfor the other pdyesters 79 r 10 kJ/mol for PE and 36- 46 kJ/mol for PL.
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The values d& correspond to the local motions of the polar subunits of all the samples.
In addition, theE; value obtained for sc PLA is the sametftie value obtained foPLLA and
PDLA. Such results can bethe origin ofthe similarity in the chemidastructure ofthe

repeating units of homopolymers and sc REA2.1).

4314 vVvP oo v "%ol}®[k(r &E 0 £ S]}Vv
To invesigate molecular dynamics inrela/E S]}v % &} +*U VP oo[s v EEZ
are studiedand presented in Fig 441 The symbols correspond to the experimental data and

the red lines represent the VFT fif.corresponds to 14 100 s andj; ¢ &iS a relaxation rate

which isequivalentto 1/ W4x, where W= 1/2 Smax.

(a) (b)

Figure 4. 4. (a) Relaxation timeld as a function of normalized temperatulig wiood T ~SZ VP 00]*

plot), (b) Arrhenius ploof $Z U} E % Z}pe W>> U W > v o W> (Joue (}E& SZ r C

The temperature dependence of the relaxation time of theelaxation can be fitted

by a VogeFulcherTamman law (VFDy the following egation:
lacel LLATEL A (4.14)

where K4xis the relaxation time at the maximum of therelaxation,D is the dimensionless

parameter defined as the steepness strenglhis a reference temperatureso called Vogel

150



CHAPTER 4. MOLECULAR DYNAMIC STUDY IN AMORPHOUS STEREOCOMPLEX
POLYLACTIDE

temperature, and\Wis a preexponentiafactor. dZ v P o os[in Btg d A&reall practcally
superimposed. Furthermorethe temperature dependence of the relaxation frequency
correspondingtoZ ] o SE] r & o ¥ Shhpednposed. Such a simitgrcan

be explained by the similar dynamic glass transition temperature as shown in T2blkhd.
dielectric value of the glass transition temperature is usually selected as a temperature at a
relaxation time equal to 100 s. The temperatures obtainedRS at relaxation time equal 10

s match better with the calorimetric glass transition temperatures obtained byD8T with

a period of 60 . In literature,there are several studies of dielectric values of the glass
transition temperature showing good deal with the valudsserved by thermal techniques,
such as DSC and I\DBC . For better fit of relaxation data in the relaxation

temperature range, a second VFT law is requireddbne the temperature dependence of

the relaxation time depending on the mater.

Samples Tg(<100s) (K Tg(<=10s) (K Ty (K) D To(K) log(v) (s) E(kJmof)
PLLA 328 331 332 35 29 -13 64.4
PDLA 328 330 331 57 299 -15 57.3
Sc PLA 329 332 332 43 299 -14 64.7
PLA[49] 327 327 5 292 -14

Table4. 2. Results obtained by DRS: the glass transition temperature 800 and 10 s; dimensionless
parameter of the VFT equatidD; reference temperaturély; the relaxation time extrapolated at an
infinite temperature v; the activation energy of theg-relaxationE.. The values ofgy are obtained by

MT-DSGneasurements

The temperature dependence of the relaxation tin}d -process ignvestigated by
analyzing the derivative methaasproposed by Stickedt aI.. Stickel et al. presented the
VFT description in glassy liquighichis associated with the linearity dfras a function of:

0 L paRal o1a pn ¥ (4.19

%5444 ;

A8] | o[ %0}S ] Ju%}ES vS§ | C S}}o 8§} § CBu]v SZ Cv u]
two dynamic domain . Fig 4.5 depicts the derivative analysis of ehdielectric
relaxation time for all the samples. As shown, a single linear fit is sufficient to examine the

behavior onthe entire temperature range. For quantitative analysis, the VFT paramBi@s
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= Dr uTo) and the temperaturelo ( )T = 0) were estimatedrom derivativebased analysis by

linear regression as foII:

; ?5 25
RaU5ba gig V6 Rz Ve . .
@TAC L @5 A " 6F 6 (4.16

The value offp and Dr are determinedo be293 r5 K and 4.12r 1 (as an gerage for
three samples), respectively, so the parameteis calculatedto be 1207 r 100 K.The
parameters obtained( E}u §Z 73] | o[+ yowdagiee@enk andre similar for all
the samplesThis result is in good agreemewtth previous workon neat PLApresented by
Rijal et aI.. All these parameters correspond to the fragility indetuesof the glass
forming liquids By takingnto account VFT fits and the derivative ¢ ~N8] | o[ VvV O0Ce]e!
uncertainty for the parameteB can be taken inthe range af iiiU ¢} ~S] | o[¢ v 0C-e]e

be also used to export VFT parameter for fragility investigation.

