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INTRODUCTION

Introduction

Polymers play an increasing role in manufacturing processes and
their production keeps on growing, especially in the packaging
industry, as rapid worldwide urbanization along with rising

disposable income result in increased demand for packaged food

and consumer goods [1]. Meanwhile, the decline of fossil
resources and the raise of collective awareness regarding the environmental impact of plastic waste
encouraged industrials and researchers to look for possible alternatives to petroleum-based polymers
with reduced carbon footprint and environmental risks. This endeavor is further supported by the
legislation across the globe imposing strict regulations regarding the use of single-use plastics. For
instance, the European Union (EU) recently published a directive restricting the commercialization of

targeted single-use consumer goods when sustainable alternatives are available.

Bio-sourced and/or biodegradable polyesters stood out thanks to their easiness of production,
versatility and barrier performances, and because the reactive compounds necessary for their
synthesis can be extracted from biomass sources for mass production [2]. Polyesters can be obtained
using solvent-free polycondensation processes and they offer tunable properties, which makes them
appealing for a wide range of applications. Some studies also found that compostable and bio-based
packages held the highest appeal to consumers [3]. Recently, poly (ethylene 2,5-furanoate) (2,5-PEF)
attracted a lot of attention due to its promising mechanical and barrier properties, as well as to the
fact that it can be obtained from renewable sources. Moreover, the properties of 2,5-PEF can be fine-
tuned by changing the number of methylene groups in the repeating unit [4], by combining different
amounts of 2,5- and 2,4-furandicarboxylic acid with different diols to form copolyesters [5], or in
combination with amide functions [6]. At the Groupe de Physique des Matériaux (GPM), the PhD work
carried out by Dr. Aurélie Bourdet (defense in March 2020) gave some insight on the molecular mobility
of a series of bio-based polyesters with two main position isomers of furandicarboxylic acid (FDCA),
that is to say 2,5-FDCA and 2,4-FDCA. She investigated the relationship between the microstructure
and the physical properties of the homopolymers and copolymers based on both 2,5-FDCA and 2,4-
FDCA combined with ethylene glycol, and evidenced the crucial role of isomerism in the resulting
macroscopic properties [7]. Later on Dr. Clément Fosse (defense in December 2020) studied the
establishment of the Rigid Amorphous Fraction (RAF) in 2,5-PEF and polyhydroxyalkanoates (PHA),
another promising set of polyesters whose monomers can be produced by micro-organisms [8]. He

also evidenced the effect of the alkyl chain length in the repeating unit of furan-based polyesters on
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INTRODUCTION

their molecular mobility and backbone flexibility, concluding that it is a key parameter governing the

intermolecular interactions and the packing efficiency of the chains in the amorphous phase.

Through an increase in the R&D activities dedicated to the production of polymers from renewable
resources, and in particular agricultural wastes, innovative synthesis paths were uncovered, leading to
the obtention of original smart materials with potential applications for the packaging industry or in
the bio-medical field. Two polyesters, or rather two series of polyesters, will be studied throughout
this work. The first is a series of co-polyester based on hydroxy-fatty acids whose main component,
the 9(10)-16 dihydroxyhexanedecanoic acid, could be extracted from the cutin of industrial tomato-
peel wastes [9-10]. This part was realized in collaboration with Dr. Denis Lourdin, Research Director at
the Institut National de Recherche pour I'Agriculture, I’Alimentation et I'Environnement (INRAE) in
Nantes (France). The second is a series of poly (alkylene trans-1,4-cyclohexanedicarboxylate)s (PCHs),
whose synthesis was realized at the Dipartimento di Ingegneria Civile, Chimica, Ambientale e dei
Materiali (DICAM) in Bologna (ltaly). The acidic component used for their synthesis, the trans-1,4-
cyclohexanedicarboxylic acid, can be derived from bio-based terephthalic acid, which in turn can be

obtained from limonene (terpene mostly found in citrus peels) [11, 12].

As newly synthesized polyesters, two challenges arise, i.e. limited quantity of material available and a
lack of calorimetric data regarding these systems. This PhD thesis will therefore focus on the thermal
characterization of the aforementioned series of polyesters based on either hydroxy-fatty acids or
trans-1,4-cyclohexanedicarboxylic acid, in order to understand the intrinsic relationship between
chemical structure and microstructure, which is essential for the control of the macroscopic properties,
through the variation of two parameters, e.g. the crosslinking density and the length of the alkyl chain
in the backbone of the repeating unit. The relevance of using specific calorimetric techniques for the

investigation of these materials will be developed as well.

The chapters of this manuscript are organized as follows:

Chapter | gives an overview of the crystallization kinetics, and brushes over several models used for
the interpretation of the crystallization kinetics, the description of the glassy state, and the parameters
allowing the description and quantification of the relaxation of the amorphous phase (fictive
temperature, fragility index, aging process...). This chapter also gives an overview of the main

characteristics, advantages and uses of polyesters.

Chapter Il is divided in two sections. The first section introduces the polyesters studied in this work,

that is to say the co-polyesters extracted from tomato-peel agro-industrial waste products and the

12
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poly (alkylene trans-1,4-cyclohexanedicarboxylate) (PCHs), but also the poly (L-lactic acid) (PLA), which

III

served as a “model” material. The second section of this chapter introduces the experimental set-ups,
techniques and protocols used throughout this work, and in particular the structural characterization

and thermal analysis techniques.

Chapter Il provides results on the crystallization kinetics of the co-polyesters synthesized from cutin-
based monomers in an attempt to estimate the equilibrium melting enthalpy Ah,,, necessary for the
calorimetric estimation of the crystalline fraction X.. A protocol for the in-situ polymerization of the
monomers is presented, whose objective was to assess the impact of the crosslinking density, and
therefore of the average chain length between crosslink junctions, on the molecular mobility of these

materials.

Chapter IV explores the crystallization kinetics of PCHs and a special attention is paid to their respective
glass forming-ability (GFA). Isothermal crystallization analyses were carried out to construct the Time-
Temperature-Transformation (TTT) diagrams and identify the different crystalline structures formed in
different cooling conditions. The crystallization kinetics measured under isothermal and non-

isothermal conditions will be discussed according to the methods proposed by Avrami and Ozawa.

Finally, Chapter V focuses on the relaxation dynamics of the amorphous phase of PCHs through the
concept of Cooperative Rearranging Regions (CRR) introduced by Adam and Gibbs [13]. The fragility

indices were estimated, and the temperature dependence of the characteristic length was assessed.

Appendix 1 provides a table with the acronyms and notations used throughout the thesis. Appendix 2

shows the 'H-NMR spectra of the PCHs.

This research work was financially supported by the Normandy region (France) and conducted at the
laboratory Groupe de Physique des Matériaux (GPM, UMR CNRS 6634), University of Rouen
Normandie. The materials of interest are issued from collaborations with the Institut National de
Recherche pour I'Agriculture, I'Alimentation et I'Environnement (INRAE, UR1268 BIA), Nantes (France),

and the Dipartimento di Ingegneria Civile, Chimica, Ambientale e dei Materiali (DICAM), Bologna (ltaly).
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. Crystallization kinetics

.1 Three-phase model

Polymers are composed of long macromolecular chains entangled with each other in random coils [1].
Crystallization occurs when polymer chains partially align to form locally ordered regions (crystallites),
which can grow radially into lamellae and eventually turn into bigger structures called spherulites, as
represented in Figure I.1. Due to the entanglements, polymers cannot fully crystallize and form instead
semi-crystalline microstructures made of crystalline domains (the crystalline phase) embedded in a
disordered amorphous environment. The two-phase model provides the simplest way of describing
the complex microstructure formed in semi-crystalline materials. In this model, the sum of the

crystalline and the amorphous fractions, respectively X, and X,,,,, is equal to one:
Xe+Xgm =1 Eq.1

These fractions can be quantified using different experimental techniques, such as Differential
Scanning Calorimetry (DSC) [2], Fourier Transform Infrared Spectroscopy (FTIR) [3], Dielectric
Relaxation Spectroscopy (DRS) [4] or X-ray diffraction (XRD) [5] among others. Calorimetry in particular
can inform on the presence of a residual amorphous phase, which is detected as a heat capacity step
at the glass transition temperature T,, i.e. the temperature at which the glassy, rigid amorphous
domains turn into a rubbery or liquid-like state with higher molecular mobility. On the other hand, the
crystalline domains turn from the solid to the liquid state at the melting temperature T,,,. Depending
on the perfection of chain folding and on the distribution of lamellae’s thickness, melting will take
place on a more or less extended temperature range, and at relatively high or low melting

temperatures.

~__Crystalline lamella

Amorphous region

Figure I.1. Schematic representation of crystalline lamellae growing into a spherulite [from Wang et al. [6]].

18



I. Crystallization kinetics STATE OF THE ART

The two-phase model is appealing due to its simplicity; however, it generally does not accurately
describe the microstructure, especially when the crystalline content is high, and often diverges from
unity. A better description is provided by the three-phase model, in which an additional “phase” is
introduced, the Rigid Amorphous Fraction (RAF) [7]. This fraction acts as an interphase between the
crystalline and the unconfined amorphous domains (referred to as the Mobile Amorphous Fraction,
MAF) as represented in Figure 1.2. RAF mobility is hindered due to its proximity to the crystals;
consequently, the RAF does not undergo glass transition in the same temperature range as the MAF
[8]. The relative amount of crystalline, rigid amorphous, and mobile amorphous fractions depend on
the thermal history [9], including the crystallization temperature [10] and the cooling rates used to

form the microstructure [11].

Crystalline RAF RAF Crystalline
lamella lamella

Figure 1.2. Schematic representation of the three-phase model.

The mobile amorphous fraction X,;4r can be estimated by measuring the specific heat capacity step
Acy, at Ty with calorimetry:

Acp

— Eq.2
Acy

Xmar =

where Acz‘,) is the specific heat capacity step at T, for the same material in its fully amorphous state.
The crystalline fraction X, can be estimated by calorimetric measurements according to Eq. 3:

_ Ahpy, — ZAhcc

X, = Eq.3
c ARD, q

where Ah,, is the melting enthalpy normalized by mass, Ah. is the cold-crystallization enthalpy, and
AR, is the theoretical melting enthalpy of a fully crystalline material. This value can generally be found
in handbooks for the most common polymers, and experimental procedures were developed to access

ARY, for relatively new materials [12].

19



I. Crystallization kinetics STATE OF THE ART

[.2 Nucleation process

The crystallization kinetics are generally described by the Classical Nucleation Theory (CNT), which
considers two stages, i.e. nucleation followed by crystal growth. Nucleation can be activated via
different mechanisms (homogeneous, heterogeneous, self-nucleation) and consists in the formation
of clusters with the same degree of order as the final crystal. Cluster formation is associated to the
Gibbs energy AG,, which has two contributions, the first related to the molecular aggregation, and the

second to the surface tension. Assuming a spherical shape of the clusters, 4G,, can be expressed as:
4
AG, = —gnr3Ag + 4nr?y Eq.4

where Ag represents the variation of Gibbs free energy per volume unit, y is the interfacial energy per
area unit, and r is the cluster radius. These two opposing contributions (thermodynamic and surface
tension driving forces) result in the existence of a critical size of the nuclei r* [13]. When the volumetric
contribution becomes prevalent, the formation of nuclei becomes energetically favorable; this

condition defines the critical radius r* and the associated energy barrier AG,, expressed as:

2y
= Eqg.5
T Ag q
o= 16 my3 o
" 3(49)? e

A double condition (r > r* and AG,, < 0) should therefore be respected for a cluster to grow beyond its
critical size into a crystal. In case of melt crystallization, the energy barrier AG,, decreases when the
supercooling AT (defined as AT = T,,- T. with T,, the thermodynamic equilibrium melting
temperature) increases, since supercooling acts as a driving force for cluster formation. According to
equilibrium thermodynamics, it all depends on the difference in Gibbs free energy between the liquid
and the solid state, AG.. This quantity can be interpreted as the thermodynamic driving force for

structure formation [14], and depends on the supercooling AT as shown in Figure 1.3.
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Gibbs free energy

Supercooling AT%

Temperature

T, Tn Ta°

Figure 1.3. Scheme of the Gibbs free energy as a function of temperature, illustrating melting, crystallization
and supercooling (adapted from Schawe et al [14]).

AG,, is related to AG, through Eq.7 [14]:

4G, (T) = Eq.7

T
AG(T)*
where C, is a parameter depending on the Gibbs free surface enthalpy and the geometry of the
growing phase, and k is an integer. In particular, k = 1 if the crystallization process is driven by crystal
growth, and k = 2 if the crystallization process is determined by nucleation. From a thermodynamic
point of view, crystallization is favored when the temperature of the supercooled liquid decreases
because of a higher driving force. However, from a kinetic point of view, crystallization is hindered due
to the increased viscosity. The highest crystallization rate is therefore reached when the positive
contribution representative of supercooling equalizes the negative contribution originating from

molecular motions.

In a supposedly homogeneous liquid, no nuclei are present. Homogeneous nucleation consists in the
stochastic formation of supercritical nuclei. On the other hand, heterogeneous nucleation occurs on
preferential sites such as impurities, where the energetic barrier is reduced and the development of
clusters is favored [13]. At a given temperature, the time t(T) needed to crystallize a given portion x

of the supercooled liquid can be calculated as:

™ = 3In(1 —x) % £a.8
tr) = <n I(T)u(T)3> q

where I(T) and u(T) is the nucleation and crystal growth rate respectively.
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In case of homogeneous nucleation, the homogeneous nucleation rate I},,,,,,(T) and the crystal growth

rate u(T) are calculated as:

A 16m y3
Ihom(T) =—2 exp <_ )

n(T) 3kpT Ag1—x(T)? Eq.9
_ ke T n Agz—x(T))
u(T) = 3na02m(1 exp (ET Eq.10

where A, is a pre-exponential factor, 4g;_,(T) is the difference in volume-specific free energy
between the liquid and crystalline states, y is the energy at the interface between the liquid and the
crystal surfaces, a, is the average atomic diameter, n is the average atomic volume, and 1n(T) is the

temperature-dependent equilibrium viscosity [15].

In case of heterogeneous nucleation, I, (T) is calculated as follows:

16m y3 > Eq.11

Ay
Inee(T) = —=exp | —S(@
net (T) exp( ( )3kBTAgl—x(T)2

n(T)

where S(6) corresponds to a wetting angle 6 between the formed nuclei and their substrate surface:

50) = %(2 + cos(8))(1 — cos(6))? Eq.12

The temperature dependence of the homogeneous and heterogeneous nucleation rates is

represented in Figure 1.4:

Nucleation rate
Uﬁet ’ [hum.)

) Temperature
1->0 Maximum 1->0

nucleation rate

no mobility no driving force

Figure 1.4. Temperature dependence of the nucleation rate and its two contributions, i.e. molecular mobility
and thermodynamic driving force.
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|.3 Hoffman-Lauritzen theory

The theory proposed by Hoffman and Lauritzen (HL) gives a reasonable description of the temperature
dependence of polymer crystallization from both the glassy and the molten state [16]. The crystal

growth rate G of a linear polymer at a specific crystallization temperature T, is expressed as [17]:

C=c A [ —K, ] Eq.13
~ 0P R, — T,y | TP T (aT)F

where G, is a pre-exponential factor, U™ is the activation energy characterizing molecular diffusion
across the interfacial boundary between the melt and the growing crystal, T, = T, — 30 K is the
temperature below which all the motions associated with viscous flow cease, K; is a nucleation
constant, AT is the degree of supercooling, and f = 2 T, (T,%, + T,.) is a correction factor accounting for
the change in heat of fusion and close to unity at high temperatures [16]. The first exponential term
represents the contribution of diffusion to the growth rate, while the second exponential term is
related to the contribution of diffusion to the nucleation process. A common approximation of the

growth rate G sets it close to the inverse of the half time of crystallization (G = 1/ t12) [17].

Two types of crystallization behavior (regime | and regime Il) have been observed in polymers, leading

to different expressions for the nucleation rate parameter K:

4boo, T _ Eq.14
Ky = —Ahka regime |

2boo, T _ Eq.15
Kg” = W;Brn regime 11

where b represents the layer thickness, o the lateral surface energy, o, the fold surface free energy,
Ahs the heat of fusion per volume unit, and kg the Boltzmann constant. Regime | corresponds to
sequential nucleation (a single nucleus completes one layer of crystal thickness before the formation

of another nucleus) and regime Il corresponds to the simultaneous formation of several nuclei.

The HL model is broadly accepted, however recent findings highlighted some deviations from the HL
predictions [18]. These deviations were imputed on “unconventional crystallization” activated through
other mechanisms, such as cross-nucleation [19] and memory effects [20]. Some authors also
proposed the existence of mesomorphic layers prior to the appearance of the first crystallites as part

of a multi-step process passing over intermediate states [21].
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Figure 1.5. Schematic representation of the temperature dependence of the nucleation and growth
processes.

Figure 1.5 represents the temperature dependence of the nucleation and growth processes.
Crystallization can only occur when the regions corresponding to the two processes overlap (blue
hatched area). Depending on the polymer, the nucleation and growth processes are more or less
disjointed, which leads to different ability to crystallize and, by extension, to form a glass. The glass-
forming ability (GFA) is also related to the critical cooling rate (S, ;) needed to avoid crystallization.

Indeed, the lower 3 ..i;, the higher the GFA.

.4 Isothermal and non-isothermal crystallization

The kinetics of thermally activated crystallization is generally assessed using calorimetric approaches
under either isothermal or non-isothermal conditions. The relative crystallinity degree defining the
degree of conversion is noted ar under non-isothermal conditions and a: under isothermal conditions,

and is evaluated as [22]:

ar = = Eq.16

where dH is the heat released in an infinitesimally small temperature interval d7, and T, T and T,

are the onset temperature, an arbitrary temperature in the selected temperature range, and the
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endset temperature, respectively. To obtain the expression in isothermal conditions, the temperature

T is replaced by the time &

[.4.1. Johnson-Mehl-Avrami-Kolmogorov equation

In order to accurately simulate the crystallization curve under isothermal conditions (a; vs time),
Avrami proposed a theory based on the so-called extended volume [22]. A simplified form of kinetic

equation based on Avrami’s theory is the Johnson-Mehl-Avrami-Kolmogorov (JMAK) equation:

a, =1—exp[—K(t, — ty)"] Eq.17

where a; is the crystallinity degree under isothermal conditions, K is the temperature-dependent rate
constant, n is the Avrami exponent, t. is the crystallization time, and ¢, is the induction time. The
incorporation of t, into the IMAK equation gives more reasonable results for the parameters n and K,
as shown by Lorenzo et al. [23]. The exponent n is generally an integer giving information on the

nucleation process (Table I.1).

Table I.1. Relation between Avrami exponent n and nucleation process.

Growth Nucleation
Heterogeneous Homogeneous
Three dimensions (3D) n=3 n=4
Two dimensions (2D) n=2 n=3
One dimension (1D) n=1 n=2

[.4.2. Ozawa model

The JMAK equation is based on some assumptions that are not always fulfilled [24, 25], leading to the
development of other models such as the modified Avrami equation [26] or the Sestak-Berggren
approach to isothermal crystallization [24, 27]. To this day, the majority of the crystallization kinetics
experiences are actually performed under non-isothermal conditions [28]. Later on, Ozawa extended

the JMAK model to account for crystallization occurring under non-isothermal conditions [29]:

Eq.18
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where || is the cooling rate, X(T) is the heating or cooling crystallization function, and m is the

exponent related to the crystal nucleation mechanism. Linearization of Eq. 18 gives:

log[—In(1 — )] = In(X(T)) — mlog|B.| Eq.19

Sometimes the requirements to use these models are not met experimentally, or calculations yield a
too large number of parameters difficult to interpret. Other methods were proposed to analyze the
kinetic parameters of polymer crystallization [30,31]. Recently, Vyazovkin et al. proposed a review
discussing the applicability of the Avrami and Arrhenius equations to non-isothermal crystallization
[28]. Model-free kinetics analysis can also be performed using an advanced iso-conversional method
for non-isothermal crystallization from the melt [17]. The advanced non-linear iso-conversional
method (NLN) based on Vyazovkin’s equations [28, 32-34] allows the obtention of the effective
activation energy for crystallization as a function of the degree of conversion a without any assumption

on the reaction mechanism [18].

.5 Crystalline polymorphism

Polymorphism is the ability of a material to crystallize in two or more crystalline phases with distinct
arrangements and/or conformations of the molecules (or molecular segments) in the crystal lattice.
Polymorphism can have a major impact on mechanical [35] and barrier properties [36], as well as
photoluminescence [37] and membrane performance [38]. This characteristic is found in many
systems, such as metallic alloys [39], liquid crystals [40] and many polymers [41] including poly (lactic
acid) (PLA) [42]. Sometimes, a high-temperature peak is associated to the main crystalline form, and

the presence of an additional low-temperature peak is related to some mesophase [31].