Figure 4. 15The derivativebased analysis of the temperature evolution of dielectric relaxation data,
*} 00 "&jlot. bighlt blue dash line correspasi the linearfit of the relaxation dataTy is the

Vogel temperature.

4.3.2 The fragility indexm by DRS
The next step of analysis for glassy polymers is calculating the fragility imdex
extend quantitative comparison. High values of the fragility index u}vesS®& § "(& PJo _
materials with a norArrhenius temperature dependence of the relaxation tinfi&pproactes
toTgX dZ eCe*S ue 00 "NeSE}VP_ *u% @Engg Arrhenjugliles & % E VS
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temperature dependence of the relaxation time on the Arrhenius diagram. As defined or
il o]<p]l » E }ve] E s "N(E RD TIUSAZCEE. (}Ev s Ne3E}VP.
degree of deviation from Arrhenittype temperature dependence nearTy allows a

classification of gIas:é}CEu E- }v SZ °]e }( SZ <+SEU SPE 0o E o £ S]}

WV %S FlI&fatl(X/\s

xRalUgis;
- g’A' d (4.1

A i @i

where Ty / T is the temperature normalized with respect to the glass transition temperature
Tg. All parametersvhich are necessaryp calculate the fragility inde&re gatheredin Table

4.2

Thecalculatedvalues oim for homopolymers and sc PLA are 146 and 150, respectively.
dZ & (}E& U eu Z € *pose } E & -formers Sti¢ghoeharioP depend® onhee

molecular structure with extended van der Waals interactions and/or hydrogen bonds

between polymer chaings2{|54]. In previous works, the fragii indexm of PLAsvasreported
as 144, 155, 149 |5_6] According to the accuracy af10 % for the fragility index

calculation, we can assume thamorphousscPLA has practically the same fragility indsx

neat PLA and homopolymerBurthermore, the values of the fragility index determined
from DRS analysis matakell with the values 6 fragility indexm calculated from FSC

measurements by VFT fitting.

4.3.3 Molecular mobility and dynamic heterogeneity
Previously, Schick et ﬂ combined DRS, MDSC and Achip calorimetry in order
to study molecular mobilityf different polymers such agolystyrene(PS and poly(methyl
methacrylate) (PMMA). They found that the different experimental techniques show
consistent results of cooperativity length obviously correlated with the structural relaxation

temperature and time dependence.

153



CHAPTER 4. MOLECULAR DYNAMIC STUDY IN AMORPHOUS STEREOCOMPLEX
POLYLACTIDE

4.3.3.1 Method of extraction the parameters for cooperativity size calculation

Typical length scale of cooperativity rangfrgm 1 to3.5 nmwas providedat the glass
transition temperature for different glassy polymers. Besides, the relationship between the
cooperativity, the glass transitidemperature and the fragilityndex has been purpos.
It is found that the CRR size inases with increasing fragility. FigL8 represents isochronal
spectra of the dielectric loss in the frequeneynge of 2.10Hz down to 0.1 Hz combined with
the heat capacitycurvesfrom MT-DSC as a function of the temperature for sc daine
calculation was applied for all the amorphous sampl€kg dielectric spectra were plotted by
subtracting the contributin of the conductivity and the secondaBrelaxation.Theobserved
relaxation peak corresponds to the segmertel) relaxation processThe CRR length can be
estimated by using the temperature fluctuation of the amorphous phase by Exps.Ponth
proposed. All the quantitiesused |v }vSZ]Je %Cﬁe}re determined from DRS
andMT-DSC investigation.

Figure 4. 16Dielectric loss (without conductivity) from DRS measurements and heat capacity from
MT-DSC measurement as a function of temperature. The blue dash lines presdmaheapacity in

the glassy antiquid states. The red line corresponds to the Gaussiaf tdielectric loss spectra

As shown in Fig 36, the temperature fluctuationG (related to the standard deviation