Different crystalline forms can be obtained with different processing conditions, annealing
temperatures [43], and stretching at high draw-ratio and high temperature, as in hot-drawing of melt
or solution to produce spun fibers [42], or cooling from the molten state with different cooling rates
[44]. In general, this leads to the formation of a crystalline phase with defects, which reorganizes as
molecular mobility is facilitated, i.e. upon heating, as in the case of PLA, whose imperfect a’ crystalline

form turns into the a form upon heating [45, 46].
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.6 Melting

1.6.1 Equilibrium melting temperature

The equilibrium melting temperature T, corresponds to the theoretical melting temperature of
perfect crystals with infinite thickness. Different methods have been proposed for the calculation of
T 2. One of the most popular is the Hoffman-Weeks extrapolative method, which is based on the
variation of the melting temperature T,,, with lamellar thickness, itself dependent on the isothermal
crystallization temperature T, [47]. This theory is based on two assumptions: the thickening coefficient
is independent of T, and the lateral dimensions of the crystalline lamellae must be significantly higher

than their thickness. The equation used in the Hoffman-Weeks theory is:

1\ T Eq.20
T = T, (1——)+ —

where T, is the melting temperature measured after the isothermal crystallization at T, and 8 = d ./
d.* is the thickening coefficient, equal to the ratio of thicknesses of the grown crystallites d. to the
initial crystalline structures d.*. The melting temperatures T,,, are converted into lamellae thickness

d. by the Gibbs-Thomson equation:

20 1
Ah,, d;

z

To(d)=T% |1 Eq.21

where T,2 is the equilibrium melting temperature, o is the molar surface free energy of the crystalline
lamellae in the final stabilized state, 4h,, is the specific heat of fusion, and d, is the length of a

repeating unit in the unit cell [48, 49].

1.6.2. Equilibrium melting enthalpy

The equilibrium melting enthalpy AhY, corresponds to the theoretical melting enthalpy of a fully
crystalline material. Different methods were proposed to assess this thermodynamic parameter, such
as Baur’s method, extrapolation to infinite crystal thickness, Flory model for solution-grown crystals,
or extrapolation to crystal density [42]. One issue is that different methods often yield different values,
e.g. the AhY, associated to the a-form of the semi-crystalline PLA ranges from 81 J g to 135 J g*

depending of the method employed [42]. Fosse et al. proposed a protocol relying on Fast Scanning
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Calorimetry (FSC), supposing a two-phase semi-crystalline microstructure with a negligible amount of

RAF [12].

Il. The glassy state
[I.1 Amorphization upon cooling

The cooling rate is an important parameter for microstructure, in particular during the solidification of
the relaxed melt and the development of specific interactions leading to the formation of
supramolecular structures [50, 51]. These structures are responsible for the material’s final properties,
and therefore the cooling rate is a crucial parameter in many applications, from industrial processing
to microbiology [52]. In polymer physics, and more generally in glass physics, the relaxational behavior

of glass-forming liquids upon cooling gives precious information on the physical state of the glass.

Cooling rate
K min-1
Common H Laser powder

evaluation range : bed fusion Molecular

Nanocalorimetry dynamics (MD)
simulations
Fast Scanning Calorimetry (FSC) 1010-10" K s

High Speed Cooling Device (HSCD)

Water quenching

0Oil quenching
Air quenching
1

T
!

Cooling rate
Ks1

Figure 1.6. Typical range of cooling rates achievable with different processing and characterization techniques
for different materials including polymers [44, 53-67].

Controlling the cooling rate is a major issue, in particular for industrial processing. Indeed, processing
techniques such as injection molding or extrusion can involve high cooling rates, with major impact on
the polymer microstructure and final properties, with fast cooling producing more amorphous

materials, increased transparency and elongation at break [68] and is also beneficial in terms of
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production rate in comparison with slow cooling. Figure 1.6 presents the typical range of cooling rates

associated to different processing and characterization techniques.

The critical cooling rate f. .- corresponds to the minimum cooling rate needed to suppress the
crystallization process upon cooling, as shown in Figure L.5. Vitrification can lead to the formation of
two types of glasses, one with nuclei that can grow during subsequent heating (self-doped glass), and
one without nuclei (homogeneous glass) [69]. The critical cooling rate is inherently related to a
material’s ability to crystallize and its GFA (see Section 1.3). While the chemical nature of the glass-
forming liquid is a major determinant (in general metallic alloys will have higher critical cooling rates
than polymers), small composition changes can actually make a difference from a polymer to another
[70]. The critical cooling rate can be assessed experimentally using differential scanning calorimetry
(DSC) for low cooling rates (0.2 to 50 K min™) and fast scanning calorimetry (FSC) for higher cooling
rates (up to 4.10* K s). A new experimental apparatus further extended the window for cooling rates
up to 106K s [49, 71]. Recently, the use of molecular dynamics simulations allowed to probe molecular
dynamics at the picosecond timescale. While the cooling rate gap between the experiments (up to 108
K s?) and the simulations (around 10 K s?) is still wide, some fundamental properties (fictive

temperature, relaxation enthalpy...) can be well extrapolated [60, 72].

In the literature it is possible to find several ways to estimate the critical cooling rates based on the

degree of supercooling, such as the Barandiaran and Colmenero (BC) method [73]:

B
Be, -t=exp<A——> Eq.22
oot (Tmo - c)z

where Tm0 is the equilibrium melting temperature, T, is the crystallization temperature, A and B are

material constants.

[I.2 The glass transition

A basic explanation of vitrification was given by Tammann about 100 years ago in his famous book on
glasses and the glass transition [74], where he proposed to consider glasses as undercooled solidified
melts. Later on, Jones and Simon proposed a significant extension of this definition, stating that glasses
are kinetically frozen-in and thermodynamically non-equilibrium states of the liquid [75]. In 2017,
Zanatto et al. added to the general definition the notion of glass transition, stating that glasses
spontaneously relax towards the supercooled liquid state and ultimately crystallize in the limit of

infinite time [76]. Even though a lot of progress has been made along the years, a general
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understanding of glass physics and in particular the mechanisms of glass transition is still one of the

most challenging issues in soft matter physics [77].
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Figure I.7. Dependence of the thermodynamic properties of a glass-forming liquid on temperature.

When a glass-forming liquid is cooled down from the melt at a sufficiently high rate to bypass
crystallization, it reaches the supercooled liquid state as represented in Figure 1.7. Molecular dynamics
progressively slow down as temperature decreases, and the supercooled liquid gets denser and more
viscous. The characteristic time needed by the molecules to regain equilibrium after external
perturbation corresponds to the relaxation time 7. As temperature is further decreased, the
supercooled liquid does not have enough time to relax, it falls out of equilibrium, and undergoes
vitrification. This transition is associated to a change from a rubbery to a glassy state with no long-
range order, and is referred to as the glass transition, a time-dependent and reversible process which
exhibits the characteristics of a kinetic transition. Even though the glass transition occurs on a more or
less large temperature range, it is generally associated to a single glass transition temperature Ty,
conventionally defined as the temperature at which the glass has a relaxation time 7= 100 s (dynamical
definition) or a viscosity 7= 10'? Pa s (rheological definition). The temperature T, depends on intrinsic
parameters of the material (chain flexibility, chemical functions, polarity, molar mass...), but also on
the analytical technique used to measure it (calorimetry, volumetric analysis, rheology...) as well as on
the experimental conditions set for the measurement (time scale, scanning rates, pressure,

frequency...), and the previous thermomechanical history and thermodynamic state [78].
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As a result, the concept of fictive temperature Ty was developed by Tool [79] as a way to better
characterize the thermodynamic state attained by a glass after a given thermal protocol [80, 81]. The
fictive temperature depends only on the cooling rate previously used to form the glass, and is
independent of the heating rate used for its measurement [82]. The use of T is therefore more
fundamental because it removes the time dependence of the measurement, leaving only the time
dependence of the sample thermal history [78]. As illustrated in Figure 1.7, Ty corresponds to the
intersection of the investigated property (e.g. enthalpy H, specific volume V or entropy S) extrapolated
from the low-temperature glass line, with the liquid equilibrium line extrapolated from the high-
temperature liquid-like state. The faster the cooling, the less time is allotted to molecules to retain

equilibrium, and the glass-forming liquid will fall out of equilibrium faster, thus resulting in higher T.

The Kauzmann temperature Ty is considered as a thermodynamic ideal glass transition temperature,
for which the configurational entropy A4S is nil, with AS¢ = Siiquia-Scrystal. Below Ty the configurational
entropy becomes negative, leading to an infringement of the third law of thermodynamics. This

infringement, known as the Kauzmann paradox, is still debated to this day [83, 84].

[1.2.1. Fragility concept

There are important differences in the way liquids relax as they approach the glass transition, with
rapid or slow variation in dynamic quantities under moderate temperature changes [85]. At high
temperature, liquids exhibit a simple Arrhenius behavior of the structural relaxation time t(T), as
represented in Figure 1.8. Upon cooling, when the system reaches the crossover region, the high-
temperature Arrhenian relaxation splits into the main a relaxation process and other local relaxation
processes (B, y...). The a relaxation process corresponds to the conformational changes of the polymer
backbone, whereas the secondary relaxations concern the vibration or rotation of lateral segments or
groups of atoms. The relaxation time related to the dynamic a-relaxation increases much faster than
the Arrhenius law, causing a deviation from the expected behavior [86]. This deviation is characterized

by a dramatic increase of the apparent activation energy giving rise to a super-Arrhenius behavior:

AEa(T)) Eq.23

o(T) = 19 exp( RT

where T, is the limiting high-temperature relaxing time or pre-exponential factor, R the universal gas
constant, T is the temperature, and E, is the apparent activation energy, which is associated to the
structural relaxation and shear viscosity in the glass transition region [87]. For local relaxations, the

relaxation time follows a simple Arrhenius behavior with AE,(T) = const. Unfortunately, Eq. 23 is not
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directly applicable, since the temperature dependence of AE,(T) is not always known. An alternative

equation is therefore used in the form of a Vogel-Fulcher-Tammann (VFT) equation [88-90]:

DT, ) Eq.24

™(T) = tyexp (T e
v

The strength parameter D can be taken as a measure of the deviation from the Arrhenius behavior,
and is related to the steepness of the variation of the relaxation time as a function of temperature.
The non-Arrhenius behavior is considered by introducing the Vogel temperature T, as an extrapolated
temperature for an infinite relaxation time. This divergence may be taken as indication of an ideal glass
transition, that would occur at a temperature T,, below the glass transition temperature Tj. This
condition, though, is not reached for dynamical reasons. In general, T, is found to be approximately

40 K below T, [91].
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Figure 1.8. Schematic representation of the relaxations and cooperative processes typical of a glass-forming
liquid as a function of temperature. White spheres represent the Cooperative Rearranging Regions (CRR).

This deviation from the Arrhenius behavior differs from one liquid to another as their dynamics
decelerate upon cooling towards the glass transition. To describe this deceleration, Angell introduced
the concept of fragility, which is a kinetic property but closely correlated with various thermodynamics
guantities, such as the width of the glass transition and the change in heat capacity at the glass

transition [87]. The fragility index m is defined as follows:
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_ d(logT)

d (7;_51) Eq.25
T=T,
Depending on the thermal sensitivity of the physical relaxation during the glass transition, the fragility
index m will be small for strong glass-forming liquids, and large for fragile glass-forming liquids, as
represented in Figure 1.9. Fragile glasses exhibit a marked non-linear behavior with a dramatic increase
in T (orn) over a limited temperature interval once the supercooled liquid approaches Tj. It was found
that liquids with non-directional bonding and a heterogeneous distribution of interactions would
typically have a fragile behavior [85]. Overall, fragile liquids belong to the category of weakly
interacting ionic and van der Waals systems, while strong liquids are typically networking glass-formers

such as SiO; or Ge0,[92], whose short-range order is mostly unaffected by temperature change [82].

Log (1) or log (n)

ity

Figure 1.9. Schematic illustration of the strong and fragile behaviors according to Angell’s fragility concept.

Correlations between the fragility index and the material’s properties have been thoroughly
investigated, and relationships between m, T, structural features and elastic properties have been
established in some cases, showing that various physical properties can actually influence the
molecular relaxations and the fragility [93]. One striking point is that many polymers have a fragile
behavior with a much steeper temperature dependence of their structural relaxation in comparison
with smaller molecules, and the mechanisms behind this unusually high fragility in polymers are still

unknown [94].
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The relationship between m and the chemical structure of polymer repeating units was also
investigated, with Yildrim et al. [85] showing the predominance of the spatial distribution of chain
rigidity on the liquid relaxation properties over other structural aspects. Ngai et al. [95] highlighted the
possible influence of the structural unit’s symmetry on the fragility of polymers, with symmetric units
leading to a stronger polymer due to symmetric units having lower intermolecular coupling than
asymmetric ones. By studying the influence of molecular weight on fast dynamics and fragility, Ding et
al. confirmed that polymers with symmetric structural units appear to be less fragile than polymers
with asymmetric structural units. For asymmetrically substituted polymers (rather fragile), an increase
in molecular weight leads to an increase in fragility, whereas for symmetrically substituted or non-
substituted polymers (relatively strong), the symmetry of the chemical structure results in a
distribution of configurational energies being rather independent of the chain length [96]. An
explanation for this observation would be that asymmetric units lead to a strong broadening of the
distribution. As a result, fragility should increase with molecular weight in polymers with asymmetric

structural units [96].

Kunal et al. proposed an approach to understand the role of chemical structure in segmental dynamics,
stating that polymers with flexible backbones and no side groups are the strongest [97]. This approach
was extended by Novikov et al. who argued that polymers tend to be more fragile as the flexibility of

their side groups becomes different from that of the backbone, as shown in Figure 1.10:
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Figure 1.10. Schematic presentation of polymers classification based on the relative flexibility of the side
groups and backbone (Figure from Novikov et al. [98]).
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[1.2.2. Cooperativity

The viscous slowdown depends on the molecular or atomic rearrangements in the deeply supercooled
melt, which are usually described by spatially and temporally fluctuating associations of particles.
Depending on the selected material and characterization method, these associations are referred to
as Medium Range Order (MRO) correlation regions [99, 100], dynamic heterogeneities [101], or spatial
heterogeneities [102], but all of them describe spatio-temporal domains in which the molecular or
atomic mobility is not homogeneous [101, 103] and drastically changes during the vitrification process

[99, 104].

Different models have been proposed to understand the vitrification process, such as the string-like
cooperative rearrangement model [77, 105], the Mode-Coupling Theory (MCT) [106-108] or the Adam
and Gibbs model based on the configurational entropy of supercooled liquids [109]. In a supercooled
liquid, the free volume available to the individual moiety (which often corresponds to the repeating
unit in the case of a polymer) is considerably reduced. As a result, the a-relaxation process is
cooperative in nature: a relaxing unit can move only if a certain number of neighboring units move as
well, thus forming a Cooperative Rearranging Region (CRR). Adam and Gibbs defined a CRR as the
smallest subsystem in which relaxing units can rearrange cooperatively (changing their configuration
within the CRR) without affecting their neighbors upon a sufficient thermal fluctuation. Cooperativity
in dynamics is often evaluated as the size of the CRR (), or as the number of relaxing units contained
in @ CRR (Ng). The limit to the Adam-Gibbs model is that it cannot quantitatively predict the
temperature dependence of cooperativity if the temperature profile of configurational entropy is not

known [77].

To overcome this limitation, Donth developed an approach based on thermodynamics and calorimetric
measurements. If a CRR is described as a system with a fluctuating temperature (Von Laue approach),
its average size can be estimated based on the analysis of the shape of the thermal relaxation spectrum
measured by calorimetry [110]. The CRR volume V,, can be calculated with Eq. 26:

v kB(T“)2< ! 1) Eq.26
= B(le) (- — q.
“ p 8T/ \¢pg Cpy

where kg is the Boltzmann constant, p is the density, T, is the dynamic glass transition temperature,
Cp,e and ¢, are the specific heat capacities of the glass and of the supercooled liquid respectively

measured at T, and 0T represents the temperature fluctuation. The temperature fluctuation 6T is
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obtained from the width of the thermal relaxation spectrum. The soundness of the inclusion of 8T in
Eq. 26 has been widely discussed [110, 111]. From the cooperative volume I/, assumed as a sphere, the

characteristic length &, of a CRR can be determined with Eq. 27:

1
6 3
£, = (E Va) Eq.27
The number of relaxing units in a CRR can be obtained via Eq. 28:
No Vo p
N, = Eq.28
04 MO q

where Ny is the Avogadro number and M, is the mass of the moiety identified as the relaxing unit.
The most direct method to assess the degree of cooperativity of molecular motions is from the
broadening of the relaxation spectrum [95]. A broad glass transition can be characteristic of an
heterogeneous amorphous phase with small cooperativity lengths and large temperature fluctuation
oT [77]. Moreover, connectivity imposes additional restrictions on molecular motions, so that a larger
number of structural units should be involved. Consequently, polymers are expected to have larger

molecular cooperativity than non-polymeric materials [86].

In the 90s and early 2000s, heat capacity spectroscopy allowed to probe segmental dynamics near the
crossover region [112-116], and attempts at finding a correlation between cooperativity at Ty and
fragility were made. Unfortunately, no universal trends have been found so far, probably because of

the complex interactions between macromolecular segments [77].

In recent years, there has been a renewed interest in the investigation of cooperative processes thanks
to the improvement of experimental techniques such as X-ray Positron Correlation Spectroscopy
(XPCS) [117, 118], Electron Correlation Microscopy (ECM) [119], Atomic Force Microscopy [120],
Neutron Spin Echo (NSE) spectroscopy [111], as well as by simulation [77]. The development of Fast
Scanning Calorimetry (FSC) with high time resolution [121, 122] and of the spectroscopy of heat
capacity over a wide frequency range [123, 124] also provides a deeper insight into the kinetics of the
glass transition [125-127]. Recent insights showed that the cooperative motions affect the kinetics of
the glass transition (e.g. the fragility index) [128] but also other properties, such as thermal expansion
[129] and microhardness [130]. On the other hand, the CRR size (and to a larger extent the segmental
relaxation) is impacted by crystallization [131-133], causing a broadening of the relaxation spectrum

and a shift to lower frequencies.
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CRR are also impacted by free volume, when the segmental chains do not fully occupy the specific
volume due to packing inefficiencies and hindered chain mobility (which is typical of polymers). The
unoccupied volume is continuously redistributed as a result of thermally stimulated random segmental
motions [134]. Comparisons between the free volume estimated using PALS and the cooperative
volume I, estimated by Donth’s approach revealed that the appearance of open-volume defects leads
to a significant decrease of 1, in As—Se chalcogenide glasses [135]. The same behavior was observed

for a polymeric glass former, PLA [136].

The extension of Donth’s approach allowed the investigation of the CRR size on a large frequency
window using a combination of Dielectric Relaxation Spectroscopy and Modulated Temperature DSC
(MT-DSC) [137] or Broadband Heat Capacity Spectroscopy [138]. The use of these experimental
techniques is however limited to amorphous polymers unable to crystallize. Indeed, materials (and in
particular polymers) with fast crystallization kinetics are challenging to analyze as their microstructure
evolves during measurement, which makes the probing of amorphous phase mobility (without the
impact of crystallization) difficult. One way to circumvent this issue would be to use Fast Scanning

Calorimetry, as will be shown in the Experimental section.

[I.3 Physical aging

In the previous sections we underlined the main characteristics of the a-relaxation in glass-forming
liquids, as well as the increase of the CRR size associated to the a-relaxation upon cooling. When the

glass-forming liquid is cooled down below its T, another phenomenon takes place: physical aging.

Such phenomenon is related to the structural relaxation processes undergone by the amorphous phase
when the material is maintained at an aging temperature (T,4) below its T;. Physical aging occurs in
all types of materials (thermoplastic polymers [139], thermosets [140, 141], chalcogenide glasses [142,
143], pharmaceutical compounds [144]), whether they are fully amorphous or semi-crystalline with a
residual amorphous phase. This phenomenon can significantly affect the macroscopic behavior,

including barrier and mechanical properties [140, 145, 146].
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Figure 1.11. Schematic illustration of the temperature dependence of the enthalpy of a glass-forming liquid
upon physical aging.

When the cooling rate is too high for a glass-forming liquid to remain in an equilibrium state, the glass
formed is intrinsically out-of-equilibrium, i.e. its thermodynamic properties (specific volume, enthalpy,
and entropy) are higher than what they would have been in the corresponding equilibrium state (liquid
equilibrium extrapolated to low temperatures) (Figure 1.11). This thermodynamic excess initiates a
progressive relaxation process towards equilibrium. The kinetics of physical aging can be investigated
using calorimetric analysis, assessing the enthalpy of recovery AH(Tag, tag) associated with physical
aging for a given time (t,4) spent in isothermal conditions (T,4) at a temperature below T;. The
enthalpy of recovery is calculated by integrating the difference between the scans recorded on an aged

and successively rejuvenated samples, following Eq. 29:

T;
AH(Tyg,tag) = f [cp,a(T) — cpr(T)] dT Eq.29
T

where ¢, 4(T) and ¢, -(T) correspond to the specific heat capacities of the aged and rejuvenated
sample respectively, and T; and T, are arbitrary temperatures below and above Ty. For an infinite
aging time, it is assumed that the thermodynamic equilibrium is reached. The expected enthalpy of

recovery can then be estimated according to Eq. 30:
AHos = ACp,(1 g iy (Tgmia = Tag) Eq.30

where Ty ;4 is the glass transition temperature taken at half-eight of the glass transition step, and
Acp(Tg mid) is the change in specific heat capacity extrapolated at T ;4. On the curves recorded by

calorimetry, physical aging appears as an endothermic peak superimposed to the specific heat

capacity step at T; as seen in Figure 1.12:
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Figure 1.12. DSC heat flows recorded upon heating on a rejuvenated (black) and aged (red) sample as a function
of temperature. The purple dashed area represents the overshoot superimposed to the heat capacity step
used to estimate the enthalpy of recovery associated with physical aging.

As stated before, physical aging is a natural and reversible process and, in this regard, differs from
chemical aging, which affects covalent bonding. Chemical aging is a form of degradation which can
occur to polymers in service under external factors such as temperature, oxidative gasses, UV light,
humidity, radiations or mechanical stress [147]. These degradation processes can impact performance
in numerous fields such as civil construction [140] or medicine [148], with potential repercussions on
consumers’ health and safety. This is why researchers and industrials have been focusing on

developing high-performing and environmentally friendly polymers.

lll. Polyesters: a class of polyvalent polymers

[11.1 Development of bio-sourced and biodegradable polyesters

During the last decades there has been a growing interest in developing bio-polyesters from renewable
resources due to the limits of fossil fuel reserves, the rise of petrochemicals’ price, and the emission
of greenhouse gasses [149]. Indeed, developing new bio-based materials is considered as a strategic
approach to limit environmental concerns while keep on meeting the current demand for polymers
and composites [150]. Bio-based materials have the advantage of being environmentally friendly and
adaptable to a large range of applications, which explains that their production capacities have tripled

from 5.2 million tons in 2015 to nearly 17 million tons in 2020 [151].
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Figure 1.13. Classification of common polymers depending on their sourcing and degradation behavior (non-
exhaustive list).

Chen et al. published a review of present and future prospects for bio-sourced plastics, and their
possible biological sources [152]. Another review on recent developments and future prospects on
bio-based polyesters derived from renewable resources was proposed by Zia et al [149]. Polyesters
have been attracting much attention because of their low immunogenicity, the easiness of their
production, the possibility of obtaining a controlled chemical composition, and thus a quite high
chemical versatility [153]. Depending on the crystallization and processing conditions, polyesters can
develop complex microstructures with the formation of different polymorphs having a major effect on
the structure-physical property relationship [154]. Polyesters are among the earliest and most
extensively investigated biodegradable soft materials, as they are easily available from biomass
sources for mass production [155]. They can be obtained using solvent-free polycondensation
processes, and they offer tunable properties which make them appealing for a wide range of
applications. Bio-sourced polyesters can be derived from starch, cellulose, fatty acids, sugars and
proteins, natural essences, vegetal oils, or lignin [149]. Some of the monomers can be produced by
microbial fermentation eventually combined with chemical polymerization [152] like
polyhydroxyalkanoate (PHA) and PLA [152, 156]. In Figure 1.13 one may notice the presence of bio-
poly (ethylene terephthalate) (bio-PET); new synthesis pathways allow terephthalate polyesters to be
completely synthesized from renewable resources, starting from bio-limonene for dimethyl

terephthalate and bio-succinic acid for butanediol [157].
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Biodegradable polyesters are also subject to extensive academic and industrial research, as recycling
is energy-consuming and relies on infrastructures that are not always accessible everywhere, whereas
composting allows a relatively easy and low-requirement disposal of polymer waste [158]. Moreover,
the biodegradable character of some polymers attracted recent attention in light of the disintegration
of plastic debris into microplastics, their dispersion in oceans and freshwater sources [159], and their
accumulation in the organs of living beings. A review on the different routes accessible for biopolymer

degradation is proposed by Nair et al. [160].

A polymer is considered biodegradable if it can be decomposed into carbon derivatives, inorganic
compounds and water without toxic residues. Poly (e-caprolactone) (PCL) and poly (butylene
succinate) (PBS) are among the most common biodegradable polyesters. The latter has good
processability and flexibility, however like PLA it suffers from brittleness [161]. Recently, poly (alkylene
2,5-furanoate) (PEF) and poly (alkylene 1,4-trans-cyclohexanedicarboxylate) (PCH) attracted a lot of
attention due to the fact that their mechanical and barrier properties can be fine-tuned by changing

the number of methylene groups in the repeating unit [17, 162].

[1l.2 Diol length variation and odd-even effect

Controlling the length of the linear aliphatic moiety within the repeating unit can help fine-tuning the
macroscopic properties of a polyester, in particular its mechanical properties, going from a typical
thermoplastic behavior for short lengths to a more elastomeric behavior [163].Moreover, a peculiar
behavior referred to as the odd-even effect has been observed, consisting in a variation of properties
depending on the number of methylene groups (n¢y,) contained in the linear aliphatic moiety of a
polyester’s repeating unit, which may be controlled through the choice of a suitable diol for the
reaction with an acid. These properties include strain at break [164], birefringence [165], melting and

crystallization temperatures [164, 166], and crystalline structure [164, 167].

Historically, odd-numbered polyesters were often discarded because of their poor properties
compared to their even-numbered counterparts, or because of difficulties related to synthesis [168].
Nonetheless, recent synthesis routes allowed the production of 1,3-propanediol (1,3-PD) from
renewable resources, and polyesters containing 1,3-propanediol (1,3-PD) such as poly (propylene

terephthalate) (PPT) have actually shown excellent properties [168].

It seems therefore essential to define the dependence of a polyester’s thermal properties on the length

of the aliphatic segment within the repeating unit. In the following, two series of polyesters will be
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considered as an example: poly (alkylene 2,5-furanoate)s (containing an aromatic acidic moiety) and

poly (alkylene trans-1,4-cyclohexanedicarboxylate)s (containing an alicyclic acidic moiety).

[11.2.1. Poly (alkylene 2,5-furanoate)s

Poly (alkylene 2,5-furanoate)s are synthesized starting from 2,5-furandicarboxylic acid (2,5-FDCA),
which can be derived from 5-(hydroxymethyl)furfural (HMF). Even though HMF is employed as the
starting compound for many furanic derivatives [169], poly (alkylene 2,5-furanoate)s have attracted
most of the attention due to their interesting mechanical and barrier properties. Indeed, their
properties can be fine-tuned by synthesizing copolyesters of 2,5- and 2,4-furandicarboxylic acid with
different diols [170], i.e. by playing on position isomerism [171] or on the diol length, which can be
varied from two (poly (ethylene 2,5-furandicarboxylate), 2,5-PEF [172]) to six (poly (hexamethylene
2,5-furandicarboxylate), PHF) [18] or even twelve (poly (dodecylene 2,5-furanoate), PDoF) [17]
methylene units. However, polyfuranoates synthesized with long diols (nCH2> 4) are in general less
studied than poly (ethylene furanoate) (PEF, n¢y,= 2), poly (trimethylene furanoate) (PTF, n¢y,= 3)

and poly (butylene furanoate) (PBF, n¢y,= 4) [18].

Toledano et al. showed that hydrogen bonding is present in both the crystalline and amorphous
fractions of poly (trimethylene 2,5-furandicarboxylate) (PTF), and its rearrangement can be considered
as a significant driving force for crystallization of poly (alkylene 2,5-furanoate)s [173]. Recently,
Giudotti et al. found that poly (pentamethylene furanoate) (PPeF) manifested outstanding barrier and
mechanical properties related to the formation of a specific 2D-ordered structure [174]. Martinez-
Tong et al. attributed this behavior to possible interchain interactions between furan rings [51].
Comparison between 2,5-PEF and its chemical analogue PET showed that 2,5-PEF presents larger free
volume and less RAF formation, however both polymers have similar characteristic length &, [175].
Burgess et al. measured a larger fractional free volume (FFV) in poly(ethylene furanoate) (PEF) than in
poly(ethylene terephthalate) (PET), and a higher oxygen permeability in PET than in PEF [176],
concluding that a smaller FFV is not necessarily correlated with improved barrier properties. Other
studies suggested that the higher barrier performance of 2,5-PEF could be related to the formation of
compact helical structures stabilized by the n—mt interactions of the furan rings within the amorphous

fraction [177].
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[11.2.2. Poly (alkylene trans-1,4-cyclohexanedicarboxylate)s

Polyesters containing cyclohexane moieties have been known since 1950s, but due to the difficult
conditions required for their synthesis, they had not been commercially available until recently [178].
PCHs have the advantage of being completely aliphatic, therefore they do not absorb UV light and
suffer less from photo-induced degradation compared to other polyester such as PBT [178]. Bio-based
PCHs can be synthesized with 1,4-butanediol derived from succinic acid or corn [157, 179] and
cyclohexane dicarboxylic acid (CHDA) which can be derived from bio-based terephthalic acid obtained

from limonene, a terpene found in citrus skin [157].

CHDA is a cyclic aliphatic compound that can undergo an isomerization reaction between the chair and
boat conformations, as represented in Figure 1.14. The conformational isomerism of the cyclohexane
ring plays a major role in crystallization tendencies, with the crystallization temperature recorded on
cooling that decreases along with the trans content [178]. Indeed, the trans conformation is more
stable in the chair spatial conformation, whereas the cis conformation is found to be more stable in
the boat spatial conformation, and therefore cis conformation hinders crystallization. Even though the
crystallization temperature and the crystalline content X, are dependent on the cis/trans ratio, the
nature of the crystalline phase does not seem to be impacted [162]. For poly (butylene cyclohexane
dicarboxylate), PBCE, Celli et al. found that the trans conformation favors crystal formation, with an
increase in melting temperature and enthalpy following the increase in the trans content, whereas the
cis isomers remain in the amorphous state and are rejected from the crystalline phase [180]. In this
sense, the cis isomers act as defects as they hinder the formation of crystals, leading to a decrease in
the crystallization rate [180]. When the cis-isomer content increases, gas permeability rises as well

(higher values of Gas Transmission Rate, GTR) [162].

H Chair conformation Boat conformation

Isomerization reaction

Figure 1.14. Isomerization reaction between chair and boat conformations.

PCHs have outstanding barrier performance at ambient temperature, considering that they are above
their glass transition temperature, i.e. in the rubbery state [162]. Their barrier properties are thus not

attributable to the glassy state, which is associated to a reduced free volume compared to the
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corresponding rubbery phase. Guidotti et al. related the barrier performance of PBCE copolymers to
the ability of the polymer chains to develop a 2D-ordered structure akin to a mesophase, which hinders
the passage of gaseous permeants [162]. A mesophase is a material fraction having a particular
structure, whose development is attributed to the presence of mesogenic groups, such as the
cyclohexane ring in combination with flexible aliphatic units [181]. The development of a mesophase
would originate from a compact stacking of the cyclohexane rings in a chair conformation, which very
efficiently hinders the passage of permeants. The formation of a mesophase generally occurs at the
expense of the crystalline phase, and is favored by a situation of low crystallinity and high
macromolecular mobility [181]. A mesophase is characterized by a different degree of molecular
packing compared to the amorphous and the crystalline phases, which in turns has flexibilizing effects
and thus improves the elongation at break [181]. This condition is seemingly due to the simultaneous
presence in the polymer chain of relatively rigid units (the aliphatic cyclohexane ring) alternating with
more flexible segments (the linear aliphatic moiety) [181], analogously to what happens in liquid
crystals [162]. Dipole-dipole interactions also have a significant role in mesophase formation, and
intermolecular hydrogen bonding has a great potential for ordering thermotropic liquid crystals,

therefore stabilizing the mesophase [182-184].

In addition to the length of the linear aliphatic moiety present in the backbone of the repeating unit,
the nature of the substituents or side chains can also impact the thermal and structural properties of
a polymer. A change in the alkyl group from 1,4-butanediol to neopentyl glycol, for instance, does not
alter the thermal stability [162]. However, it influences the order within the material, which in turns
deeply affects the functional properties, mainly in terms of mechanical response and barrier

performance [162].

[11.3 Fields of application

[11.3.1. Food packaging

Reviews on the opportunities offered by biodegradable polymers for sustainable food packaging were
presented by Siracusa et al. [158] and Wu et al. [185]. In general, the microstructure has a strong
impact on barrier properties, and thus chemical tuning can help improving barrier properties through
the improvement of microstructure. For example, isomerism can deeply affect the barrier
performance, with 2,4-PBF having better properties compared to 2,5-PBF thanks to interchain
hydrogen bonds and reduced crystallization [171]. More generally, it is suggested that rigid amorphous

fraction (RAF) [186], crystal morphology, polymorphism, an eventual block chain structure (block
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composition) [187], free volume, the presence of impermeable fillers, polymer blending, multi-layer
coextrusion, nanocomposites [188], coating, and vacuum deposition coating, may have an impact on

the material final barrier properties [185].

The combination of a diacid with a glycol offers numerous advantages in terms of mechanical and
barrier properties. In particular, the use of terephthalic acid (and more recently of furanoic acid) led
to materials now commonly used at industrial scale, or with a strong appealing for it. Two PCH
homopolymers, containing respectively three and four methylene groups in their repeating unit (PPCE
and PBCE), were used in copolymer formulations with enhanced barrier performance and
biodegradation ability [187]. Bioinspired co-polyesters obtained from hydroxy-fatty acids extracted
from tomato peel agro-wastes and glycerol have also manifested tunable mechanical, thermal and

barrier properties [189-191].

[11.3.2. Biomedical

Zia et al. presented a few advances in polyester blends and composites with improved properties for
biomedical applications, such as skin tissue engineering, guided bone regeneration and healing
processes, drug delivery, and accelerated wound healing [149]. Polyester-based materials can also be

used for ophthalmology and orthopedic applications [192].

Shape memory polymers (SMP) belong to a class of smart materials that are able to change from one
shape to another when exposed to a specific environmental trigger (temperature, light...). They include
surgical alloys that possess varying degrees of biotoxicity, which limits their applications. For this
reason, many research efforts have been done to develop bio-compatible and eco-friendly polymers
with a variety of applications [155]. Biodegradable polyester-based SMPs are particularly interesting,
as they operate in vivo and have a shape-changing ability that needs minimal invasive interventions
[155]. Furthermore, the excellent biocompatibility and controllable degradation by simple hydrolysis
in aqueous environments, which is the case of body fluids, make polyesters particularly suitable for

clinical use [155].

PLA, poly (glycolic acid) (PGA), PCL and their copolymers, just to mention a few, have been extensively
researched as synthetic biomaterials for sutures, plates and fixtures for fracture consolidation,
scaffolds for cell transplantation and tissue growth [49, 155], dental implants, stents, bone screws,
pins and vascular grafts [193]. PLA can also be used as a vector for drug delivery as part of cancer
treatments [194] and for gene delivery [153]. PCHs, and in particular PBCE copolymers, could also be

tailored for biomedical applications [195, 196].
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This second chapter presents the materials investigated in this work, a description of the experimental
techniques, and all the details about the experimental set-ups and thermal protocols used for the

investigations.
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|. Materials

[.1. Poly (lactic acid) (PLA)

Pellets of poly (lactic acid) (PLA) with 95.7% L and 4.3% D isomer contents (grade PLA4042D), and an
average molecular weight M,, of 188,000 g mol™ were purchased from NatureWorks. PLA has a density
p of 1.25 g cm™ and the molar mass of its repeating unit My is 72 g mol™. The pellets were oven-dried
(12 h at 60 °C), hot-pressed (3 min at 200 °C under 2 tons) and quenched in water to obtain amorphous
films with a controlled thickness of about 200 um to ease further sample preparation. The chemical

structure of the repeating unit is presented in Figure I1.1:

0)

Figure Il.1. Repeating unit PLA.

[.2. Poly (alkylene trans-1,4-cyclohexanedicarboxylate)s

The poly (alkylene trans-1,4-cyclohexanedicarboxylate)s (PCHs) were synthesized at the Dipartimento
di Ingegneria Civile, Chimica, Ambientale e dei Materiali (DICAM) in Bologna (Italy), via a two-step melt
polycondensation procedure which is a solvent free method". It consists in the esterification reaction
between a bifunctional acid (trans-1,4-cyclohexanedicarboxylic acid, CHDA) and a bifunctional glycol
(from 1,3-propanol to 1,6-hexanol) to form dimers, as represented in Figure 1l.2. The four
homopolymers synthesized in this work differ by their glycol subunits, as it contains linear alkyl groups

of different lengths, from three (PPCE) to six (PHCE) methylene groups.

*PCHs synthesis was realized in collaboration with Dr. Giulia GUIDOTTI, Dr. Michelina SOCCIO and Pr.
Nadia LOTTI, during an Erasmus exchange in Bologna from October to December 2022. Structural
characterizations including Nuclear Magnetic Resonance (NMR) and Gel Permeation Chromatography
(GPC) were performed as well.
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—— Synthesis process

o ( Water ( Excess glycol
OH HO OH + Ti(OBu), 0

o0 N g s
<
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Trans-1,4-cyclohexanedicarboxylic
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Figure 11.2. Two-step melt polycondensation for the synthesis of the four PCH homopolymers.

Trans-1,4-cyclohexanedicarboxylic acid (95%, cis 5 mol %) (CHDA) was purchased from Fluorochem
(Hadfield, UK). 1,3-Propanediol (PD) (98%) was purchased from Carbosynth, 1,4-Butanediol (BD) (99%)
was purchased from Sigma-Aldrich, 1,5-Pentanediol (PeD) (97%) was purchased from Fluka Chemika,
1,6-Hexanediol (HD) (>97%) was purchased from TCI, and Ti(OBu)a (TBT) was purchased from Sigma-
Aldrich.

During the first stage, the reagents and the catalyst are put in a glass reactor under stirring (about 50
rom) and continuously flushed with 50 mL min? of N, (Figure I1.3.a). For x mol of diacid, 2x mol of
glycol are used to favor esterification and diacid dissolution. TBT is a catalyst whose function is to
increase the reaction rate. The glass reactor is placed in a thermostated oil bath and connected to a
six-bulb condenser to prevent reagents evaporation. The reactor is then heated to 190 °C (Figure 11.4),
the temperature being continuously monitored via a temperature controller. At the end of this stage,

a translucid liquid is obtained made of short polymeric chains.

a) First stage b) Second stage

I

Figure 11.3. Experimental set-up corresponding to a) first stage and b) second stage of the synthesis of PCHs.
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For second stage, the nitrogen flow is removed and a water trap device is added, connecting the glass
reactor to vacuum (Figure 11.3.b). The trap is put in a container filled with liquid nitrogen, so that the
excess diol condenses and is not extracted by the vacuum pump. A heating jacket is added around the
glass reactor and the trap junction to favor water distillation and shift the reaction equilibrium towards
the formation of the desired product. Then stirring is increased to 100 rpm and the temperature is also
increased from 190 °C to 200 °C to remove the excess of glycol that did not react. The torque value is
constantly monitored, which is an indication of the material resistance to stirring. Then vacuum is
progressively increased through the opening of two valves. When it reaches its maximum (pressure at
6.102 mbar), the temperature is further increased from 200 °C to 210 °C to promote transesterification
reactions and help removing the excess of glycol. The reaction is considered complete when there is

no longer distillation and the torque reaches a maximum constant value.

Temperature Pressure
(°C) (mbar)
3

Atmospheric
pressure

0.06

0 1.5 2I é 3l.5 2.5 Reaction time (h)
Figure Il.4. Temperature and pressure parameters during synthesis of PCHs.

The cis/trans isomer ratio of trans-1,4-cyclohexanedicarboxylate influences the crystallization
temperature of the final polymer, indeed T. on cooling decreases along with the trans content.
Isomerization of trans-1,4-cyclohexanedicarboxylate can occur during the polymerization process and
is enhanced with temperature, time and catalyst amount, so these variables should be minimized to
prepare PCHs polymers with high T.. However, these same variables also control the increase in
molecular weight, and so a compromise between the best conditions for high T, and those for high

molecular weights M,, must be made [1].

After the synthesis, about 8 g of product is collected. The polymer is then put inside the reactor and
dissolved with chloroform (CHCIls) under stirring. For the purification process, a beaker is filled with
400 mL of methanol. The dissolved polymer is then injected with a pipette in the methanol, leading to
the removal of catalyst, oligomers and impurities. All the polymers were purified by precipitation in

cold methanol. After purification and precipitation, the samples were dried under vacuum (1 h at 0.1
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mbar) and molded with a hot press to obtain thin films (two with the purified samples, one with the
non-purified samples for comparison purposes). All films appear pellucid, with thicknesses between

100 and 200 pm.

The chemical structures and cis/trans ratios were determined by Nuclear Magnetic Resonance
spectroscopy (*H-NMR). The weight-average molecular weight (M,,) and number-average molecular
weight (M_n) were determined using Gel Permeation Chromatography (GPC). Thermal stability was
investigated with thermogravimetric analysis (TGA) under N,. The *H-NMR spectra with proton
assignment can be found in Appendix 2. The data issued from molecular characterizations is reported
in Table II.1. The degree of polymerization DP, corresponds to the molecular weight divided by the
molar mass of the repeating unit My, and dispersity D is the ratio M,,, / M,,.

Table I1.1. Data issued from the molecular characterizations of the four PCHs using refractive index detector. M,
M, and M,, are expressed in g mol™.

Sample M, M, M,, b DP, cis [%]
PPCE 212 62 462 96 657 1.5 295 6.6
PBCE 226 68 703 93 382 1.4 304 5.5
PPeCE 240 57 855 83 592 1.4 241 5.4
PHCE 254 38666 + 1141* 58 734 + 160* 1.5+0.1* 152 9.4

*these values correspond to the average of two tries, the uncertainty is calculated as the deviation from the
mean value. The percentage of cis-isomer is expressed as cis [%].