\t of the Gaussiapeak function)s calculated asd = FWMH / 2.3%&nd the dynamic glass
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transition temperatureT, (corresponds tadhe maximum of theGaussian peak} exported

from Gaussian fit of the imaginary part of NDISC and DRS spectra by following equation:
~ P o i i 6
%6 KNY””:G;LATT_ié’@%A (4.18

whereAcorresponds to the peak areafis the standard deviation anfi is the dynamic glass
transition temperature. Thevalue ¢% °is the difference in the inverse of the isobaric heat
capacity between the glass and the liquid & and exported from the calorimetric

investigation, as showin Fig 4.16

Therefore, combination of MDSC and DR&lows usto calculate the temperature
dependence otthe cooperativity length[; (by Eq 1.20) andhe cooperativity nhumber of
relaxing entitiedN, (by Eqg 1.21as well athe number of dynamically correlated unitg (by
Eq 1.5) in a wide temperature and relaxation time rangerfr the onset of cooperativity in

the crossover region to the calorimetric glass transition temperafiyre

4.3.3.2 The cooperativity length[; and cooperativity degreeN,

The cooperativity lengti: and the cooperativity degred were estimated in a wide
range of temperature and relaxation time for each investigated sample. The cooperativity
length [ associated witlthe r-relaxation as a funain of temperatureand relaxation time
determined fromMT-DSC and DRS measmnents is presented in Figl¥. The results shows
that the cooperativity length [ depends onthe relaxation time and the glass transition
temperature. In addition, the cooperativity degréé is presented in Fig 48 to investigate
the temperaturedependence o and comparet with other systems. A nchinear increase
of the cooperativity length[ and the cooperativity degredl; with decreasing temperature
and increasing relaxation time is observed for each sample. All studied samples have similar
behavior regarding temperature dependencktioe cooperativity parameters. In additiorhe
similarity in the cooperativityength of homopolymers and sc PLA could also be correlated
with the results of similar fragility indexn of samples. It should be noted that the
extrapolation of the cooperativity length estimated from DRS over a widange of

relaxation time and temperature fits very well with the values estimated byIMSTC (star
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shape symbols) at calorimetric glass transitibnat W 10 s as well as the cooperativity
numberN,. However, such a nehnear temperature dependence dfrandN, can be related

to the temperature dependence of the relaxation time. The cooperativity lengtht the
calorimetricTy for all the samples is quite similar, i.e. 2t9.2 nm for PLLA and sc PLA, and
2.8 r0.2 nm for PDLA, independently from thtermolecular interactions obtained through

stereocomplexation.

(@) (b)

Figure 4.17. The cooperativity length[; as a function of (ahormalizedtemperature at T, and (b)
relaxation time for each sample obtained from DRS measurements by estimated the calorimetric glass
transition temperature at period 60 3)\410 s.The star shaped symbols®f Ty= 1 correspond to the

resultsderivedfrom MT-DSC analysis &atat W 10 s.

Furthermore, as depicted in FiglZ, the values areather similarto the results
obtained by Rijal et a ﬁ for commercial PLAt isinteresting to comparehe results of our
systemswith the results of Hamonic et obtained for another polyester, PE with
different microstructure i.e.wholly amorphous and isotropic PEand semicrystalline PET
drawn at two diffeent draw ratio( Q (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 PE@), the CRR size amdt are drastically smaller. These resultsveal
that cooperativity could vary a lot in the amorphopart of the polymer, but in the case of

amorphous PLA, stereocomplexation has no significant influence.

Figure 4. 18Thecooperativity degreeN, as a function of normalized temperatur€he star shaped

symbols afl / T,y s+.1 correspond to the resultsbtainedfrom MT-DSC analysis @&tat W 10 s.

4.3.3.3 Dynamic heterogeneity and comparison dkand N,

The number of dynamically correlated segmeNtof all the sarplesis calculatedy
Eq 1.15and is depicted in Fig 49 as a function of temperature normalized . The
calculated values dfic for each sample exhibit similar temperature dependence. The slight
increase of the number of dynamically correlated segméhisith decreasing temperature
towards the glass transition temperature is obseniadrig 4.19 These resultshow good
relevancewith the tendencyfor all the amorphous sample&urthermore, the increase ®ic
with decreasing temperature is independent from the chemical structure of the-fiassng
liquid samplesTherefore suchincrease can be explained by two regimes: the fastregime
is observedt short relaxation times anthe second one, much slowas notedfor relaxation
times towards the glass transition. Thus, the extent of spatial correlation in the molecular

dynamics so grows asmperatureapproaclesthe glasdransition. Thigesult is supported by
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several work andcan be predicted also by the mode coupling the. These

results support the common evolution dic during the relaxation for a large family of glass

forming liquids.

Figure 4.19. The number of dynamically correlated segmeis as a function of temperature

normalized afl, for all the samples.