Prior to characterization, all the PCHs were stored under vacuum in a desiccator in the presence of

phosphorus pentoxide (P20s) to reduce the exposure to humidity.

|.3. Co-polyesters of hydroxy-fatty acids

Bioinspired co-polyesters of hydroxy-fatty acids were obtained from tomato peel agro-wastes using a
solvent-free and catalyst-free polycondensation [2]. Two materials are studied, first the purified cutin
monomer (light vyellow powder) containing about 95 % non-polymerized 9(10)-16-
dihydroxyhexadecenoic acid, and 5 % dicarboxylic fatty acids (the composition and an illustration of

the materials can be found in Figure II.5 and Figure 11.6.a)". In the following, the purified cutin

"The synthesis of the purified CM and the polyester network was realized at the Institut National de Recherche
pour I'Agriculture, I'Alimentation et I'Environnement (INRAE) in Nantes (more details about the synthesis and
The chemical characterizations can be found in Marc et al.[3]). The materials were provided by DR Denis LOURDIN
as part of a collaboration between GPM and INRAE.
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monomer will be referred to as “purified CM”. The bulk polycondensation of purified CM extract at
150 °C for 24 h results in the second studied material, a weakly cross-linked polyester network (dark
amber film represented in Figure 11.6.b) with an estimated average number of 80 repeating units

between nodes [3] which will be later referred to as “polyester network”.

Cutin monomer extract purified
OH
a ‘,)\/\/\/\/\‘/\/\/\/"N 93 %
OH
o
b w\ﬁ/\/\/f\/\/\/\)\m 4.5%

C A A 1.5%

d o)\/\/\/\/\/\/\/Y° 05%

Figure I1.5. Lipid compositions (% of fatty acids of the cutin monomers after purification). a) 9(10)-16-
dihydroxyhexadecanoic acid; b) 10-hydroxyhexadecanoic acid; c¢) 16-hydroxydecanoic acid; d) hexadecenoic
acid (figure extracted from Marc et al [3]).

a)

4

Figure 11.6. a) Purified CM (light yellow powder) and b) polyester network (film).

In-situ polymerization at 150 °C of the purified CM at the nanoscale using Fast Scanning Calorimetry
(FSC) for 40 and 600 s resulted in two materials referred to as “purified CM_40s” and “purified

CM_600s" respectively, as shown in Figure 11.7.
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crude cutin purified cutin
monomer monomer
Polycondensation
150 °C
O0s 40s 600 s 24 h
Purified Purified Purified Polyester
cMm CM_40s CM_600s network

—

Semi-crystalline
reticulated polyester

Figure I.7. Solvent- and catalyst-free polycondensation of tomato cutin extract (adapted from Marc et al. [3]).
The color code (red for the purified CM, orange for the purified CM_40s, green for the purified CM_600s and
blue for the polyester network) will be used throughout Chapter Il

Il. Experimental techniques

[1.1. Structural characterization

[1.1.1. Nuclear Magnetic Resonance Spectroscopy (NMR)

Nuclear Magnetic Resonance spectroscopy (NMR) gives information on the chemical structure of the
molecules and their chemical environment thanks to the magnetic properties of selected atomic
nuclei. The intramolecular magnetic field surrounding any given atom in a molecule has a different

resonance frequency, which in turn can be related to the electronic structure of the molecule.

Hydrogen Nuclear Magnetic Resonance Spectroscopy (*H-NMR) was performed using a Variant XL-
400MHz NMR spectrometer (Palo Alto, CA, USA) at room temperature (relaxation time = 0 s,
acquisition time = 1 s, 100 repetitions). The PCHs were first dissolved by introducing about 15 mg of
sample in 1 mL of deuterated chloroform CDCl; containing 0.03 % tetramethylsilane (TMS) as internal
reference. The RMN spectra were then used to check the polymer chemical structure and calculate the

cis content.
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I.1.2. Gel Permeation Chromatography (GPC)

Gel Permeation Chromatography (GPC) is a separation method used in analytical chemistry to estimate
the average molecular weight of a polymer. About 2 mg of polymer is dissolved in CHCls, a small
amount of polymer solution is then injected into a column packed with porous resin with a large
distribution of pore sizes. The smaller the molecule, the longer will be the pathway taken through the
resin, and the longer the retention time, as indicated in Figure 11.8. GPC gives access to the weight-
average molecular weight (M,,) and number-average molecular weight (M,,), from which the dispersity
b and the degree of polymerization DP, can be calculated. PCHs characteristics are reported in Table

1. 1.

GPC analysis was performed at 30 °C using an HPLC 1100 chromatograph (Agilent Technologies, Santa
Clara, USA) equipped with an analytical PLgel 5 mm MiniMIX-C column (300 mm length and 7.80 mm
width) and a refractive index detector. A chloroform solution was used as eluent with a flow of 0.3 mL
min? flow and sample concentrations of about 0.1 mg mL™* were applied. The calibration curve was

obtained using polystyrene standards with a molecular weight range of 800-100,000 g mol™.
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Figure 11.8. Schematic representation of GPC principle based on steric exclusion.

I1.1.3. Wide Angle X-ray diffraction (WAXD)

Wide Angle X-ray diffraction (WAXD) is a non-destructive analytical technique used to investigate the
spatial arrangement of materials with specific ordered structures. In polymer science, this technique
allows the detection and quantification of crystalline fractions in semi-crystalline microstructures. As

depicted in Figure 11.9, the basic principle of WAXD relies on hitting the sample with X-ray beams and
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measuring the intensity of the diffracted rays as a function of the scattered angle 26 with a detector.
The X-rays are either diffracted or scattered to different angles after elastic interactions with regular
or irregular arrangements, i.e. crystalline domains or amorphous matrix. The presence of crystalline

domains results in high intensity diffraction peaks that can be analyzed with the Bragg’s law [4]:

ni
d= m Eq.1
where d is the crystalline interplanar distance, n is an integer, A is the X-ray wavelength and 8 is the
Bragg’s angle. The crystallinity X. is determined as the ratio between the areas below the crystalline
diffraction peaks and the total area below the WAXD spectrum. Diffracted peaks are fitted with
Gaussian functions that can be used to estimate the average size of the crystalline domains [, following

Scherrer’s equation [5]:

, __ka
€ B cosh

Eq.2

where K is a dimensionless shape factor and £ is the Full Width at Half Maximum (FWHM) of the

selected crystalline peak.

Fixed
X-ray
source

S: scanning speed

Figure 11.9. Schematic representation of a WAXD set-up with a Bragg-Brentano 6:20 geometry (figure from
Bishnoi et al. [6]).

In this work, WAXD measurements of PCHs were performed on a Bruker D8 X-ray diffractometer with
a cobalt source (A, = 0.179 nm) within the angular range 26 =5 - 40 ° and a scanning step of 0.03 °/s.
WAXD patterns were recorded as a function of temperature from ambient temperature to 180 °C with
a step of 10 °C under vacuum and a heating rate of 2 K min'! between two consecutive steps. WAXD
measurements of the co-polyesters of hydroxy-fatty acids were performed on a Bruker D8 Advance X-

ray diffractometer with a copper source (1., = 0.154 nm) at ambient temperature within the angular
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range 20 =5 - 40 ° and a scanning step of 0.04 °/s. Crystalline fraction X, was estimated using the

integrated Diffract EVA software.

I.1.4. Polarized Optical Microscopy (POM)

Polarized Optical Microscopy (POM) is a technique allowing the observation of anisotropic structures
at the micro-scale. It relies on two polarizing filters: the first one (polarizer) is placed between the light
source and the sample, and the second one (analyzer) is placed between the sample and the eyepiece
or camera. The emitted light goes through the filters which restrict the electro-magnetic field vectors
to a single plane, creating polarized light. As a result, when birefringent samples (such as semi-
crystalline polymers) are placed in the light’s pathway, the restricted electro-magnetic field vectors
passing through the material are transmitted according to many different perpendicular planes, and
only the vectors parallel to the polarization direction of the analyzer can be visualized in the eyepiece

or by the camera.

In this work, POM observations were performed using a universal Nikon EPIl-illuminator with Nikon M
plan lenses (x2.5; x5; x10; x20) connected to a Nikon DS-Fi2 camera, either in transmission or reflection
mode. A sample piece was placed between two glass slides, then heated onto a Mettler Toledo HS82
Hot Stage to Tr + 20 °C and annealed for 3 min. A gentle pressure was then applied to the upper glass
to squeeze the melt into a thin film before cooling to ambient temperature at 2 K min™. The hot stage

is placed underneath the lenses for in-situ observations in different temperature conditions.

I.1.5. Fourier transform infrared spectroscopy (FTIR)

Fourier Transform Infrared spectroscopy (FTIR) is a non-destructive technique that gives information
on the chemical composition and the conformation of molecular materials. The vibrational frequencies
of different chemical bonds are evidenced through absorption or transmission peaks, and can be
related to functional groups. Two FTIR modes can be used: transmission mode or Attenuated Total
Reflectance (ATR). Transmission mode consists in an infrared beam traversing the sample to a
detector, which records the transmitted energy depending on the wavenumber v (cm™). An intensity
spectrum is thus generated giving the absorption (A) or transmission (T = 1 - A) as a function of the
wavenumber. Using ATR mode, the incident beam is reflected within the sample with a specific angle

before and after detection.

66



Il. Experimental techniques MATERIALS AND METHODS

FTIR spectra were collected in air at room temperature on a Thermo Scientific Nicolet iS10
spectrometer equipped with a diamond crystal in ATR mode. Absorbance spectra were obtained
collecting 32 scans with a resolution of 8 cm™ and an acquisition time of 29 s. A blank scan was recorded
prior to recording the sample scan to correct for atmospheric CO, and H,O contributions. Absorbance
spectra were then normalized using the peak at 1715 cm™ corresponding to the double -C=0 bonding

taken as a reference.

[I.2. Thermal analysis

I.2.1. Thermogravimetric Analysis (TGA)

Thermogravimetric Analysis (TGA) allows a continuous monitoring of the mass evolution of a material
sample as a function of time and temperature under controlled conditions [7]. TGA can be performed
either in isothermal conditions (the sample is held at a specific temperature T for a specific time t) or
for most cases in non-isothermal conditions (the sample is heated with a linear variation of
temperature). TGA is used to estimate the thermal stability and evidence thermochemical phenomena
such as oxidation, decomposition in a single or multiple step, volatilization, desorption, etc. In non-

isothermal kinetic analysis, the temperature (T) is related to the heating rate () through Eq. 3:

T="Ty+pBut Eq.3

where T is the starting temperature. In this work, TGA measurements were performed on a TGA
Discovery (TA Instruments). Temperature calibration was realized using the Curie point of a Nickel
standard. Mass calibration was performed using reference platinum pans of known mass. About 5 mg
of sample were deposited onto 100 uL platinum pan. The samples were then heated from room

temperature up to 600 °C at 10 K min'! with a constant N, gas flow of 25 mL min™.

I.2.2. Modulated temperature TGA (MT-TGA)

Modulated temperature TGA (MT-TGA) is based on a method proposed by Flynn and Ozawa [7, 8] and
provides information on the kinetic parameters associated to mass loss, such as the activation energy
E associated to the thermal reaction [9]. The extent of reaction (conversion) a ranges from 0 to 1. The

reaction rate is defined as:
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da
=k Eq.4
—=kf(@ q

with f(a) the kinetic reaction function, and k a parameter that depends on temperature variations,

and that can be expressed with an Arrhenius equation:

-E
k:Aexp(ﬁ) Eq.5

where A is a pre-exponential factor, E is the activation energy, and R is the universal gas constant. The

combination of Eq. 4 and 5 gives:

da -E

Eerxp(ﬁ) f(@) Eq.6

When a sinusoidal temperature modulation is superimposed to the underlying heating rate, Eq. 6 can

be evaluated as the ratio for adjacent peaks (p) and valleys (v) of the periodic rate of reaction [9]:

d -E
Y 4f(e) e (1)
d -E

T Af(@)exp (R—n)

Eq.7

If the reacted fraction has few variations between adjacent half cycles, the value of f(ap) is close

to f(a,,) and their ratio approaches one. The activation energy is then defined as:

da T, T,
E=Rin(—2)2—= .
n<da,,> T, —T, Eq.8

In this kind of experiment, the modulated temperature is defined by an average temperature T, an
amplitude A, and a period (or frequency). The parameters T, and T;, in Eq. 8 can therefore be replaced
with T+A and T-A respectively, and T,-T,, becomes 2A. Eq. 8 is further simplified by introducing the
parameter L, which is defined as the difference between the maximum and minimum value for the
In(da) envelope, with L = In(day)-In(da,) =In(da,/ da,):

(T?-A%) L

E=R—— Eq.9
24 1

The calculation of the activation energy E using Eq. 9 does not require to know the kinetic function,

i.e. Eq. 9 is “model free”.
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In this work, MT-TGA measurements were performed using the same apparatus as for conventional
TGA measurements. The samples were heated from room temperature up to 600 °C at 2 K min! with
a sinusoidal amplitude modulation of + 5 K and a period of 200 s under a gas flow of 25 mL min™! of

nitrogen.

1.2.3. Differential Scanning Calorimetry (DSC)

Differential Scanning Calorimetry (DSC) measures the heat flows associated to physical and chemical
transitions as a function of time and temperature in a controlled atmosphere. These phase transitions
can involve e.g. crystallization, glass transition, oxidation or melting, and they are either endothermic
(heat is absorbed by the sample during transition) or exothermic (heat is released). This technique is
qualified as “differential” because it relies on the quantification of the difference between the heat
amount required to increase the temperature of a sample, and the response of an inert reference
subjected to the same temperature program. From this difference, the apparatus determines the heat
flow associated as a function of time and temperature. Two kinds of DSC systems are available: heat-
flux and power-compensated DSC. In heat-flux calorimeters, the sample and the reference are located
in the same furnace (as illustrated in Figure 11.10), whereas in power-compensated DSC they are placed

in separate furnaces.

Furnace lid

{ 1
} \I
Sample crucible E‘ a Reference crucible
&
Ll

DSC sensor
Temperature
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Heater

| 1
- I 1
Cooling (3 | 3
flange ‘ 2
Il |
Purge gas inlet

Dry gas inlet

Figure 11.10. Schematic representation of heat-flux DSC furnace [credits to Mettler-Toledo].

With conventional DSC, a linear temperature ramp is applied to the sample and the reference (see Eq.

3). The heat flow @ resulting from the heat transfer Q is expressed as follows:

d
(D=d—f=mcp[3+f(t,T) Eq.10
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where m is the sample mass, ¢, is the specific heat capacity, and f (¢, T) is the function associated to
kinetic reactions. The first term corresponds to the sensible heat and is related to reversing events
(glass transition, melting...), which involve heat capacity changes. The second term is the latent heat,
which refers to non-reversing events involving chemical reaction or transformations (crystallization,

oxidation...). As a result, Eq. 10 can be rewritten as:

P = Prey + Pron-rev Eq.11

In heat-flux calorimeters, the sample and the reference are placed in the same furnace. The heat flow

@, absorbed or released by the sample is given by:

_ Ts - Tfurnace

Eq.12

where Tg and Tfypnqce are the temperatures of the sample and the furnace respectively, and Ry, is the

thermal resistance of the sensor. Similarly, the heat flow absorbed or released by the reference is given

by:

Tr - Tfurnace

b =
" Rip

Eq.13

The DSC signal of the heat flow @ is given by the difference between the sample and the reference

heat flows:

Eq.14

In order for the heat to flow from the furnace to the reference crucible, a temperature difference AT
is applied by increasing the furnace temperature Trypnqce at the beginning of the dynamic segment.

The time difference between Trynqce and T, is referred as the time constant 7. AT is then given by:

AT = By 79 Eq.15

with 8, the heating rate. Within the time constant 7, the apparatus automatically adapts the furnace

temperature to the heating rate set in the method.

In this work, DSC experiments were performed on a heat-flux DSC 3+ calorimeter (Mettler Toledo)
equipped with a FRS 6+ sensor. Temperature, enthalpy and 7, calibrations were performed using zinc,

indium and water as standards. The samples were placed in 40 plL sealed aluminum pans. The
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experiments were performed with scanning rates between 5 and 30 K min™ under a constant 50 mL

min nitrogen flow rate.

[.2.4. Modulated temperature DSC (MT-DSC)

As seen in the previous section, conventional DSC is used to obtain the heat flow exchanged between
a sample and its environment as a function of temperature and time, highlighting possible thermal
reactions such as glass transition, crystallization, oxidation and melting to name just a few. Sometimes
these reactions occur within the same temperature range, leading to overlapping effects on the
measured heat flow. As a consequence, these phenomena cannot be distinguished from each other,
since the heat flow is the algebraic sum of the reversing heat flow @,.,,, and the non-reversing heat
flow @,,5,,_rer- One way to deconvolute these two terms would be to use different scanning rate B

and B, giving respectively:

d
@, = d—f =Cp B+ f(t,T) Eq.16
dQ Eq.17
By == Gy By + f(L.T) !

From the combination of Eq. 16 and 17 the heat capacity can be obtained as:

¢ =P % Eq.18
P~ B, — By e

However, this procedure involves at least two measurements using the same experimental conditions
(sample and crucible mass, baseline), which is time consuming and often leads to uncertainties. In
1993, Reading proposed to superimpose a sinusoidal temperature oscillation to the linear ramp in

order to dissociate the reversing and non-reversing events [10]:

T =Ty + ft + Asin(wt) Eq.19

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

associated to the period of oscillation p = 2r / w. The modulated heat flow @ becomes:

d
(o) =d—f= Cpy" (B + A w cos(wt)) Eq.20

with Cp* the complex heat capacity defined as:
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A
c.* = ZHF

D —E Eq.21

where Ayp and Ag are the amplitudes of the heat flow and of the heating rate modulation,
respectively. From Cp* the two apparent heat capacity components, Cp' (in-phase component) and C}/

(out-of-phase component), can be obtained with the deconvolution procedure proposed by Lacey et

al. [11]:

Cp’ = |Cp*

cos @ Eq.22

¢y = |C,"|sing Eq.23

where ¢ is the phase lag between the response function (total heat flow) and the modulated

temperature. The phase lag @ is defined as:

@ = Psample T Pexp Eq.24

where Qsqmpie is the phase lag due to the sample itself, and @,,, is the experimental phase lag related
to furnace asymmetry and heat transfers occurring within the apparatus. The total phase lag ¢ can be
corrected with baseline adjustment by selecting areas in which no thermal event occurs (typically
before and after glass transition) and setting ¢,,,, as zero. This procedure is nowadays automatically

realized by the manufacturer software, so from now on @,y Will be referred as ¢.

MT-DSC experiments were performed on a Thermal Analysis instrument (TA DSC Q2000). To prevent
any oxidative degradation, nitrogen atmosphere was used for all measurements with a constant gas
flow of 50 mL min. The instrument was calibrated in heat flow and temperature with water and
indium standards. The specific heat capacity was measured by applying the calibration carried out with
a sapphire as a reference. A sample mass of about 5 mg was inserted in a Tzro aluminum pan. The
optimal conditions to perform specific heat capacity measurements can be obtained by using different

modes: heat-only, heat-iso and heat-cool [12].

In this work, the measurements were performed using the heat-cool modulation parameters
recommended by Rijal et al. [12] (oscillation amplitude 4 = + 1 K, heating rate B;, = 0.5 K min™ and
oscillation period p = 60 s), the temperature range scanned being adjusted to the glass transition of

each material.
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Figure 1l.11. Temperature program with a superimposed sinusoidal temperature modulation.

[.2.5. Stochastically-modulated DSC (TOPEM)

Stochastically-modulated DSC is based on the same principle as MT-DSC, i.e. it uses a temperature

modulation superimposed to the linear variation in order to obtain the contributions &, and

Dy, on—rev, as Well as the complex heat capacity and the in-phase and out-of-phase components [13].

However, unlike MT-DSC, the temperature oscillation 6T(t) is stochastic rather than periodic (Figure

1.12).
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200 -4

150 4

50 4

@ i
Ideal stochastic modulation f v
-
b
f
4
vbt‘.‘/
{‘/f Measured DSC cell temperature

o

Underlying temperature program

Time (min)

Figure 11.12. Temperature program with a stochastic temperature modulation.

A different mathematical approach is used for TOPEM in comparison with MT-DSC. The as-measured

heat flow is first analyzed depending on its correlation to the heating rate:

P

= Eq.25

d)COTT + d)TLOTl—COTT
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where @, and @,,,,_corr are the correlated and non-correlated heat flows, respectively. The first
term can be divided into instrumental and sample contributions, noted @;,strument and @yq,. With

D on—corr rewritten as the non-reversing heat flow @,,,,, ¢, Eq. 25 becomes:

(D = q’instrument + qbrev + ¢non—rev Eq 26

The non-reversing heat flow @,,,,,_,¢y, is directly obtained from the non-correlated heat flow. Usually,
with both conventional and modulated-temperature DSC, @;,,strument iS Subtracted from the signal
using an additional blank curve during calibration; however, for TOPEM the correlated heat flow
related to the instrument is directly separated from the sample contribution, giving the reversing heat
flow @,.,,. The normalization of @,..,, by the underlying scanning rate and the sample mass gives the
quasi-static heat capacity extrapolated to zero frequency Cp . Thanks to the stochastic temperature
modulation, the complex heat capacity Cp* can be calculated for any frequency within the 5-200 mHz

window with a single measurement.

TOPEM characterizations were performed on a DSC 3+ apparatus (Mettler-Toledo) equipped with an
FRS 6+ sensor. Temperature, enthalpy and thermal lag calibrations were performed using zinc, indium
and water standards. Between 3 mg and 10 mg of sample were inserted in 40 pL hermetically sealed
aluminum crucibles. The experiments were performed under nitrogen (50 mL min flow rate) with a
pulse height AT of + 0.05 K (when investigating crystallization and melting) or + 0.5 K (when recording
glass transition), and pulse widths At between 15-30 s for normal measurements and 15-200 s for
frequency evaluation. A reference measurement using sapphire with the same modulation parameters
was also performed to correct the phase lag @. An extrapolation to zero frequency was realized to
obtain the quasi-static heat capacity. No blank measurement with empty crucible was performed as it

can corrupt the dynamics of the measurement signals [14].

[1.2.6. Fast Scanning Calorimetry (FSC)

As stated before, DSC is commonly used to study the crystallization and melting behavior of polymers.
However, the cooling rate associated to polymer processing techniques (e.g. injection molding,
extrusion, film blowing) is typically much larger than the maximum rate achievable by conventional

DSC. It is therefore difficult to use DSC to correctly simulate the actual processing conditions [15].

Fast Scanning Calorimetry (FSC) is a powerful tool to probe the molecular dynamics of a large range of

materials, with high sensitivity and temperature resolution [16]. The available scanning rates can be
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very high (up to 50 000 K s on heating and 40 000 K s on cooling with the Flash DSC 2+ from Mettler
Toledo) and therefore offer the possibility to inhibit and/or shift thermal events such as crystallization,
separating close-lying thermal effects thanks to a short time constant. FSC is also particularly useful to
guench materials with poor glass-forming ability (GFA), such as pharmaceutical compounds or metallic

alloys, and investigate their thermal properties and relaxation process in situ [17-19].

The apparatus used is a power-compensated calorimeter (see Figure 11.13) in which the sample is
deposited onto a twin-chip sensor embedded in a ceramic support based on MEMS (Micro-Electro-
Mechanical Systems) technology. Each sensor consists of two identical square silicon membranes
mounted on a silicon frame. They act as separate furnaces (one for the sample, one for the reference),
similar to the crucibles in conventional DSC. The reference side is left empty. The characteristics of the
two sensors available with Flash DSC 2+, Multi STAR UFS1 (Ultra-Fast Sensor) and UFH1 (Ultra-Fast
Heating Sensor), are reported in Table 1l.2. The calorimeter has a double-layered film structure,
composed of a silicon nitride film and a silicon oxide dielectric film [15].The center of the calorimeter
film is the temperature control area, with a diameter of about 0.5 mm (UFS1 sensors) or 0.1 mm (UFH1

sensors).

e —

~

Figure 11.13. Flash DSC 2+ apparatus (credits to Mettler-Toledo).

A variation of temperature is applied to both furnaces. The apparatus measures the difference in the
energy required to keep both sides (sample and reference) at the same temperature throughout the
experiment. In case of endothermic transition, the energy absorbed by the sample is compensated by
an increased energy input in the sample furnace to maintain the temperature balance. Because this
energy input (under the assumption of a perfectly symmetric measuring system) is equivalent in
magnitude to the energy absorbed during the transition, recording the balancing energy gives a direct

measurement of the energy of the observed transition.
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Table 11.2. Principal characteristics of the UFS1 and UFH1 MEMS sensors.

Sensor UFS1 UFH1

Sample furnace (only the central &;’Qg‘:& o
area where the sample is \\.’;&'{’3’ - |
deposited gets heated) | mm 0.1 mm \
h._ | ] A
Thermocouples (whole sensor) 16 4
Time constant Ims = 0.2 ms
Temperature range -95t0420°C -95t01 000 °C
Typical range of cooling rates 0.1to 4 000K s 0.1to 40 000K s
Typical range of heating rates 0.1to 40 000 K st 0.1to 50 000K st

Analogously to conventional DSC, FSC measures the total heat flow as a function of temperature and

time.

d
¢=d—(t2=mcp8+f(t,T) Eq.27

As seen from Eq. 27, the use of large sample masses and scanning rates increases the heat flow and
improves measurement sensibility. However, the major inconvenience related to large sample masses
and rates is the temperature gradient which builds up in the sample during the measurement (thermal
lag ATiqg4). For quality improvement, it is advised to use large sample masses associated to low
scanning rates, and small sample masses with higher rates [20]. As a result, using FSC requires to make
a compromise between resolution (separation of thermal events) and sensitivity (magnitude of each

thermal event), which depends on the scanning rate.

In all experiments, the sensor support temperature (T) of the Flash-DSC was set to -95 °C using a
Huber intracooler TC100. The FSC samples were prepared by cutting the polymer films into small pieces
under a stereomicroscope and transferring them using a paint brush hair onto the center of the active
zone of a previously conditioned and temperature-corrected Multi STAR UFS1 or UFH1 sensor.

To prevent water condensation and oxidation, the apparatus was continuously flushed under 60 mL
min? of Argon throughout the experiments. Reproducibility was checked by comparing the same

thermal cycles at the start and end of each measurement series.
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I.2.7. Correction procedures for FSC analyses

I.2.7.a. Thermal lag

Polymers are materials with low thermal conductivity, therefore a thermal lag ATy is likely to be
observed with high scanning rates (typically higher than 1 000 K s%) and large sample thicknesses (more
than 10 um). The thermal lag AT, 4 influences the experimental results causing significant shifts of the
recorded phenomena to higher temperatures [21]. To keep the thermal lag within an acceptable range,
if the scanning rate has to be increased, the sample mass has to be reduced (from the typical milligram
level for conventional DSC down to the microgram or nanogram level for FSC) [16]. Schawe proposed
two corrections accounting for sample thickness (static thermal lag ATs) and high scanning rate
(dynamic thermal lag ATp) [21]. ATs corresponds to a third of the difference in the onset melting
temperatures of a reference piece of Indium placed over the sample, with respect to another piece of
similar size positioned directly on the reference chip sensor. ATp is estimated as a half of the difference
in the glass transition temperatures measured upon heating and cooling at the same scanning rate, as

shown in Figure 11.14.

a) Dynamic thermal lag AT, b) Static thermal lag ATs
| Be | =Pn Tf'h
: 3 AT —
= «— indium on top
%‘ % ‘ I of the sample
; Matching areas 2 AT, \ ; - -
N | N -
u_? B - NN —h o '
H L
g *65 ‘\\.,_, indium on the
I % reference sensor
Tendo
Temperature [°C] Temperature [°C]

Figure 11.14. a) Estimation of the dynamic thermal lag ATp from the difference in fictive temperature Tr upon
heating and cooling with 8, = |S.|; b) Estimation of the static thermal lag ATs from the third of the difference
in the onset melting temperature of a piece of a reference substance (Indium) placed on top of the sample,
with respect to another piece of similar size placed on the reference sensor, with a heating rate S},.
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I.2.7.b. Smearing effects

In addition to thermal lags, smearing effects can cause a broadening and a shift to higher (upon
heating) or lower (upon cooling) temperatures of the observed thermal events. A thorough
investigation of the temperature dependence of thermal events requires to correct the smearing due

to thermal inertia. The corrected heat flow ®,, can be obtained with the following equation [22]:

d(Pm)

Eq.28
dt 1

b, =D, + 1

where @, is the measured heat flow and 1pis a time constant, that for glass transition can be calculated

as:

Tf,h - Tf,c
2B

Tg = Eq.29

where T, and T, are the limiting fictive temperatures measured respectively upon heating and
cooling on the as-measured heat flow curves (Figure 11.14.a), and 8 = B, = |S.| is the scanning rate.
Because tis proportional to the total heat capacity, and thus to sample mass, the effect of thermal
inertia is diminished by conducting FSC measurements on smaller masses and at slower heating rates.
However, such conditions may not be suitable for low enthalpy processes [22]. A compromise must
then be made between measurement sensitivity (high mass or high scanning rate) and low thermal

inertia [23]. The estimation of the fictive temperature Ty can be done using Moynihan’s method [24]:
T, T,
f (cp1 = cpg) dT = f (cp —cpg)dT Eq.30
Ty T,

where T; and T, are arbitrary temperatures above and below the glass transition respectively, ¢, is
the specific heat capacity of the sample, ¢, ; and ¢, 4 are the extrapolated lines representing the heat
capacity of the sample in the liquid and glassy states, respectively. A schematic representation of the

procedure used to estimate Ty is presented in Figure 11.15.
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Normalized Heat Flow [J g K}
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extr

Temperature [°C]

Figure 11.15. Estimation of the fictive temperature T; with Moynihan’s method. Dashed lines correspond to
the specific heat capacity in the glassy and in the liquid states extrapolated through the glass transition.
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Chapter Ill - Crystallization kinetics of co-polyesters
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This third chapter focuses on the crystallization kinetics in non-isothermal and isothermal conditions
of a co-polyester (referred to as “polyester network”) synthesized from a purified cutin monomer
(referred to as “purified CM”) consisting in hydroxy-fatty acids extracted from tomato peel agro-
wastes. This work was realized in collaboration with the Institut National de Recherche pour
I'Agriculture, I'Alimentation et I'Environnement (INRAE) in Nantes. Bio-sourced co-polyesters obtained
from agricultural waste recently raised interest thanks to their eco-friendliness and interesting barrier
and mechanical properties, making them appealing for packaging applications [1]. The functional
properties of these co-polyesters can be tailored through the control over the chemical structure, and
a better understanding of the relationship between microstructure and macroscopic properties

requires a precise knowledge of the crystallinity degree X, and of the crystallization kinetics.
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The need for biomass valorization and the quest for sustainable materials are two major sources of
focus in the industrial and research communities. Among all possible high-performance polymers,
polyesters have attracted a lot of attention because of their low immunogenicity, their easiness of
production, and their tunable properties, that make them appealing for a wide range of applications.
They can be synthesized using solvent-free and catalyst-free procedures, and can be biodegraded in
controlled environments. Their microstructure can also be fine-tuned to improve their barrier and
mechanical properties. It is common knowledge that the crystallinity X, has a major impact on the
mechanical properties of a polymer. Assessing the crystallization ability of a material is therefore
essential, since it affects several macroscopic properties including stiffness, strength, chemical
resistance, thermal stability, material morphology and gas permeability [2, 3], which are all important

for processability, applicability, and biodegradability of the final material [4].

High X. generally results in harder, stiffer and less ductile mechanical behavior [5].Therefore,
predictions require a precise knowledge of the crystallinity X.. The estimation of X, can be done by
calorimetry, through the ratio of the melting enthalpy 4h,,, and the equilibrium melting enthalpy 4h,,
corresponding to the melting of a fully crystallized polymer (which is never achieved due to chain
entanglements). For common polymers, the values of Ah,, related to the different crystalline phases
are eventually reported in handbooks, but for relatively new materials this parameter is not always
available. The estimation of the equilibrium melting enthalpy for organic compounds can be achieved
through models relying on physicochemical and structural parameters, group contribution methods,
or molecular dynamics [6, 7]. Recently, Cebe et al. [8] and Fosse et al. [9] proposed a calorimetric
method to estimate Ah,, relying on Fast Scanning Calorimetry (FSC) for polymers that crystallize
rapidly and cannot be fully amorphized using the cooling rates associated with conventional
Differential Scanning Calorimetry (DSC). Bio-based co-polyesters of hydroxy-fatty acids have
interesting barrier and mechanical properties, which make them appealing for food packaging
applications [1]. The polymerization of the monomers extracted from cutin produces loosely
crosslinked semi-crystalline networks, whose thermal and mechanical properties are expected to
depend on the crosslinking density. As a result, it is important to assess the consequences of
polymerization (for different reaction times) on the microstructure and therefore on the macroscopic

properties.

In the following, the methodology proposed by Cebe et al. [8] and Fosse et al. [9] will be used in the
attempt to estimate the value of Ah,,, of the cutin monomers in their initial state (after extraction and

purification) in order to estimate its crystalline content. The purified cutin monomer (purified CM) is
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then polymerized in bulk for 24 h, and in situ for shorter times (from 40 s to 600 s) using FSC nanoscale

sample, to assess the impact of crosslinking on the thermal behavior.

. Preliminary thermal analyses of the monomers and of the
polyester networks

Preliminary thermal characterizations of the prepolymers (purified CM) and the crosslinked polyester
networks were done by TOPEM. As mentioned in Chapter Il (Section 11.2.5), TOPEM enables the
separation of partially or entirely overlapping thermal events, such as crystallization and melting. The
total heat flow @;,; corresponds to the signal measured with conventional DSC, and is the algebraic
sum of two components, the reversing heat flow &,,,, and the non-reversing heat flow &,,,;,_;.¢c,,- The
first term is related to thermal events involving heat capacity changes, whereas the latter is related to
kinetic events. From @, the quasi-static heat capacity ¢, o can be derived using an extrapolation to
zero frequency. TOPEM measurements consisted in heating segments from ambient temperature (T =
20 °C) to 100°C with a heating rate of 2 K min’, then an isothermal holding at 100°C for 2 minutes,
followed by cooling from 100 °C to -60 °C at 2 K min™, and finally a second heating scan from -60 °C up
to 100 °C at the same rate. The reversing, non-reversing, and total heat flows recorded during the first

heating ramp, the cooling segment, and the second heating ramp are represented in Figure lll.1.
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Figure Ill.1. Normalized total heat flow (black), reversing heat flow (red) and non-reversing heat flow (blue)
measured during the first heating ramp for a) purified CM and b) polyester network with a heating rate of 2 K
minl. The hatched areas indicate the melting (red) and recrystallization (blue) processes. Normalized total
heat flow obtained for c) purified CM and d) polyester network upon cooling at 2 K min™l. The insets show a
magpnification of the glass transition, with AT} indicating the broadness of the glass transition. Normalized
total heat flow (black), reversing heat flow (red) and non-reversing heat flow (blue) recorded during the
second heating ramp for e) purified CM and f) polyester network with a heating rate of 2 K min™t. The hatched
areas indicate the melting (red) and recrystallization (blue) processes.

Different melting behaviors are observed for the purified CM and the polyester network. The thermal
parameters extracted from the heating and cooling curves in Figure Ill.1 are presented in Table lll.1.
The purified CM shows a very complex endothermic peak, with several shoulders from 40 °C to 92 °C
in the reversing heat flow, whereas the polyester network has a main melting peak spread from 46 °C

to 60 °C, followed by another smaller endothermic peak on the high-temperature side. In both cases,
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melting and recrystallization occur simultaneously, as shown by the hatched areas. Recording complex
melting peaks made of several endotherms is not unusual for fatty acids due to the existence of
different polymorphs (mostly a, B’ and B forms) [10]. Each polymorphic form yields different crystal
structures with different thermodynamic stabilities, which means that they potentially have different
lifetimes within a crystal matrix. The general tendency suggests a greater stability going from a to p’
to B [11].

The low-temperature melting endotherm is generally associated with the melting of the least stable
phase a and of the sub-a modification [11], the intermediate temperature endotherms are associated
to the B’ form or its submodifications, and the endotherm observed at the highest temperature is
generally attributed to the most stable polymorph B [12]. The respective melting temperatures
associated to these polymorphs were found to depend on the fatty acid chain length; the longer the

chain, the harder it gets to separate two adjacent melting peaks [13].

Table I1l.1: Glass transition temperature (T;), specific heat capacity step measured at T, (4c,), temperature range
of the melting process (4T,,), melting enthalpy (4h,,) measured on the total (®;,;) and reversing (&,.,,) heat flow,
crystallization temperature (7,) and crystallization enthalpy measured upon cooling (4h.) on the non-reversing
heat flow.

Sample T Acp ATy, Ahp, Ahpy, T Ah,

c
rd pegiky G Bell Bel pa Dell
¢tOt d)rev
Purified 1% / / 40-92 155+3 2185 / /
cM heating
Cooling -53+1 0.19 / / / 28.8 57+2
2nd / / 26-80 875 1565 / /
heating
Polyester 1° / / 46-74 74 +2 92+2 / /
Network heating
Cooling -18%1 0.15 / / / 35.3 372
2nd -22+1 0.14 33-76 405 94+5 / /
heating

The exothermic crystallization peak recorded upon cooling is very sharp for both materials, and is
located at a slightly higher temperature for the polyester network. A secondary crystallization peak is
noticeable at about 0 °C for the purified CM. A low value of T, is obtained for both materials, resulting
from a relatively high molecular mobility due to the long methylene sequences. A gap of about 35 °C
is observed between the glass transition measured upon cooling for the semi-crystalline purified CM
and the polyester network, likely due to the crosslinking nodes present in the polyester, as evidenced
by Marc et al. [1]. In addition to a change in T, the width of the glass transition differs as well. This

broadening can be quantified by AT (defined as Ty ;nqx — Ty min)- For purified CM, the width of the
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glass transition ATy is only 3 °C, whereas for the polyester network it reaches 25 °C, which is a sign of
increased heterogeneity in the relaxation times associated within the amorphous phase upon cooling.
Since the purified CM seems to be more crystallized than the polyester network, this increase in
dynamic heterogeneity cannot be imputed on a higher crystallized fraction, but is most likely due to
structural effects, in particular to the topological change associated with crosslinking. The values of
melting enthalpy differ as well between the purified CM and the polyester network, with larger Ah,,
obtained for the purified CM during both the first and the second heating ramps. It appears that
crosslinking affects the melting enthalpy which is nearly twice as high for the purified CM compared to
the polyester network. A significant decrease in melting enthalpy is observed when comparing the first
and the second heating ramps (155 vs. 87 J g* for the purified CM, 74 vs. 40 J g in the case of the
polyester network). Finally, the melting enthalpy measured for the polyester network during the first

and second heating ramps based on @, are close to the values previously obtained by Marc et al.

[1].

a) b)
d=a1A i Polyester network i d=42A
i Orthorhombic i
A 'form i
2 i 2 PN
& d=45A | [ ;
Q v [l d=38A [} :
E i Do E i d=40A
I EREY b
d=98A AV I o
5 10 15 20 25 30 5 10 15 20 25 30
20 [°] 26 [°]

Figure 111.2. X-ray patterns recorded at 30 °C for a) the purified CM and b) the polyester network after a long
storage. Low-angle deviation is due to partial cutting of the incident beam.

Figure 111.2 shows the XRD patterns recorded for the purified CM and the polyester network after a
long storage (about four years) at ambient temperature. The polyester network is in an orthorhombic
B’ polymorphic form, with two peaks at 21.1 ° (d = 4.2 A) and 22.3 ° (d = 4.0 A). The presence of a
Lorentzian peak’s tail in the XRD spectrum of the polyester network could account for the presence of
a paracrystalline phase [14]. More peaks are visible in the XRD pattern of the purified CM. The same
orthorhombic B’ polymorphic form is observed through the peaks located at 21.6 ° (d = 4.1 A) and 23.4°
(d = 3.8 A). An additional peak at 9 ° (d = 9.8 A) is visible, which could indicate a longitudinal
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organization of the chains, as suggested by Marc et al. [1]. Additional peaks at 19.5 ° (d = 4.5 A) and
25.2 ° (d = 3.5 A) are observed, revealing the presence of a triclinic packing characteristic of the B form
[7]. Interestingly, thermal analysis and X-ray diffraction patterns show a coexistence of B and B’-forms
in the purified CM, but only the orthorhombic form B’ is observed for the polyester network, indicating

that the relative stability of the B and B’-form seems to be dependent on the crosslinking density.

The microstructure of these polyesters was observed under Polarized Optical Microscopy (POM) in an
attempt at getting more information about the nucleation and growth process. Each sample was
pressed under a cover slip and heated to the melt at 100 °C, held for 5 minutes, then cooled down to
25 °C with the same cooling rate used for TOPEM measurements (2 K min). Only the purified CM is

shown here, since no spherulites were observed for the polyester network.

Figure 111.3. Micrographs of the purified CM recorded under polarized light during cooling at 2 K min™
from 100 °C down to 25 °C.
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Figure 111.3 depicts the crystallization of the purified CM upon cooling at 2 K min' from 100 °C to 25 °C
(the observations reported here were made at specific temperatures). At 53 °C sporadic nucleation
occurs, and as the temperature decreases, these early nuclei grow in a radial fashion to form
microsized particles. At 33 °C a spontaneous and very rapidly space-filling secondary nucleation and
growth occurs until the temperature reaches 25 °C. These small secondary structures grow so fast and
are so space-filling that they get to surround and almost mask the particles formed during the earlier
stages of crystallization [11]. The resulting microstructure consists of a large number of small
crystalline structures whose diameter does not exceed 8 um. Figure 1ll.4 shows the micrograph
recorded once the cooling ramp is completed and after microstructure stabilization. Star-shaped
structures are visible with a large size distribution, supposedly connected in a vast crystal network

stabilized by van der Waals forces [15].

Figure lll.4. Micrograph with a magnification of x20 obtained on the purified CM at 25 °C after
cooling from 100 °C at 2 K min™.