Althoughthe direct comparison diicandN. isinsignificantdue to the shift in absolute
values, similar behavior can be observed for all the sampiesincrease o with increasing
relaxation time can be also described by a short relaxation,tansngle power law and a long
relaxation times upo Ty (& 100 s), as the variations¢ In order to compare more precisely
the number of dynamically correlated segmentg with the cooperativity degreeN:,

o po § (E}u SZ }vsSZ[e %dNe ®}is pfddersi@dn Big 4.Pfas a function
of the relaxation timeWhen dose to theTg(in the range of\y |10s t100s), the values oNc
and N, are rathersimilar (Nc/ N: al). However,these valuesstart to deviate withthe
relaxation time decreaselherefore, we magupposethat suchsimilarities can be found in
the physical definition oN: and Nc. The number of dynamicallgorrelated segment®c is
calculated based othe 4-point correlation approach, differen{ E}u SZ }vSZ[* %o %o E}
since it allowsus to calculatethe number of molecules whoseydamics arecorrelated

depending on theemperature fluctuations. However, with a relaxation time decrease, the
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ratio of Nc/ N slightly increasesand remains constantFor these two approaches, the
temperature or the relaxation time associated with the vaNwor N, = 1 corresponds to the
oJuld }( 8Z }}% E 3]A]SCU-}A @offjtvinsArrhéni@E HiagramEFrom the
results ofNcandN; « (pv 3]}v }( & o /£ 3]}v}A UEU %DosesaHhrthe
relaxation time WA10'3s depending on th&lc= 1, butit is at the range oWa10'! saccording
to N, = 1 for all the samples (as an average of three sampResults showhat N, decreases
faster than Nc with a decreasing relaxation time. According to the relaxation time
investigation, the different asymptotic behaviors are observethese two models. These
new ard original results of sc PLA compared to the homopolymers indicate thatribie of
the cooperative molecular motions for botNc and N of sc PLA is independent from
stereocomplexation. Therefor¢he different valuesof the relaxation time andhe different
definitions between correlated and cooperativaotions (especially for very short relakon
times) resultingin the correlatedmotions appear at a time scalewer than the cooperative

motions.

Figure 4. 20Theratio of Nc/ N as a function of the relaxation time.
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Conclusion

In this chapterthe influence of the tacticity on the molecular dynamic ofyflactides)
has been investigatedv S Eue }( SZ <« Process)aelaxation by FSC and DRS
measurementslt is fourd thatfictive temperatures andlass transitiovalues determined by
different techniques(by FSC, DSC, MEC or DR&avesame values for PLLA, PDLA and s
PLA. The kinetics of enthalpy recovery of amorphous sc PLAcmndpolymers (PLLA and
PDLA) wasinvestigated by FSC measurements. The results show that the enthalpy recovery
has a single step decay towards equilibrium and glasses are altowedpletely relax in the
range of aging time. isfound that the relaxation kinetics of the glass towattis enthalpy
recovery of the supercooled liquid is independent on the tacticity in the stereocomplex

structure.

Furthermore, the structural relaxation investigation wasried outby DRS analydisr
wholly amorphous samplesdZ -r v  {proceses 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 independemtiyhe tacticity
existence. The cooperativity length +S]Ju S (E}u }vSZ[e %% E} Z (}E& $Z
was ¢S ] v (}uv 8§} A EC <JujJo E 8§ §Z Po ¢+ S3E ve]3]}v ~
temperature range. lis shown that the cooperativityength % has no dependence on the
chemical structure, Wile the cooperativity numbeN, has thestrong dependence on the
microstructure.Moreover, no effect of stereocomplexatioon the origin of the cooperative
molecular motionss observedThe correlatedmotions appear at a time scalewer than the
cooperative motionsfor all the sampleslt is found that the kinetics of the segmental
relaxation of wholly amorphous sc PLA and the amorphous phases of PLAs are thénsame.
addition, the results oft-processtestifies that the local movements of polymer chaare
independent from the stereocomplexation impacts on the local interactionsase of

amorphous sampleslthough stereocomplexatided to generatedifferent crystalline phase
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CHAPTER 5. MICROSTRUCTNIREUENGCEBN MECHANICAND BARRIER PROPERTIES OF
STEREOCOMPLEX PLA

The influence of the stereocomplexation on thiearrier propertiesof PLAbased
materialstowards waterand gasef\;, & and CQ) is discussed in the present chapt&pecial
attentionispaidon the water permeability as a function of temperatuii@ansport properties
towards water were investigated for both the amorphous asehmicrystalline samples. In
addition, gas permeation mearements were carried out to investigate the barrier propes
of semicrystalline samples. The transport properties were correlated witmticeostructure

investigations.
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5.1 Microstructure investigations
DSC and&XRD measurements were carried out gtudy the microstruucture of the
crystalline phasgof polymer films. As depicted in Fig 5.1, the sc PLA crystal has highiergm

temperature (about 50C) thanr crystals.