Il.  Cooling-rate dependence of the crystallization process

The functional properties of crystal networks formed out of macromolecular materials depend on the
processing conditions and in particular on the cooling rate, and it has been also observed in systems
such as milk fat and lard [15]. FSC allows to cool down materials at extremely high rates (in the order
of 10* K s%). Figure 111.5 compares the normalized heat flows recorded upon cooling at 0.03 K s with
TOPEM (Figures lll.1.c and lll.1.d) with the normalized heat flows measured at different rates (B. from
30 K s to 5000 K s) with FSC for the purified CM and the polyester network. The exothermic
crystallization peak recorded at low cooling rates is very sharp. When the cooling rate increases, the

crystallization is shifted to lower temperatures and the peak spreads, possibly due to a change from
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heterogeneous to homogeneous (sporadic) nucleation. Moreover, at intermediate cooling rates, a
double contribution to the crystallization exotherm can be observed for both the monomer and the

polyester, which could be related to the formation of different polymorphs.
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Figure 111.5. Normalized heat flows recorded upon cooling at different rates from 0.03 K s> (TOPEM) up to 5
000 K s (FSC) for a) purified CM and b) polyester network. Normalized heat flows recorded upon subsequent
heating at 0.03 K s* (TOPEM) and 1 000 K s* (FSC) for c) purified CM and d) polyester network. The dashed
curve was measured during the first heating ramp without prior thermal treatment.

The cooling-rate dependences of the crystallization, cold crystallization and melting temperatures are
shown in Figure 111.6. For cooling rates higher than 2 000 K s no change in cold crystallization and
melting temperatures is observed for the polyester network, and a self-doped glass (SDG) is formed

upon cooling according to the classification proposed by Schawe and Loffler [16]. No change in melting
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and cold crystallization temperature is observed above 2000 K s? for the purified CM, while
crystallization is observed upon cooling at rates as high as 5 000 K s*. At even higher cooling rates, the
crystallization exothermic peak merges into the glass transition and is no longer visible. As the cooling
rate decreases, crystallization occurs; this happens for cooling rates below 4 000 K s for the purified
CM, and below 1 000 K s for the polyester network, whose crystallization ability is hindered by the
crosslinking nodes [1]. An increase in T, is also observed at lower cooling, however no change in the
melting temperature is noted for intermediate cooling rates (between 4 000 and 1 000 K s for the
purified CM, and between 1 000 and 300 K s for the polyester network). Below these intermediate

cooling rates, a constant increase in the melting temperature is observed.
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Figure 111.6. Cooling-rate dependences of the crystallization temperature for a) the purified CM and b) the
polyester network. The melting temperatures (T;,,) are represented by orange squares, the crystallization
temperatures (T,) are represented by green circles, and the cold-crystallization temperatures (T,.) are
represented by blue diamonds in case of semi-crystalline glass (SCG), and by purple diamonds in case of self-
doped glass (SDG). The experimental data at 0.03 K s (2 K min') is extracted from the TOPEM curves
represented in Figure Ill.1. The dashed lines are guides to the eye.

To investigate the crystalline structures formed upon fast cooling, X-ray diffraction patterns were
recorded after liquid N, cooling for the purified CM and the polyester network, as shown in Figure
l1I.7. For both the samples, fast cooling from the melt results in the formation of the metastable a-
form. Then a polymorphic transformation occurs as the samples are stored for a certain time at

ambient temperature, with transformations from the unstable a-phase to the more stable B and B’-
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phases as seen from the DRX spectra in Figure lll.2. The polymorphic a-to-f’ transformation was

found to occur within 7 days of storage at ambient temperature [1,15].
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Figure 111.7. XRD spectra recorded at 30 °C for a) the purified CM and b) the polyester network after liquid N2
cooling from the molten state to -196 °C.

ll.  Isothermal crystallization kinetics of the polyester network

[11.1 Thermal protocol

The procedure proposed by Cebe and al. [8] and Fosse et al. [9] relies on a linear regression of the
normalized melting enthalpy against the specific heat capacity for different crystallization fractions
assuming a two-phase model. This requires the absence of rigid amorphous fraction (RAF), whose
formation depends on the temperature at which the material crystallizes [17]. When the temperature
chosen for isothermal crystallization is too low, the decreased chain mobility leads to the formation of
imperfect crystals with a significant coupling with the neighboring amorphous phase, and therefore a
certain amount of RAF. On the opposite, a high crystallization temperature results in a reduced

coupling between phases but suffers from a competition between crystallization and melting.

From the cooling-rate dependence of T,,, and T, (see Figure 111.6), a temperature of 20 °C is chosen for
isothermal crystallization. The second reason of this choice is that previous mechanical investigations

showed that the mechanical behavior of the polyester network at ambient temperature is determined

93



lll. Isothermal crystallization kinetics of the polyester network CHAPTER 1lI

by its semi-crystalline structure [1]. During storage, a number of post-crystallization processes occur
that can affect properties such as hardness, which often noticeably increases because of sintering, a

phenomenon related to the formation of solid bridges between crystals to form a network [18].

FSC experiments were performed on a Flash DSC 2+ (Mettler-Toledo) with conditioned and calibrated
UFH1 sensors under a continuous argon flow of 60 mL min™. The sample mass was estimated at about
20 ng through the comparison of the heat capacity baseline recorded upon heating at 5 000 K s with
FSC in the glassy and molten state, and the specific heat capacity baseline recorded with TOPEM at 2
K min™. The polyester network is first heated to T}, + 50 °C to erase thermal history, then quenched to
the selected isothermal crystallization temperature T, at 5 000 K s. The sample undergoes
crystallization for a given time (t.) in isothermal conditions (T,) according to the protocol in Figure

111.8. More details about the crystallization protocol are given in Fosse et al. [9] .

|ﬁc| :Bh

Melting

Rejuvaneting
segment

T.=20°C
t. = Xsec

Temperature [°C]

min

Time [s]

Figure 111.8. Thermal protocol used for isothermal crystallization. The sample is first heated to Ty qx = Tiy +
50°C to erase thermal history, then it is quenched to the crystallization temperature T, and held isothermally
for a defined time ¢.. After isothermal crystallization, the sample is quenched down to Ty, = Ty — 50 °C and

finally heated up to T}, 4, The same heating and cooling rates are applied with |8.| = 8, =5000 K s™.
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Figure 111.9. Heat flow curves measured with different heating rates from -90 °C to 120 °C following a previous
cooling from 120 °Cto -90 °C at a) 10 K st and b) 5 000 K s%.

The scanning rate of 5 000 K s* chosen for the thermal protocol in Figure 111.8 prevents crystallization
upon cooling and cold crystallization upon heating. Figure 1l11.9.a shows the heat flow measured
following a cooling scan at 10 K s. Neither a change in the endothermic melting peak nor any
reorganization are notable, suggesting the formation of a single and well-defined crystalline form upon
cooling at 10 K s, In Figure 111.9.b the heating curves measured after a cooling at 5 000 K s show the
presence of cold crystallization at 20 °C followed by melting at heating rates up to 4 000 K s™. For
heating rates higher than 4 000 K s, neither cold crystallization nor melting are visible anymore. When
the heating rate is too high, the nuclei are either suppressed or do not have time to grow. The polyester
network undergoes cold crystallization for heating rates lower than 3000 K s after cooling at 5000 K

s1. No melting is observed for heating rates higher than 2000 K s.

I11.2 Estimation of the melting enthalpy Ah,, of the polyester network

From Figure 111.10, the melting enthalpy Ah,, (calculated by the linear regression to Ac, =01 gt Ky
reaches avalue of 77 + 10 J g* for the polyester network. The uncertainty is mainly due to the arbitrary
baseline used to integrate the melting peak, as well as to the mass estimation. Because the thermal
protocol is similar to the one employed for the X-ray diffraction measurements after quench from the

melt by liquid nitrogen, it seems reasonable to assume that the crystals formed correspond to the

metastable a-crystals with a hexagonal packing.
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Figure 111.10. a) Normalized heat flows measured upon heating at 5 000 K s* after isothermal crystallization at
20 °C for increasing durations (t. from 0 to 1 000 s); b) Melting enthalpy Ah,, plotted against the specific heat
capacity 4c, normalized by the sample mass and the heating rate for the polyester network crystallized for
different crystallization times t, at a crystallization temperature T, = 20 °C. A linear regression (solid line) to
Ac, =01 gl K (X, = 100%) gives the equilibrium melting enthalpy 4h;, corresponding to a theoretically
fully crystallized material under the assumption of a two-phase model [8, 9]. The hatched area represents an
uncertainty of + 10 J g* for the estimation of Ah,,.

Fosse et al. evidenced that for some samples the choice of T, could have a significant influence on the
estimation of Ah,,, especially the ones that are prone to polymorphism, as in the case of PLLA [9].
Figure 111.11 shows the same experimental protocol performed at a crystallization temperature T, =

40°C.
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Figure ll.11. a) Normalized heat flows measured upon heating at 5 000 K s™* after isothermal crystallization at
40 °C for increasing durations (t. from 0 to 300 s); b) Melting enthalpy Ah,, plotted against the specific heat
capacity 4c, normalized by the sample mass and the heating rate for the polyester network crystallized for
different crystallization times ¢, at a crystallization temperature T, = 40 °C. A linear regression (solid line) to
Ac, =01 gt K (X, = 100%) gives the equilibrium melting enthalpy Ah,, corresponding to a theoretically
fully crystallized material under the assumption of a two-phase model [8, 9]. The hatched area represents un
uncertainty of + 10 J g% for the estimation of Ah,,.

The experimental data acquired for a crystallization temperature of 40 °C are shown in Figure 11l.11.
The melting peaks have a similar shape as before, but are shifted to higher temperatures in comparison
with the melting peaks obtained after crystallization at 20 °C. A value of Ah,, reaching 91 +10J glis
obtained, which is higher than the previous values reported after isothermal crystallization at 20 °C,
suggesting that different crystalline phases are formed at these two temperatures. Since the formation
of the a-phase has been evidenced from the XRD pattern, it is possible that crystallizing at 40 °C results
in the formation of the two polymorphs a and B’. To better understand these results, the isothermal

crystallization kinetics will be investigated using Avrami’s model [19].

[11.3 Application of the Avrami model for isothermal crystallization

Isothermal crystallization kinetics are analyzed with the Avrami equation [19]:
a(t) =1—exp(—k(t —ty)™) Eq.1

where a(t) is the relative crystalline fraction already transformed at time t, n is the Avrami index, k is

the crystallization rate constant, and t; is the induction time at which crystallization starts. This
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equation is based on the assumption that the nucleation rate is constant and that growth is linear

(constant growth rate) [20]. In the logarithmic form, Eq. 1 becomes:

Log[—In(1 —a)] = Log(k) + nLog(t — t,) Eq.2
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Figure 111.12. a) Dependence of the relative crystalline fraction a of the polyester network as a function of
the isothermal crystallization time t, during isothermal crystallization at 20 °C (blue squares) and 40 °C (black
squares); the lines are guide for the eye; b) Avrami plots for the polyester network; the lines correspond to
the fitting of the experimental data with Eq. 2.

The increase of the relative fraction a with the crystallization time follows a typical sigmoidal shape
and progresses more rapidly for T, = 20 °C than 40 °C, as shown in Figure Ill.12.a. The curve obtained
for an isothermal crystallization at 20 °C reveals two crystallization modes. The first primary
crystallization is associated to a rapid increase of the relative crystalline fraction (initial crystal growth),
and is followed by secondary crystallization, which is characterized by a linear increase of the relative
crystalline fraction a with respect to time in logarithm scale (crystal thickening). A similar behavior was
observed in other polyesters, such as PLA [21] and PCL [22]. From the Avrami plot represented in Figure
111.12.b, the dimensionality of crystal growth can be assessed, and the surprisingly low Avrami indices
seem to suggest a one-dimension growth. Unfortunately, the crystals formed by the polyester network
could not be observed with POM because of its inability to flow, which would have been helpful to

explain such results.

In the following, the effect of polymerization on the crystallization kinetics will be investigated. To this

purpose, the results obtained for the polyester network (which was polymerized in bulk for 24 h at 150
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°C) will be compared to those obtained for the purified CM after polymerization at the nanoscale for

various times ranging from 0 to 600 s.

IV. Effect of polymerization on the crystallization kinetics

As stated before, it seems important to investigate the effect of polymerization on the crystallization
kinetics of these systems. The polyester network was obtained after baking at 150 °C for 24 h, resulting
in an increase in molar mass M,,, as well as branching and crosslinking due to the reacted acid and
hydroxyl functions, forming in the end a complex topology [1]. In the following section all the samples
have the same chemical composition but the variation of the polymerization time results in a change
of topology (difference in M,,, branching and crosslinking density). Because the impact of M,, and of
the crosslinking density on the crystallization kinetics cannot be differentiated, both will be referred

to under the term “polymerization” to simplify the analysis.

IV.1 Thermal protocol

The heating and cooling rates were selected to prevent crystallization upon cooling and cold
crystallization upon heating. In light of the results obtained in Section Il on this chapter, a scanning
rate of 10 000 K s was chosen for the purified CM. For comparative purposes, identical scanning rates
would have been preferred. However, cold crystallization is prevalent at 5 000 K s for the purified CM,
and the signal did not allow to clearly visualize the glass transition in the case of polyester network at
10 000 K s™. FSC was performed with conditioned and calibrated UFH1 sensor under a continuous
argon flow of 60 mL min. A mass of about 11 ng of purified CM was estimated using the same
procedure as the polyester network. The samples were first heated up to T, + 50 °C to erase thermal
history, then quenched down to the isothermal crystallization temperature T, at 10 000 K s™. They
were subjected to crystallization for a given time (t.) in isothermal conditions (T,) following the
thermal protocol described in Figure 11l.13. After the crystallization procedure (Figure 1ll.13.a), the

purified CM sample was polymerized at 150°C for a given time (t, ;) in situ (Figure 111.13.b).
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Figure 111.13. a) Thermal protocol used for in situ polymerization at 150 °C for polymerization times t,,,; =0,
40 and 600 s; b) Thermal protocols used for isothermal crystallization. The sample was first heated at Ty =
Ty + 50 °C to erase thermal history, then quenched down to the crystallization temperature T, and held in
isothermal conditions for a defined time ¢.. After isothermal crystallization, the sample was quenched down

to Tinin = Te— 50 °C and finally heated to Tjy, 4. The same heating and cooling rates were applied with |S.| =
B, =10000K s,

The polymerization process at 150 °C was performed in situ in the Flash DSC apparatus on the UFH1
sensor containing the purified CM sample for 40 s and 600 s, as shown in Figure 111.14. A decrease in
the measured heat flow is observed as the polymerization time increases. Even though
polycondensation involves some water evaporation, the mass loss due to the release of H,O molecules
(18 g mol? each) is neglectable in comparison with the mass of cutin monomer (288 g mol™? for the
main component, 9(10)-16-dihydroxyhexadecanoic acid), and could only be accounted for about 6%
of the total sample mass. In Marc et al. [1], a very small weight loss (less than 0.5%) was observed
below 100°C, which was attributed to moisture evaporation, and thermal degradation was found to
occur above 300°C. By comparing the different curves, a reduction of the heat flow of about 65 % is
observed, which seems to suggest that some degradation evidenced as a mass loss potentially
occurred during the isotherms at 150°C. This mass loss was considered for further calculation of the

melting enthalpy and the specific heat capacity.
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Figure 111.14. Heat flows measured upon heating at 10 000 K s for the purified CM (red curve) and after
polymerization for 600 s (purified CM_600s, green curve).

V.2 FSC measurements

Figure I11.15 shows the normalized heat flows recorded for the purified CM after polymerization at 150
°C for 0's, 40 s and 600 s, and for the polyester network following different times of isothermal
crystallization at 20 °C. The main melting peak increases from 40-60°C for the purified CM to 60-70 °C
for the polyester network. Concerning the purified CM, additional phenomena are observed, such as
cold crystallization and additional endothermic peaks resulting from the formation of nuclei upon
cooling. However, the melting enthalpy resulting from this cold crystallization is neglectable in
comparison with the melting of the crystals formed at 20 °C. For each isothermal crystallization,

specific heat capacity ¢, and melting enthalpy A4h,, are estimated based on the curves of the

subsequent heating.

A shift of the melting endotherm towards high temperatures is observed for crystallization times above
one second. A partially semi-crystalline structure is obtained for short crystallization times, whereas

the final semi-crystalline structure is obtained for long crystallization times.
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Figure I11.15. Normalized heat flows measured upon heating at 10 000 K s for a) purified CM b) purified
CM_40s c) purified CM_600s, and at 5 000 K s* for d) the polyester network after crystallization at 20°C from
0sto1000s.

The glass transition temperature Ty remains largely unaffected by crystallization, confirming that low
coupling is generated between the crystalline and the amorphous phases. However, as the crystallized
fraction grows and 4c, diminishes, for long crystallization times the glass transition is not visible
anymore; this is observed for both the purified CM and the sample polymerized during 40 and 600 s.
The effect of polymerization is clearly visible in Figure 111.16, where the normalized heat flows
measured after no crystallization and a crystallization of 100 s are reported for all the considered
samples. During polymerization, the end functions of the purified CM react, resulting in longer chains
(increase in the molar mass M,,); since the diacid compounds and esterified monomers in the system

can react to form crosslinking nodes, the amorphous phase gets increasingly constrained by the change
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in topology, and molecular mobility decreases. This results in an increase of the glass transition
temperature, from -16 °C and -15 °C for the purified CM and purified CM_40 s respectively, to -9 °C
and 0 °C for the purified CM_600s and the polyester network respectively. The shape of the curve in
the melting temperature range is impacted as well, and the broadness of the melting peak increases

with tpol-

Purified CM
~—— Purified CM_40s
Purified CM_600s
—— Polyester network

Normalized Heat Flow [J g K]

60 80 100 120
Temperature [°C]

Figure 111.16. Normalized heat flows measured upon heating at 10,000 K s for the purified CM (red curves),
purified CM_40s (green curve), and purified CM_600s (orange curve), and at 5,000 K s for the polyester network
(blue curve). The solid lines correspond to the heating ramp performed right after quenching from the melt. The
dotted lines are the signals measured after crystallization at 20 °C for 100 s.

The decrease in Ac, with the increasing crystallization time is represented on Figure 111.17. No major
difference is observed between the purified CM and its polymerized counterpart (purified CM_40s),
both showing a sharp drop in Ac,, after about 0.5 s. After polymerization (purified CM_600s), the 4c,,
drop is shifted to 1 s. Crystallization is hindered in the weakly crosslinked polyester network, with a

decrease in 4c,, starting at 0.5 s until reaching a constant value after a crystallization time of 10 s.

For the purified CM and purified CM_40s, the amorphous phase gets constrained to the point that no
heat capacity step is observed in the temperature range of the glass transition. This result corroborates
the observation made by POM, showing that crystallization leads to a high density of tightly packed

spherulites.
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Figure 111.17. Change in specific heat capacity step at the glass transition as a function of the crystallization
time t. varying from 103 s up to 10°s. The dashed lines are a guide for the eye.

IV.3 Application of the Avrami model for isothermal crystallization

The evolution of the normalized crystallized fraction a with the isothermal crystallization time is
plotted in Figure I11.18.a. When the molar mass increases, the curves are shifted to longer times, likely
due to the branched chains and the reticulation nodes inhibiting the crystallization by hindering the
motions of the macromolecular chains and segments. Figure 111.18.b shows the Avrami plots obtained
as explained in Section lll for the purified CM with different polymerization times, and for the polyester
network. If the assumption is made of a time independent transition rate k£ and Avrami exponent n,
one could expect that the log[-In(1-a)] as a function of log(t — t,;) dependencies is linear. However, the
experimental results are clearly non-linear at early stages of crystallization. A possible explanation is
that time-dependent effects kick in at the early stages of crystallization and as the system approaches

the steady-state regime, as suggested by Gradys et al. [23].
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Figure 111.18. a) Evolution of the relative crystalline fraction a as a function of the isothermal crystallization
time t¢; the lines are guide for the eye; b) Avrami plots obtained for the purified CM, purified CM_40s, purified
CM_600s, and for the polyester network; the lines represent the fitting of the experimental data with Eq. 2.

The Avrami exponent n is used to somehow characterize the nucleation mode of the crystalline
domains. Here, the n values range from about 3 for the purified CM in both its initial state and after
polymerization at 150 °C for 40 s (purified CM_40s), down to 2.0 for the in-situ crosslinked system after
600 s polymerization (purified CM_600s), and finally drops to 1.6 for the polyester network. These
values are lower compared to the ones expected in case of homogeneous growth of the spherulitic
nuclei (n = 3). As stated in Chapter |, the Avrami exponent depends on the nucleation mechanism and
the dimensionality of growth of the crystalline fraction. Higher cooling rates result in higher degrees
of undercooling AT, and therefore in a stronger driving force; it is consequently expected that a lower
free energy barrier must be overcome for the nucleation process [15]. When the Avrami index n
increases, the nucleation process is more sporadic and the dimensionality of growth is higher [15].
Values of 2.0 suggest that the growth is sporadic and spherical. Polymerization and crosslinking lead
to longer induction times as a general trend, and a decrease in the nucleation driving force. Secondary
nucleation is impacted as well, and seems to grow in intensity with t,,,;. The melting enthalpy 4h;, of

the crystalline phase formed beforehand will be estimated in the following.

IV.4 Melting enthalpy 4h,,

Figure I11.19 shows the melting enthalpy as a function of the specific heat capacity for all the considered

samples. No significant change is observed as a function of the polymerization time, at least not within
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the experimental uncertainty. The values obtained for 4h;, decrease from 102 J g (purified CM) and

95 J g (purified CM_40s) down to 84 J g* (purified CM_600s) and 77 J g* (polyester network).

120 A

100 -
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Purified CM
Purified CM_40s
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= Polyester network
0 T T T r =
0 0.1 0.2 0.3 0.4 0.5

Ac, [J gt K7

Figure 111.19. Melting enthalpy Ah,, plotted against the specific heat capacity 4c, normalized by the sample
mass and the heating rate for the polyester network crystallized for different crystallization times t,. at a
crystallization temperature T, = 20 °C. The linear regression (solid line) to Ac,, =0J g* K™ (X, = 100%) gives the
melting enthalpy 4h,,, which corresponds to the melting enthalpy of a theoretically fully crystallized material
under the assumption of a two-phase model [8-9].

X-ray diffraction patterns of the polyester network recorded at ambient temperature showed the
formation of a hexagonal packing of the acyl chains (a polymorphic form) after rapid cooling from the
melt [1]. However, after seven days of storage at room temperature, the sample was found to be in
an orthorhombic B’sub-cell. Moreover, the thermogram recorded with TOPEM showed a broad
endotherm with a melting enthalpy Ah,,, of 92 J g, higher than the theoretical value of Ah9, estimated
by FSC measurements. To better understand the inconsistency of these results, the melting enthalpy
AhY, has also been estimated through the cross-comparison of XRD and DSC results. X, can be

estimated from XRD patterns using Eq. 3:

l cryst

X, = Eq.3

I cryst + lam

where I,y is the integrated intensities of the crystalline diffraction peaks, and I, is the integrated
intensity of the amorphous halo. It is worth noting that this approach could underestimate the total
crystalline volume fraction, due to the inability to separate overlapping peaks and correctly model the
diffuse signal arising from the paracrystalline fractions (partially disordered crystals with short or

medium-range order of the lattice) [14]. The data obtained by FSC and XRD could therefore differ, as
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previously reported in the literature [5]. However, it can still be useful to get a rough estimation. X.
can also be estimated by calorimetry using Eq. 4:

Al — % Ah,,

X. =
¢ ARS,

Eq.4

where Ah,, is the melting enthalpy, Ah,. is the cold crystallization enthalpy, and Ah9, corresponds to
the melting enthalpy expected for a 100% crystalline material. In the absence of cold crystallization,

inserting Eq. 3 into Eq. 4 AhY, provides the following equation:

I cryst + lom

ARY, = Ahy, Eq.5

1 cryst

The crystallinity fraction was computed using the diffract EVA software. The polyester network in the
B’-form has a crystallinity fraction of 78 %. The enthalpy Ah,,, associated to the melting of the B’ crystals
of the polyester network was estimated at 92 J g%, and using Eq. 5 an extrapolated melting enthalpy
of 118 J gt is found for the B’-form. This could explain why a Ah9, of 91 J g* was estimated following a
crystallization of the polyester network at 40 °C, seemingly due to a co-crystallization of the a and the

B’ phases at intermediate temperatures.

Concerning the B-phase, such procedure is not straightforward since the XRD spectrum revealed a co-
existence of two crystalline phases for the purified CM, the B’ and B-form. Gradys et al. [24] used the
method developed by Turner-Jones [25] to estimate the content of one crystalline form in relation to
another for polypropylene, however this method requires well separated a and B-peaks. Flores and al.
[26] used the molar contribution function of Van Krevelen [27] to estimate the melting enthalpy 4h9,
of new aliphatic polyethers. By applying the Van Krevelen function to the saturated 9(10)-16-
dihydroxyhexadecanoic acid, which is the major component of the purified CM (Figure I1.5), 4h%,
would be:

o (AhCHanHZ + Ahong + AhCH(OH))
AR, = -
i

Eq.6

In the repeating unit, there are 14 -CH,- groups, 2 -OH- groups, one -C=0- group and one -CH(OH)-
group. The molar mass M; of the repeating unit is 288 g mol ™. The estimation gives a value of 213 J g*
which may correspond to the most stable polymorph B and is close enough to the melting enthalpy of
208.2 J g for pure palmitic acid (same number of carbon as 9(10)-16-dihydroxyhexadecanoic acid)

found by Cedeno et al. [28].
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Figure 111.20. Dependence of the melting enthalpy Ah,, on the crystallization time t. at ambient temperature.

The hatched areas represent the estimation of the extrapolated melting enthalpy Ah?n for the a-form (dark
blue), the B’-form (orange) and the B-form (purple). The square symbols represent the FSC experimental data.
The full and empty triangles represent the total heat flow @;,; and reversing heat flow &,,, measured with
TOPEM respectively. The dotted gray lines are added to indicate the storage time at ambient temperature before
calorimetric measurements. Note that the four years indication is an approximation.

Figure 111.20 shows the evolution of the total Ah,, with the crystallization time. Based on FSC and
TOPEM results, it seems that both the purified CM and the polyester network initiates crystallization
rapidly at ambient temperature under the a form (hexagonal packing) before further transforming into

the B’ form (orthorhombic packing).

The polyester network crystallizes under the orthorhombic B’ form when annealed for a sufficiently
long time, whereas in the purified CM different crystalline forms coexist, including the a and B’ forms.
Different metastable states are reached before the final transformation from the hexagonal to the
orthorhombic crystalline phase. The literature reports that secondary crystallization can occur through
different processes; it can be sometimes triggered by RAF relaxation [29], or proceed through cross-
nucleation with the initial crystalline phase acting as a nucleation site for the secondary crystallization.
POM experiments showed that this second mechanism is predominant in the case of the purified CM.
The a crystals have a short lifetime, which was expected since they represent a metastable crystalline

form, and rapidly convert into B’-crystals in the span of minutes. At the end of the preliminary stage of
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crystallization, secondary crystallization occurs for the polyester network via a solid-solid
transformation from the initial a-form (hexagonal packing) to the B’-form (orthorhombic packing). For
all the samples crystallized at 20 °C, the mesophase forms as an intermediate transient stage within
the path of transformation of the melt into B’-crystals, following Ostwald’s rule of stages. With this
crystallization pathway, the isotropic melt first converts into a Liquid Crystalline phase (LC-phase)
before undergoing a monotropic transition into a more ordered crystal phase. Such crystallization
pathway is not uncommon in aromatic polyesters, where the stiff aryl rings act as mesogenic units [30],
or in other polymer with high flexibility such as polyethylene, for which it was shown that during the
initial process of growth a crystal goes through thermodynamically stable and metastable states before
transforming from the hexagonal to the orthorhombic phase [31]. In-situ optical microscopy and
transmission electron microscopy also showed that the newly formed crystal acts as a nucleation

center for secondary crystallization [31].
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Conclusion

The co-polyesters of hydroxy fatty acids investigated in this work present complex rapidly-evolving
microstructures depending on the processing conditions and the crosslinking density. Different
ordered structures are formed depending on the crystallization temperature and the cooling rate. Long
storage at ambient temperature results in the formation of B and p’-crystals. The formation of the
stable B polymorph was observed for the purified CM but not for the co-polyester, possibly due to the
crosslinking nodes and branched chains hindering the formation of a triclinic phase. High cooling rates
(> 100 K s%) lead to the formation of metastable a-crystals characterized by a hexagonal packing with
an interplanar distance d = 4.1 A. From a combination of calorimetry and X-ray diffraction, the melting
enthalpy extrapolated to full crystallinity was estimated for the a-phase (77 J g!), the B’-phase (118 )
g'), and the B polymorph (213 J g).

Even though XRD, TOPEM and FSC results are in good agreement, the timescale related to the crystal
stability in FSC samples (nanoscale samples) may differ from bulk samples. The same reasoning can be
made regarding the effect of polymerization and crosslinking, for which the experimental data
obtained after a nanoscale polymerization at 150 °C for 10 min (Purified CM_600 s) appear to be in the
same order of magnitude to the ones obtained after bulk polymerization at 150 °C for 24 h (polyester

network).
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Chapter V. Crystallization kinetics of a series of poly
(alkylene trans-1,4-cyclohexanedicarboxylate)

Parts of this chapter are extracted from:
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rate of fast-crystallizing polyesters: the example of poly (alkylene trans-1,4-
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I. Preliminary analyses CHAPTER IV

As mentioned in Chapter lll, assessing the crystallization ability of a material is essential since it has
consequences on macroscopic properties such as stiffness, strength, chemical resistance, thermal
stability, material morphology and gas permeability [1, 2], which has to be considered for the
evaluation of processability, applicability, and biodegradability of the material [3]. In Chapter Il we
investigated the influence of the crosslinking density on the crystallization ability of bio-sourced

polyesters extracted from tomato peel cutin with potential applications for packaging.

This chapter presents the detailed thermal analysis of a series of thermoplastic polyesters with
promising barrier properties, the poly (alkylene trans-1,4-cyclohexanedicarboxylate) (PCHs), using an
association of calorimetric techniques (TOPEM, DSC, FSC) and structural characterization techniques
(FTIR, XRD and POM). As reported in Chapter I, few works have been published on the PCHs, and up
to date most information found in the literature concerns the first two polyesters of this series, i.e.
PPCE (ncy, = 3), PBCE (ncy, = 4), and their copolyesters [4-8]. The influence of the alkyl chain length
within the main structure of the repeating unit on the crystallization kinetics will be systematically
investigated, and several procedures for kinetics analysis will be applied to get a deeper insight into
the crystallization abilities of the PCHs. Important parameters such as the critical cooling rate B cyi¢,

the equilibrium melting temperature T,,, and the nature of the polymorphs will be assessed.

l. Preliminary analyses

[.1 FTIR spectroscopy

The FTIR spectra in Figure IV.1 show that all the PCHs present the characteristic bonds associated with
polyesters, that is to say the C=0 bond between 1720 and 1715 cm™, the C-O-C bond at 1040 cm™, and
the C-O bond at 1160 cm™ [9]. Some differences are notable (gray areas), and a zoom into these regions
is proposed in Figure IV.2. On one hand, the length of the alkyl chain in the main structure of the
repeating unit affects the peak located at 1040 cm™ corresponding to the symmetrical and
asymmetrical C-O-C stretching, whose intensity increases as the alkyl chain gets shorter. On the other
hand, the absorption intensity of the peak located at 2900 cm™ (stretching of C-H bond) increases as
the alkyl chain gets longer. The C=0 bond is affected by an odd-even effect, since it is shifted to higher
wavenumbers for odd-numbered PCHs (1719 cm™ for PPCE and 1718 cm™ for PPeCE) in comparison

with the even-numbered PCHs (1715 cm™ for PBCE and 1716 cm™ for PHCE).

The shape of the peaks located in the fingerprint between 1500 and 800 cm™ vary as well depending

on the considered sample. In particular, the peaks located between 1490 and 1430 cm™ (CH; bending
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region) could inform about the conformational changes of the methylene groups [10]. The four PCHs

present a peak at 1452 cm™, however only the even-numbered PCHs manifest a peak at 1479 cm™.

/M PPCE

J\L PBCE

/M PPeCE
J\/L PHCE

3500 3000 2500 2000 1500 1000 500

Absorbance [a.u.]

Wavenumber [cm™]

Figure IV.1. FTIR spectra of the as-synthesized PCHs. All spectra are normalized with respect to the carbonyl
peak (1715 cm™).
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Figure IV.2. Close-up of the regions of interest; a) 3100-2700 cm™%, b) 1550-1400 cm™ and ¢) 1200-100 cm!

[.2 Conventional TGA

Thermogravimetric analyses were carried out with a constant heating rate of 10 K min™? under N to
check the thermal stability of the PCHs. The thermograms shown in Figure IV.3 report no major
difference in the degradation kinetics for the considered samples, since all of them degrade in a once-

step process. The temperature corresponding to a 5 % mass loss (Ts5e,) (Figure 1V.3.a) slightly increases
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with the alkyl chain length, from 375 °C for PPCE to 387 °C for PHCE. The temperature corresponding
to the maximum rate of degradation (T, ) (Figure IV.3.b) are similar. No mass loss occurs before 250
°C, suggesting that all the PCHs have a good thermal stability, better than PLA [11] but slightly lower
than PET [12] and 2,5-PEF [13]. However, compared to other polyester with the same number of
methylene groups (ncy, = 3), the derivative curve of the mass with respect to temperature shows a
peak at 412 °C for PPCE, which is slightly higher than poly (propylene furanoate) (396 °C), poly
(propylene terephthalate) (402 °C) or poly (propylene naphthalate) (407 °C) [14].

a) b)
Under N, Under N,
PPCE Tsy, 7375 °C Tpm = 412 °C
)
e PPCE
—_ PBCE = Timax = 417 °C
S 2 N\
?‘) '\3| PBCE Tmax = 420 °C
o] PPeCE = max 2
=S )]
: 2 PPeCE
PHCE Teo, =387 °C\_1% £ T 2417 °C
©
! PHCE J\
50%[ 3% Z%I"C}
50 100 150 200 250 300 350 400 450 500 50 100 150 200 250 300 350 400 450 500
Temperature [°C] Temperature [°C]

Figure 1V.3. a) TGA curves of the PCHs measured at 8, = 10 K min"* under N»; b) First derivative of the mass
with respect to temperature.

[.3 Temperature-modulated TGA (MT-TGA)

MT-TGA analyses can provide, with a single measurement, the activation energy E, as a function of
temperature, which may be interesting especially when the thermal degradation proceeds through
different steps, with different mechanisms. Figure IV.4.a shows the degradation curves obtained for
the PCHs under N,. The temperature-derivative of the thermograms (DTG) are also plotted (Figure

IV.4.b).
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Figure IV.4. MT-TGA thermograms recorded with a constant heating rate of 2 K min’, amplitude of + 5 K and
a period of 200 s under N2 with a) mass as a function of temperature; b) first derivative of the mass with
respect to temperature. The temperatures corresponding to a mass loss of 5 % (Ts,) are also added, as well
as the percentage of residual mass after degradation.

The thermograms recorded under N, with MT-TGA are similar in shape with those recorded using TGA,
however the degradation temperatures Tsq, are lower of about 30-40 °C because of the lower heating

rate (2 K min? instead of 10 K min%).
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Figure IV.5. Activation energy E, as a function of mass loss.

Figure IV.5 shows the activation energy associated with the degradation process under N, as a function
of the recorded mass loss. Table IV.1 report the average values of the activation energy E, obtained
with MT-TGA from Figure IV.5, with uncertainties estimated from the lower and upper bonds of the

E, fluctuations. The activation energy obtained for PHCE is lower compared to the other PCHs, possibly
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due to the lower molar mass obtained at the end of the synthesis (see Chapter Il, Section 1.1.2).
Compared to other polyesters, the values of E, measured under N, are higher than PLA (110 kJ mol™*

[15]) but lower than 2,5-PEF (195 kJ mol™ [13]) and PET (227 kJ mol? [12]).

Table IV.1. Activation energy E, measured under Na.

Sample E, (under N;) [k) mol?]
PPCE 165+ 10
PBCE 167 £ 10

PPeCE 170+ 60

PHCE 133+ 25

[.4 DSC measurement

Preliminary characterizations of the thermal behavior of each PCH were done by DSC through typical
heating-cooling-heating ramps, with heating and cooling rates ), = | B.| =10 K min™. The first heating
ramp brought the samples up to the melt, thus ensuring the best thermal contact with the bottom of
the aluminum pan and erasing any previous thermal history. The subsequent cooling ramp allowed to
compare the relative aptitude to crystallize when the four samples were cooled from the melt with the
same cooling rate, providing the temperature range over which crystallization is expected to occur.
The second heating ramp is used to get a glimpse on the microstructural differences induced on each
sample due to their different chemical compositions, despite the common cooling conditions. A zoom

into the glass transition temperature range is reported in the inset to each graph.

Upon cooling, the crystallization enthalpy (Ah.) and the crystallization temperature measured at the
peak (T¢) were obtained, and on the second heating scan the midpoint glass transition temperature
(Tg), the melting range (ATm) and the melting enthalpy Ah,, were estimated. The thermal characteristics
of the four PCHs extracted from the thermograms recorded at 10 K min't with DSC (see Figure IV.6)

are reported in Table IV.2.
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Figure IV.6. Thermal behavior recorded by DSC with cooling and heating rates |f.| = B, = 10 K
min~t. The first heating (solid red line), the cooling (blue line) and the second heating (dashed red line) ramps
are represented. A zoom into the glass transition temperature range is reported for each sample in the
corresponding inset. For PPeCE, an additional inset zooms into the crystallization temperature range (dashed
blue area). The curves are y-shifted for better visibility.

The melting and crystallization behaviors vary significantly from one sample to another. On the first
heating ramp, a low-temperature endothermic peak is visible for all samples around 40 °C, which is
not seen on the second heating. Since the samples were prepared in the form of films by hot-pressing,
this low endothermic peak could correspond to some relaxation of constrained macromolecular
segments and/or to the melting of mesophases induced by processing. Concerning the crystallization
upon cooling (blue curves), the even-numbered samples (PBCE and PHCE) are prone to a very rapid
crystallization process and manifest a narrow exothermic peak at high temperature (AT, < 10 °C),

whereas odd-numbered samples crystallize much slower. PPeCE (ny, = 5), for instance, barely has the
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time to start the process, and shows a wide crystallization peak (large AT.) with a low intensity (Ah. of
0.5J g™1). The glass transition temperature measured during the second heating scan decreases as the
number of methylene groups introduced in the backbone increases, from about 8 °C for PPCE (nCH2 =
3) to about -21 °C for PHCE (nCH2 = 6). Irrespective of the odd or even character of Ncy,, the melting
temperature generally decreases as the number of methylene groups increases. However, the lowest
melting (and crystallization) temperature is observed for PPeCE (n¢y, = 5). This particular behavior has
been reported for other polymers containing five methylene groups in their backbone [16, 17], and
could be due to some local polarization that builds up in odd-numbered polyesters, hindering the
crystallization process, whereas in even-numbered polyesters the dipoles are aligned in opposite
directions, allowing a more efficient chain folding and packing [18, 19]. NMR experiments conducted
on flexible alkyl chains with mesogenic groups at either end showed that, for n¢y, =5, the alkyl chain
is mostly in an all-trans conformation, except around the C-O single bonds, where it was found to be
approximately gauche [18]. This gauche conformation forces the molecule to bend more with respect
to an all-trans conformation, causing less efficient packing and therefore improving its glass-forming
ability. A recent investigation on the crystal structure of PBCE confirms the all-trans conformation of

its alkyl segments [8].

PPCE and PPeCE show one single endothermic peak (albeit very weak in the case of PPeCE) when PBCE
and PHCE manifest double melting peaks. The presence of a double peak depends on the heating rate
[20, 21] and is common among polyesters including polyhydroxyalkanoates [22, 23], poly (ethylene
terephthalate) [24] or aliphatic polycarbonates [10]. Such phenomenon can have different causes,
including the reorganization process occurring upon heating, the simultaneous melting and
recrystallization of crystals with defects to improve crystal perfection, or the melting of different

polymorphs.

Table IV.2. Thermal characteristics of the investigated PCHs extracted from the thermograms reported in Figure
IV.6. Tg is taken as the mid-point glass transition, T¢ is the crystallization temperature measured at the maximum
of the exothermic peak, Ahc is the crystallization enthalpy, ATm is the melting temperature range, Ahm is the
melting enthalpy calculated as the algebraic area under the curve in the melting temperature range.

Sample T [°C] T.[°C] AT [°C] Ah [J g7 AT, Ah, [J gl
PPCE 8x2 92.2+0.5 85-106 331 136-160 322
PBCE 7%2 146.5+ 0.5 144-150 392 92-171 555
PPeCE -15+1 25%5 6-51 0.5+0.1 60-76 0.6+0.1
PHCE -21+2 101.3+0.5 98-105 43+3 50-129 575

On a final note, a small exothermic peak occurs at 128 °C (first heating) and 134 °C (second heating)

for PPCE, and 113 °C (first heating) for PHCE, right before melting that could be related to crystalline
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reorganization. For a deeper understanding of the phenomena described above, modulated-

temperature DSC is needed.