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

The values ofhermalcharacteristicgi.e. glass transition temperatuii, heat capacity
step ' G, crystallinity degreexX,) calculatedfrom DSC measurements gpeesented in Table
5.1for homopolymers and sc PLA. Thevaluesof semicrystalline PLAse higher thanthose
of amorphous PLAs due to the strong coupling between the phases causétke dpw
crystallization temperaturg¢Table 5.1)it is also discussed previously in Chap. 3 (Fig 3.23)).
The X valueof sc PLAs slightly higher than that of homopolymeralso, semicrystalline sc
PLA has smaller heat capacity stepich is closed to the limit of detection as compared to
homopolymersTherefore, we observed broad glass transition rafige 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 &t 29° and 22° for crystals and

2 T=14°, 24° and 28° for sc crystals.
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Samples Tq (°C) 'G(J.gL.KY 3-phases of semicrystalline samples
amorphous semicrystalline amorphous  semicrystalline X (%)  Xwap (%)  Xrar(%)
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. 1Thermal properties o$tudiedamorphous and semicrystallirmamples

Figure 5. 2XRD 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 B@nopolymers 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 fanation of the different crystallites types (i.e. pseudoorthorhombic which
contains 1Q helices for homecrystals and triclinic in which- and D-lactide are packed as
parallel taking 3 helical conformation for sc cryst) during the crystallization through

solvent evaporation.
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(@)

(b)

(€)

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

5.2 Barrier Properties

Several workgan be already found in the literature dealing with the improvemeint

the barrier properties of PLAased membranen order to fulfill theindustrial packaging

requirements. Tenn et 2] foundthat the incorporation of nanoparticles (Cloisite 30B (C30B))

in the LA matrixdecreasedhe water permeability wh the increase of the nanoclaypntent.

It is also shown that the transport properties depesttonglyon the dispersion state of the

nanoclay platelets and their orientation in the PLA matrix. Tenn eﬁalalso found that

despite the fact that thesurface modification oPLA films by hydrophobic plasma treatments

improved the water barrier properties, no influence was observed on the tranisproperties

towards oxygen. Besides the nanocharg

és$

, the transpat properties can be improved by

modifying the morphology of the polymer filmg-10

. For exampleMessin et aI.

revealedthat the use ofsemicrystalline poly(butylene succinate-butylene adipate(PBSA)

polymerimprovedthe barrier properties of PLA the case ofmultilayer PLA/PBSAIM. In
addition, Delpouve et a confrmedthat §Z % E + v  }( r[dn& i@fiuenoe of

the PLAwater permeability,but the drawing processeallowed improvingthe PLA barrier

propertiesdue to the crystals shape and increasecigstallinity degree Therefore, it was

shown that the crystalline and amorphous phase organizations are the main paraoféter
barrier propertiesmprovementin the case of PL. Furthermore, Bai et a reported
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that the shape of crystals ldainfluence on the barrierproperties The oxygen barrier
performance of PLA was improved through constructing paralighed shishkebablike

crystals with welinterlocked boundaries.

In our wak, the transport properties of PLAased materialsobtained by
stereocomplexationare investigated and compared tothose of homopolymers The
permeation measurements forhomopolymers PLLA, PDlAand sc PLA arperformed
towards water and gases {N>» and CQ) and are correlateavith the molecular mobility study

(i.e.the CRRolumeandsize.

5.21 Water barrier properties

The water permeation measurements were carried out at controlled temperature
25°C, 45°C and 63Cby using &aiome-madeapparatus(as detailed irchapter 2) The water
permeation fluxJwas recorded at the drinterface of the investigatedasnple.Toannihilate
the influence of the film thickness, the water permeation kinetics curves \aesdyzedby
using the reduced scalfi. = {t/L?). Each permeation curve may be divided into three parts
. At the beginning of the measuremenb water flux is determined, i.dL= 0. Then, after
a while, water molecules statd pass through the fih and the strong increase of the water
flux is observed. Such increase corresponds to the transient step, from which the diffusion
coefficientD can be estimated. After transient step, the steady state (stationary state, during
which the water flux remains constada) is reached and the permeability coefficidatan
be calculated as the amplitude of the curve. Therefore, the reduced watengeion flux
was plotted as a function of theeduced time, and the values ohé water permeability
coefficient P were determinedfrom the flux at stationary staté.: by using the following

equatiort

Arih
2L = (5.1)

whereLis the thickness of the film sample and is theactivity difference between the two

faces of the sample'a = 1in caseof liquid water, i.e. liquid wateron theupstream and dry
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gason thedownstreamfaceof the film. The permeability coefficierPis usually expressed in
Barrer units as:

404 11E;0a

— 25
S =NNIANT 55 D AAU (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
. In order to examine thepossibleplasticization effect induced by the water molecules in

the studied samples, the dimensionless cupjvef(W 0 poO § (E}u &] I[s <u §]}ve

defined by Follain et , wherej :%,Bw%and Dis the diffusion coefficient assumed
|

as a constant valuélhe diffusion coefficienD was calculated from the transient regime of
the water permeation fluxaccording to the Fickian behaviofhe two distinct diffusion

coefficient noted a$).24and Do.s2 can bedistinguished

AHaa=5
&gl s (5.3
. a0
and
A
856 L vy (54)
& .

Do.24and Do.s2 Were calculatedat two different times of the permeation process (assuohas
t ;and ty) that correspondgo the inflection point 1(j1= 0.24, ¥ 0.091) ando the time-lag
pointL(jL= 062, #1/6) of the theoretical flux curvegspectively as detailed ifFig 54 .

173



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

Figure 5. 4Representation of the flux)(as a function of timet) to determine thePandD coefficient

The plasticization effectinduced by water molecules maybedescribed by an

exponential dependence of diffusion coefficient with water concentration by:
&L &A¥ (5.5)

where Dy is the diffusion coefficient when the water concentration tends to Iis the
plasticization factor an€is the local permeant concentration in the membrane. Therefore,
the maximum diffusion coefficieribv can be determined as foIIo:

&e L &A U (5.6)

where Gqis the water concemtition within the studied sample at the stationary state.

Therefore, the mean integral diffusion coefficieri®><can be calculated as follows:
O&PL =1, &:%&@ % (5.7)
(SN

5.2.1.1 Water permeability of amorphous samples

Thewater permeation test®f amorphous samples towards wateere carried outat
25°C to examine thestereocomplexationimpact on the barrier propertiesThe water
permeation coefficient was calculated from tidel = f(t/1?) curves (Fig 5.8) and the véues

are presented in Fig 5tb Sc PLAevealslower value ofP ascomparal 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 gtesssition properties T,

CRR volume and size) and molecular dynamics of amorphous samples are the same (presented
in Chap. 4). As seen in Fig 5a and ¢ an increase in the delay time in diffusion on the
normalized curve of flux for sc PLA is observedthmared to the homopolymersThe
calculatedvalues ofDo (C=0) andDv (C=Gg) are shown in Table 5.2 As one can seeh¢
increase of théD values with the water concentratioand theplasticizing factor>> Oconfirm

the existence oplasticizing effectAccording to the values of water concentrationdjCat
steady state, sc PLA filrage characterized bpwer valueof Gqcompared tchomopolymers.

It can be also noted the higher affinity between water molecules and homopolymass
revealed This affiny can be at the origin of the differences in barrier properties of the studied
samplestaking into account thaintermolecular steeoselective interactions limithe water

concentration in the film in case of sc PLA.

(a) (b)
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(c)

Figure 5. 5(a) Evolution of the reduced flux of water permeatidilf as a function of reduced time(?),
(b) water permeability coefficienP and (c) normalized water permeation curvas a function of the
reduced timefor amorphous PLLA, PDLA and sc PLA.

Samples P Do. 1C¢° Dw . 1C° I J Ceq
(Barrer) (cnP.s?) (cn?.s?) (cm?.mmol?)  (mmol.cn)
PLLA 2917 r26 24r0.3 14.6r2.7 1.8r0.2 4.3r0.1 042 r0.03
PDLA 2945r21 16r04 18.0r2.9 24r0.1 58r04 0.42r0.04
Sc PLA 2040r28 1.3r0.1 18.7r2.7 2.7r0.2 8.8r1.8 0.30 r0.05

Table 5. 2Water permeametric coefficientsf amorphous PLLA, PDLA and sc PLA at126.

5.3.1.2 Water permeability of semicrystalline samples

The water barrier properties of semicrystalline samples were studigémperature
of 25°C,45°C and 65CX dZ & *posSe E % E  VvS (}E Z u *uE u \
separately According to theobtained resultsthe permeation flux through the sc RIfilm is
lower than thatin the case of two homopolymenshatever the studiedemperature.Such
results obviouslydemonstrate an improvement of the barrier properties of PLA by the
stereocomplexationand/or crystallization Besides, it should be notethat while the
permeability coefficient of sc PLA increasewith T, the permeability of homopolymers

decreassby increasig the temperature.
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X Tpermeation = 25°C

(@)

(b)

(c)

Figure 5. 6(a) Evolution of the reduced flux of wateermeation (*L) as a function of reduced time(?),

(b) water permeability coefficien®P, and (c) normalized water permeation cunas a function of the

reduced timefor semicrystalline PLLA, PDLA and sc PLA@sation= 25 °C.

25°C P Do. 1C°
Samples (Barrer) (cn?.s?h)
PLLA 245413 1.26 r0.34

PDLA 2036r11 0.92r0.56
ScPLA 760r5 1.76 r 0.05

217 r1.22
2.04 r0.05
0.99r0.02

J Ceq
(cm®.mmol?)  (mmol.cn®)
2.29r0.18 0.83r0.03

2.64r0.62 0.77r0.08
4.00r1.23 0.25r0.02

Table 5.3. Water permeametric coefficientef semicystalline PLLA, PDLA and sc &.25 r 1°C.
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X Tpermeation =45°C

(@) (b)

(c)

Figure 5. 7(a) Evolution of the reduced flux of wateermeation (*L) as a function of reduced timeI(?),
(b) water permeability coefficienP, and (c) normalized water permeation cunas a function of the

reduced time 6r semicrystalline PLLA, PDLA and sc PLAm@sation= 45 °C.

45°C P Do. 1C° Dw . 1C° L J Ceq
Samples (Barrer) (cn?.s?) (cn?.s?) (cm®.mmol?)  (mmol.cn®)
PLLA 2082r6 1.13r0.57 16.13r1.6 478r037 259r0.32 0,79 r0.07

PDLA 1920r9 1.40r0.36 14.15r4.9 3.57r0.05 2.23r0.67 0.42 r0.04
ScPLA 806r4 2.14 r0.09 16.3r3.2 2.03r0.22 8.79r1.77 0.24 r0.08
Table 5. 4Water permeametric coefficientsf semicystalline PLLA, PDLA and sc &14% r 1°C.
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X Tpermeation = 65°C

(@) (b)

(c)

Figure 5. 8(a) Evolution of the reduced flux of wateermeation (*L) as a function of reduced time1(?),

(b) water permeability coefficien®, and (c) normalized water permeation cuna&sa function of the

reduced timefor semicrystalline PLLA, PDLA and sc PILA@4aion= 65 °C.

65°C P Do. 1C° Du . 1C° g J Ceq
Samples (Barrer) (cn?.s?h) (cn?.s?) (cm®.mmol?)  (mmol.cn?)

PLLA  1445r8 6.79r0.47 154 r2.7 3.12r0.26 1.24r0.14 0,45 r0.07
PDLA 1508r16 4.05r0.36 12.2r2.9 1.22r0.08 1.08r0.34 0.35r0.06
Sc PLA 926r8 1.2 r0.03 51r1.3 1.48r0.47 5.20r0.87 0.28 r0.03
Table 5. 5Water permeametric coefficientsf semicrystalline PLLA, PDLA and scaPBB r 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 e&ghneaton Anincrease in the
delay time for the sc PLA is observed compared to the homopolymers atualied
temperatures.In addition, me can note a decrease in the delay time observed in case of
diffusion through homopolymers witfi increasing, while the delay time remains practically
constantin case of sc PL(Rig 5.6 5.9). It is known that vater cancause a plasticization effect
in the polymersample. The comparison diand D coefficients exhibits that the value
of Dris higher than the value @& ifor homopolymergTable 5.5 Consideringhat the former
value is related toa final period of the transient statelfd: = 0.62), the smalleD;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 whaads o an

increase of the material freeolume.
D>

Temperature < Do.24 Do.62
(Tpermeation) (OC) (Cn]zgl)lolo (CrnZS'l)lOlO (szs_l)lolo
PLLA PDLA ScPLA PLLA PDLA ScPLA PLLA PDLA scPLA

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.

Althoughaccording to theDiand Dy coefficientsthe plasticization effects observed
The aging phenomenon should be also taken into account ithe amorphous phase
organizationsn case of homopolymersSuch result is totally different from the resulfisr
homopolymerdound in literature. It was previously reported thiitermal disturbancewithin
the material cause an increase in the mobility othe polymerchain and, therefore, the

transport phenomenavere impacted by the variation of free volummesulting 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 alpermeation= 45 °C and 65 °C during more th&hburs.Considering
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the decrease in permeability coefficie®SC analysis was performed for the studied samples
in order to observe the aging effect in case of homopolymers. The DSC (esyltsg 5.9
reveal that there is an endothermic peak superimposed with the glass transition which
corresponds to the structural relaxation caused by agfhuther results areshown in
Appendix Chap 5 (A. 5.1 and .2 he physical aging causes the structuesxation towards
equilibrium and results in a reduction in free volueusing lower permeabili@.

Figure 5. 9DSC curves of studied semicrystalline PLLA after the permeation testrdt’@s

The enthalpy recovery of the structural relaxation of studied PLLA and PDLA samepes
approximativelycalculated(shown in Fig 5.pand results are presented in Table 5The
results for PLLA and PDware found to be 1.7 and 1.8 J{g ofpolymer)for measurement
performed at 45°C and 2.0 and 2.9 J(g ofpolymer)for measuremenperformedat 65°C
respectively Verysmallendothermic peak superimposed with the glass transition is observed
in case of sc PLA whereas the value of the enthalpy recovery is nedfigible 5.7)curves

are shown inAppendix Chap 5 (A. 5.1 and .2 he enthalpy recovergf studied sampless
normalizedby the MAP content to compare witthe infinite enthalpy recovery ') of
wholly amorphous samplg3able 5.7. From this approximation, the enthalpy recovery values
("Hrecoveryand 'Hyf) were comparedand, it was revealed that the MAPRrobably relaxed

completelyduring the measurement performed &6°Cwhereasthe complete relaxation is
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not observedduring the measurement performeat 45°C.In case omeasurement ad5 and

65 °C the closestT to Tg), the aging effect eliminates thexcesdree volume and increases

the barrier poperties. As seen from Fig 5.0@d circles)and wellknownin literature, the
closerto Tg, the system igjuicker to reach equilibriumSo, he 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 65Tdble 5.3t 5.5).

Temperature 25 °C 45 °C 65 °C
Samples *Hrecovery " Hrecovery "Hr "Hrecovery "Hecovey ~ "Hr
(J/(g polymer)  (J/(gMAP)) (J/(g polymer)  (J/(gMAP)
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 measurementdD: nondetected.

Figure 5. 0. Schematidllustration of the temperature dependence difie thermodynamicproperties

of the systemsRed circlepresentthe 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 fromthe oxidation and moisture. On the other hand, fresh fruits
and vegetables are the sources of biochemical reactions which consume oxygesmn¢O
produce carbon dioxide (GPand water.Therefore,the barrier properties and selectivity of
packagingmaterials are important forindustrial applications. In this thesighe effect of
stereocomplexation on theitrogen (N), @ and CQbarrier properties of semicrystalline PLLA,
PDLA and sc PLA filmasinvestigatedusing the permeation apparatus shown ineh2.The
permeation and selectivity values for filmserme 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 gaigh a pressurgl (3 bar). The increase of
pressurep2 in the calibrated downstream volume was measured using a sensitive pressure

gauge linked to a data acquisition system.

dZ % Eu ]o]8C v e &] ue]vP &] I[* (JE+& 0 AU E -

coefficient adollows:

2L &Sy 5.9

whereDi is the average effective diffusion coefficient @s) andSis the solubility coefficient
(cm? (STPYcm?® cmHg)) of component. In addition, from the flux transienthe diffusion

coefficientcan be deriveds follows:

A

& L He.

(5.9)

where Lis the sample thicknes® is the diffusion coefficient at the response tintecalled
N§]luo Pwhigh corresponds to intercept of the asymptotic straight line of stationtuy

with time axis

When the permeation flux and the diffusion coefficient are determined, the

permeabilityP and the solubilityScoefficients can be calculatagsing the variable pressure

method by assumingl >> p2as foIIow:
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2 L ol (5.10

where kit IS the stationary flux, andPis the pressure difference between the upstream and

downstream chambers of the permeation celhd:

5L+ (5.11

The ideal separatiofactor (selectivitycoefficient r (A, B) of a polymer film for gaA
over gas B is given by thatio of thegaspermeability coefficients determined for gas&sind
B, respectively nsequently this selectivity is the product of diffusivity and soltybili

selectivity

Y2 |2

Ut L2 L2 L (5.12

where Do/ Dg is the diffusivity selectivity an&/ S is the solubility selectivity. Generally, gas
diffusivity is enhanced by decreasing penetrant size, increasing polymer chain flexibility,
increasing polymer fractional free volume and decreasing polymeaetrant interactions. On

the other hand, penetrantsolubility is increased by increasing the condensability of the
penetrant (which increases with increasing critical temperature of thg) gnd increasing
polymerpenetrant interactions.Therefore, the nature of the penetrant has a key role to
investigatethe barrier properties of studied film. Indeed, the poftabilty, solubility, kinetic
diameter, Van der Waals volume and critical temperature of the penetgovern the
transport properties. The characteristic parameters of used gasepresented inTable 5.8

In this thesis, the effect of the stereocomplexation on both the permeation and selectivity
values for PLMased filns was investigated. The change in permeability and selectivity as a
function of crystalline structure variations, free volumdeets, dass transition temperature

andMAP and RAF content is discussed.
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