[.5 TOPEM measurements

As described in Chapter Il, TOPEM allows the deconvolution between the non-reversing heat flow
(related to kinetic events) and the reversing heat flow (related to heat capacity changes). This

technique is convenient to distinguish overlapping thermal events.
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Figure IV.7. Reversing (red curve), non-reversing (blue curve) and total (black curve) normalized heat flows
recorded with TOPEM upon heating at 2 K min™* with a temperature modulation 8T of 0.1 K and a period
between 15 and 30 s. The total heat flow is obtained by addition of the reversing and non-reversing
contributions. The dashed areas are added to highlight the melting (red and black areas) and the
recrystallization processes (blue area).
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From the thermograms in Figure IV.7, it appears that the complex melting peak observed using DSC is
indeed related to a melting and recrystallization process. The low endothermic peak corresponds to
the melting of original crystals that can either contain defects or are too small to form crystals with
better ordering and larger dimensions (recrystallization). The high temperature endothermic peak
corresponds to the melting of the newly recrystallized crystals. For all polyesters except PPeCE, the
melting process associated to crystalline reorganization occurs on a large temperature range, from
80°Cto 150 °C for PPCE, 100 °Cto 170 °C for PBCE, and 20 °Cto 120 °C for PHCE. The small endothermic
peak observed on the DSC thermograms between 40 and 50 °C s also visible for all samples in the non-
reversing contribution of the heat flow. Because it appears on the first heating scan, this endothermic
contribution could be related to a relaxation process following the fabrication of polyester films by a
hot-press. The endothermic peak around 50°C has already been evidenced for PPCE [4] and PBCE [6],
the former being explained as a pre-melting peak associated with the fusion of crystals with a poor
degree of perfection, whereas for the latter Guidotti et al. raised the possibility of the formation of a
2D-structure akin to a mesophase for PBCE copolymers [6]. PBCE contains an even number of
methylene units in the glycol moiety, and that could favor the formation of a smectic phase in a
temperature range between Tg and Tn. X-ray diffraction spectra of the as-synthesized PCHs were
recorded from ambient temperature to the melt every 10 °C upon heating at 2 K min? and are
presented in Figure IV.8. The X-ray spectra are different for all the PCHs, with odd-numbered samples
having broader, less defined diffraction peaks in opposition to the even-numbered, whose peaks are
narrower and well defined. A small peak is observed for the four PCHs at low angle corresponding to
an interplanar distance of about 10 A, and could be related to a longitudinal organization. However,
no major change is observed in the spectra between 30 °C and 50 °C that could be related to the

relaxation of a 2D-ordered phase.
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Figure IV.8. X-ray diffraction patterns recorded from 30 to 120 °C upon cooling in slow stepwise conditions
(cooling at 2 K min™! followed by 20 min measurement), without prior thermal treatment. The diffraction peak
at 30 °Cis an artefact due to the chamber ensuring the temperature-control. Due to technical issue only the
spectra up to 60 °C could be recorded for PPCE.

From this first look into the thermal characterization of the PCHs, complex crystallization and melting
behaviors were evidenced, with notable differences in terms of crystallization enthalpy and
temperature, as well as melting enthalpy and temperature, depending on the alkyl chain length n¢y, .
Cooling from the melt at 10 K min! is nearly enough to amorphize PPeCE, whereas the other PCHs
keep their ability to crystallize even though PPeCE has the lowest cis-content (%) (Table 1.1 in Chapter
Il). Controlling the cooling rate and understanding its effect on the microstructure is essential,
particularly for industrial processing. Indeed, processing techniques such as injection molding or
extrusion can involve high cooling rates with a direct impact on the material final properties, with fast
cooling producing more amorphous materials, increased transparency and elongation at break [25] in
comparison with slow cooling. As evidenced in Figure 1.7 (Chapter 1), the common cooling rates
associated with TOPEM (0.02-2 K min?) and conventional DSC (5-100 K min?) cannot help with
investigating what happens during and after quenching. FSC can successfully be used to better emulate

the actual processing conditions for polymers, in association with DSC and TOPEM.

Il. Non-isothermal crystallization

[I.1 Critical cooling rate

As mentioned in Chapter | and lll, Schawe and Loffler distinguished two types of glasses: the chemically
homogeneous glass (CHG) only made of amorphous domains, and the self-doped glass (SDG)

containing nuclei [26]. Two critical cooling rates are respectively associated with the formation of these
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two types of glasses, that is to say . cys and B¢ sps, With B cue > Bespg- Based on the preliminary
results, a thermal protocol consisting in a series of successive cooling and heating ramps was designed
for each PCH, with the purpose of evaluating their critical cooling rate . sp¢, i.e. the minimum cooling
rate at which no crystallization is observed when the polymer is cooled down from the melt. The
protocol consists in heating up each sample with a constant heating rate 8, to a temperature slightly
above its melting, holding it to ensure that melting is complete, cooling it down through the glass
transition to -90 °C at a constant cooling rate 8., then heating it up again to check for any possible sign
of crystals through melting. The protocol, whose temperature ranges and cooling rates were adjusted
to each sample’s thermal behavior (crystallization temperature T, glass transition temperature T,
melting temperature range ATy), is schematically represented in Figure IV.9. Five decades of cooling
rates (from 2 K min~* to 5000 K s™?) were investigated to assess the critical cooling rates of PPCE, PBCE,
PPeCE and PHCE. The normalized heat flows recorded during the cooling scans along with the

normalized heat flows recorded during the following reheating scans are showed in Figure IV.9.
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Figure IV.9. Thermal protocol used for calorimetric measurements aimed at estimating the critical cooling
rate. A first heating is performed from room temperature to 200 °C, where the material is held for a certain
time to erase thermal history (from 0.01 s with FSC to 5 min for DSC and TOPEM). Then the samples are cooled
down to -90 °C at different rates depending on the calorimetric technique used, and are finally reheated to

200 °C.

Figure IV.10 (left column) reports the cooling ramps obtained for each PCH according to the thermal

protocol presented in Figure IV.9. The cooling ramps recorded at the lowest cooling rates | 5.| =0.033

K s were obtained by TOPEM (dashed-dotted lines). The cooling ramps plotted with dashed lines were
obtained by conventional DSC. The cooling ramps recorded at the highest cooling rates were obtained
by FSC (solid lines). A quick glance at the cooling curves confirms that PPeCE is the easiest to melt-
qguench, whereas PBCE is the most challenging. It is indeed necessary, at first, to check that no
exothermal signals associated with crystallization are recorded during the cooling ramp. Based on this

criterion, a threshold cooling rate could be identified for each PCH (left column, curves in colors). The
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corresponding critical cooling rates would be somewhere between 0.833 K s™* (50 K min™) and 100 K
s™ for PPCE, between 400 and 500 K s™* for PBCE, between 0.167 K s™* (10 K min™?) and 0.5 K s (30 K
min~?t) for PPeCE, and between 100 and 200 K s™* for PHCE. It is however necessary to double-check
these values by considering the heating ramps recorded right after cooling. In Figure IV.10 (right
column), the heating ramps recorded by TOPEM and DSC were obtained with 85, = |S.|, and all the
heating ramps obtained by FSC were recorded at 8, = 1 000 K s™*. The double-check consists in verifying
that no endothermal signals associated with melting are recorded upon heating, or that the recorded
enthalpy of melting is perfectly balanced by the enthalpy of cold crystallization (if cold crystallization
occurs). Based on this additional criterion, the threshold cooling rate for melt-quenching can in some
cases be readjusted (right column, curves in colors). About PPCE, for instance, Figure V.10 shows that
(1) the slowest cooling rate leads to a fully crystallized sample (TOPEM), (2) a progressive increase in
the cooling rate hinders the crystallization process and let appears cold crystallization (DSC curves),
and (3) FSC allows to melt-quench the sample (no cold crystallization is observed during the
subsequent heating ramp because of the higher heating rate with respect to DSC measurements). In
the case of PBCE, it is worth noting that (1) only FSC is able to provide sufficiently high cooling rates
for an efficient melt-quenching, (2) the range of cooling rates previously identified as critical (400-500
K s71) is sufficient to suppress the crystallization from the melt and cold crystallization occurs during
the subsequent heating ramps, (3) a heating rate faster than 1000 K s™* is required to suppress cold
crystallization and any other possible melting-recrystallization process. Focusing on the heating ramps
recorded after cooling at 300, 400, 500 and 600 K s, one may notice that the peak of cold
crystallization keeps on evolving, which confirms that vitrification is more and more efficient; the shape
of the peak stabilizes between 500 and 600 K s, which is therefore considered as a better estimation
of the range within which the critical cooling rate is supposed to fall. PPeCE is easily quenched with
conventional cooling rates. As for PHCE, based solely on the cooling ramps one may guess that the
critical cooling rate is between 100 and 200 K s™* (left column, curves in colors), however the heating
ramps clearly show that a crystalline phase is formed for cooling rates up to 500-1000 K s (right

column, curves in colors).
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Figure IV.10. Normalized heat flows recorded upon cooling from the melt (left column) and during the
subsequent heating ramp (right column). The curves at the lowest cooling rate |B,| = 0.033 K s7* (2 K min'%)
(dashed-dotted lines) were obtained by TOPEM. The curves plotted with dashed lines were obtained by
conventional DSC. The curves at the highest cooling rates were obtained by FSC (solid lines). The heating ramps
were obtained with 8}, = | B.| (TOPEM and DSC) or 8, = 1000 K s™* (FSC). The curves in colors highlight the range
within which the critical cooling rate | B, sp¢ | is supposed to fall based on either crystallization (left column) or
subsequent melting (right column).

Of all the considered samples, PBCE is the only one being able to cold-crystallize despite the relatively
high heating rates used in FSC experiments (1000 K s™) (Figure IV.10, right column). Such phenomenon
can be triggered by the formation of nucleation pre-cursors upon cooling or upon heating with
sufficient mobility. Figure IV.11 illustrates the additional criterion to meet to make sure that a polymer
able to cold-crystallize is completely vitrified during melt-quenching. Figure IV.11.a shows a selection
of heating ramps recorded after cooling from the melt at different |S.|. The additional criterion
consists in calculating the enthalpy of cold crystallization Ah.. and the enthalpy of melting Ah,, and
then verifying if they are perfectly balanced. For cooling rates below 100 K s, no cold crystallization
is observed during the subsequent heating. When faster cooling rates are used, cold crystallization
occurs, and the associated enthalpy Ah. gradually increases until reaching a plateau (18 J g™ for |, |
=1 000 K s71). On the other hand, the enthalpy of melting Ah,, decreases from 40 to 18 J g™ as the
cooling rate increases up to 100 K s™%, and then stabilizes at 18 J g™* as well. Figure IV.11.b reports the
values of Ahc, Ahm, and their algebraic difference Ahm - Ahc, plotted against the cooling rate | S|
previously used for melt-quenching. With this additional criterion, the critical cooling rate |, sp¢ | for

PBCE is rather estimated at about 3 000 K s™* (when Ahm — Ahe = 0).
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Figure 1V.11. a) Calculation of the enthalpies of cold crystallization Ahc (blue-hatched areas) and melting Ahm
(red-hatched areas) for PBCE previously cooled down from the melt at different cooling rates |f5.|. b)
Enthalpies of cold crystallization Ahcc (blue circles) and melting Ahm (red diamonds), along with their algebraic
difference Ahm - Ahc (black squares) plotted against the cooling rate S, previously used to attempt melt-
quenching.

Based on the Johnson-Mehl-Avrami-Kolmogorov (JMAK) equation for isothermal crystallization,
Schawe and Loffler proposed that the cooling-rate dependence of the cold-crystallization temperature

(taken at the top of the cold crystallization peak) follows a power law [26]:

Tec =T1+C[.Bc_.BO]K Eq.1

where C and k are empirical constants, T; is the minimum crystallization temperature during heating,
and f, is the minimum cooling rate under which no cold crystallization happens during heating. Figure
IV.12 shows that, as the cooling rate increases, the cold crystallization temperature T, increases from
60 °C to 70 °C, suggesting a delay in the growth of the nuclei formed during previous cooling.
Consequently, the melting temperature decreases from 163 °C to 145 °C because of the reduced
dimensions of the crystal lamellae. The application of the power law in Eq. 1 gives a cooling rate 3, of

130 K s'tunder which no cold crystallization occurs upon subsequent heating at 1 000 K s,
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Figure IV.12. Cold-crystallization temperatures T, (black squares) measured upon heating at 1000 K s following
different cooling rates | B.|. The red line represents the power law in Eq. 1.

Figure 1V.13 shows the influence of the cooling rate on the crystallization temperature T, (symbols),
and more generally on the temperature range at which crystallization occurs (bars). Two phenomena
are evidenced. The first observation is that, irrespective of n¢y,, an increase in the cooling rate | S|
leads to a decrease in the crystallization temperature T, and a broadening of the crystallization peak
(increase in AT,.), from less than 10 °C at the slowest cooling rates to more than 30 °C at the fastest
cooling rates. The shift of T, and the increase in AT, both prove that the observed transformation is
controlled by nucleation; indeed, slow cooling enables the activation of the nuclei at higher
temperature, whereas fast cooling retards and slows down the nucleation process [27]. Since the
sample mass and thickness are sufficiently small (few tenths of ng), the broad crystallization peaks of

the polyester are caused neither by thermal lag nor by smearing effects [20].

The second observation is that the odd-numbered polyesters are associated with larger crystallization
peaks and lower crystallization temperatures in comparison with their even-numbered counterparts
at the same cooling rate. It should also be mentioned that PBCE has recently been shown to crystallize
in at least two polymorphic forms, a and B, with the a-form observed upon slow cooling, and the B-
form generated with sufficiently fast cooling from the melt (however the explored range of cooling
rates did not exceed 50 K min™) [8]. With this in mind, the shift of T, from 80 to 150 °C could be
interpreted as the progressive transformation of the metastable B-form into the more stable a-form
as the undercooling AT gets reduced, with AT being the difference between the equilibrium melting
temperature T,2 and the crystallization temperature T, (Chapter I, Section 1.2). One may also notice
that both PBCE and PHCE have a double value of T, at the lowest cooling rates. This could be due to

the formation of a different crystalline phase upon cooling, considered that the polymorphic character
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of PBCE has been mentioned before but so far, the literature reports no evidence of polymorphism for

PHCE.

— 160
OO ™ s m TOPEM
2. © DSC

140 ~
- T4 4 A Feciom
o Ts
5 120 - A
© ' T
= . (=] sy
o 100 &
3 L 3

80 - A DA
()]
- : 95 4 l T
5 60 - T 1
— Al A
N 404 .
5 ros
g‘ 201 PPeCE PPCE PHCE PBCE
= Ney=5 Ngy =3 Ney =6 Ngy.= 4
O 0 T T T T

0.01 0.1 1 10 100 1000

Cooling rate | .| [Ks™]

Figure IV.13. Crystallization temperatures T, (symbols) and temperature ranges at which crystallization occurs
AT, (bars) measured upon cooling from the melt at different cooling rates |fB.|. The bars represent the
temperature range going from the onset (T ,,) to the endset (T, .,,4) of the crystallization peak.

Figure IV.14 shows a summary of the critical cooling rates |f. .| reported in the literature for
common polymers and for a few other materials (silica, benzocaine, water). The critical cooling rates
estimated in this work for PPCE, PBCE, PPeCE and PHCE are also reported for comparison purposes. As
expected, the even-numbered PCHs (PBCE with n¢y, = 4 and PHCE with n¢y, = 6) require faster cooling
rates to be effectively melt-quenched as compared to the odd-numbered PCHs (PPCE with n¢y, =3
and PPeCE with n¢y, = 5). It also appears that, irrespective of the odd or even character of n¢y,, the
value of the critical cooling rate decreases as the length of the alkyl chain within the repeating unit
increases, suggesting that the methylene groups act as defects for crystal formation. This observation
cannot be extended to other systems, such as poly (ethylene terephthalate) (PET) and poly (butylene
terephthalate) (PBT), for which an increase of Ncy, from 2 to 4 leads to a four-decade decrease in
| B crit |- 1t is however interesting to see that PBCE has about the same critical cooling rate as its
terephthalic counterpart PBT, regardless of the nature of the acidic component. Together with poly (e-

caprolactone) (PCL) they also show a propensity for cold crystallization [21, 28, 29].
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Figure IV.14. Values of critical cooling rates |B i | issued from the literature [14, 20, 30-37] for common
polymers as well as for a few other materials (silica, benzocaine, water). Full names can be found in Appendix 1.
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The methodology developed here allowed to estimate the range of critical cooling rates of the four
PCHs, but is rather time-consuming. Barandiaran and Colmenero [30] proposed a method relying on
the degree of supercooling AT . The equilibrium melting temperature Tn,° is commonly estimated
using the Hoffman-Weeks extrapolative method [38], which will be applied later on.

[1.2 Application of the three-phase model

To investigate the consequences of cooling rate on the microstructure, the three-phase model was
applied to the cooling curves. This procedure cannot be done on the heating curves from Figure IV.10
because of the small relaxation peak superimposed to the heat capacity step at the glass transition,
which can appear as the heating rate used is far greater than the previous cooling rate (| 5.| << ).
To circumvent this issue, a thermal protocol inspired by Heidrich et al. [28] was used, consisting in two
different cooling rates: the first one S is used to cross the crystallization domain, whereas the second

one fB., is used to cross the glass transition domain, and is equal to the subsequent heating rate f3y,.
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Figure IV.15. Thermal protocol for the quantification of the three fractions (crystalline, mobile amorphous

and rigid amorphous) depending on the cooling rate.

Figure IV.16 shows the normalized heat flows recorded by FSC upon heating according to the thermal
protocol in Figure IV.15. Each curve is used to measure the specific heat capacity step Acp, and the
melting enthalpy Ahn. The Mobile Amorphous Fraction X, 4, the Rigid Amorphous Fraction X4 and
the Crystalline Fraction X are estimated using Eq. 2 and Eq. 3 presented in Chapter I, and the values

for the melting enthalpy of fully crystalline material Ah,, are the ones estimated by Fosse et al. [39] in

a previous work.
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Figure IV.16. Normalized heat flows recorded upon heating at 8, =1 000 K s’ for PPCE and PHCE, and at 5 000
K s for PBCE in order to avoid cold crystallization, according to the thermal protocol in Figure IV.15. The
cooling rates 3., used to sweep through the crystallization zone are adapted to each material.

Figure IV.17 shows the cooling-rate dependence of the two amorphous fractions and of the crystalline
fraction. DSC results (empty symbols) are consistent with FSC results (full symbols). Since PPeCE
remains amorphous using the range of cooling rates associated with DSC, the DSC curves shown in
Figure IV.10 were used for the calculations. With an increase in the cooling rate, all the polyesters
become fully amorphous, with a crystallization suppression occurring in the same range of cooling
rates estimated from Figure IV.13. As the cooling rate decreases, X34 decreases whereas Xg4r and
X increase. Interestingly, in the case of even-numbered polyesters, RAF formation precedes the
formation of the crystalline phase. The same phenomenon has been previously observed after non-
isothermal crystallization of PET and PBT [28]. As seen in Figure IV.13, with the increased cooling rate
the crystallization is inhibited and shifted to lower temperatures, so that the macromolecular chains
have enough time to fold. Lower T, results in higher RAF contents, as observed for other polyesters
[40]. Presumably the mobile amorphous fraction first converts into RAF, then the activation of
secondary crystallization occurs at lower temperature. The participation of RAF in the crystallization
process through lamellar perfection has been observed before [41]. RAF activation is expected to cause
a shift in the crystallization kinetics, which can be investigated using the Ozawa model for non-
isothermal crystallization. Non-isothermal crystallization evidenced the presence of RAF up to 40 %

and 45 % for even-numbered samples, and not exceeding 15 % for their odd-numbered counterparts.

135



Il. Non-isothermal crystallization CHAPTER IV

100 41~ PPy E— [ 100 i
00l| = rdy § AT o0l |[* T peCE ?
T el T 11 8 Xear
ool Lo ﬁ PPCE sl e "
S “',;I" | S 70 i%
(] g ()] O I
o 60 b o 60 Y ?
8 s0 8 s01- ¢
% 40 % 40 Pt 1
5 30 T 5 30 — R Y %lT
o RS o - E N
20 S 20 [ \
+» \% Y- S b mmm e * T N
10 10 L * :
"Ll"--.,-?'ﬁ}w s & :
0 f» R S AT Sl 0 208
0.1 1 10 100 1000 0.1 1 10 100 1000
Cooling rate [K s] Cooling rate [K s}
100 1004— 19490
é ®  Xuar I‘V'TT 1T
90 904 | u X o
804 | ¢ X PPeCE 804 ¢ X PHCE
— " X — i
é 704 o xZAF é 70 %
L 60 L 60 {,
g 50 g 50 % 1
g 40 g 40 SRR, ooy
) ) VR A BN
8 30 8 30 - xS
20 20 1 \{, ““T
10 10 5
0 a PO U VOO S 0 -|: 0‘?:
0.1 1 10 100 1000 0.1 1 10 100 1000

Cooling rate [K s™] Cooling rate [K s™]

Figure IV.17. Mobile Amorphous Fraction X, 47 (black circles), Rigid Amorphous Fraction X, (blue squares)
and Crystalline Fraction X (red diamonds) as a function of the cooling rate. The filled and empty symbols
correspond to FSC and DSC measurements, respectively.

[1.3 Ozawa model

The temperature dependence of the relative crystalline fraction a(T) are determined from DSC and FSC
measurements after melt-quenching with different cooling rates following the model developed by

Ozawa for the investigation of crystallization under cooling at a constant rate [42]:

—X(T)
|BcI™

a=1—exp[ Eq.2

where a is the relative crystalline fraction, X (T) is the cooling function, |, |is the cooling rate, and m
is the Ozawa exponent. The high GFA associated to PPeCE makes it difficult to investigate the non-
isothermal crystallization. The PPeCE case will then be investigated in more details later on, in

isothermal conditions.
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Figure 1V.18. a) Cooling rate-dependence of the normalized crystalline fraction a; b) Ozawa plots for non-
isothermal crystallization.

Figure IV.18.a depicts the cooling-rate dependence of the relative crystalline fraction a(T) following
the Ozawa model for a crystallization in non-isothermal conditions. As expected, the even-numbered
polyesters (PBCE and PHCE) are characterized by faster crystallization kinetics in comparison with
PPCE, with a first increase in the crystalline fraction occurring nearly two decades apart in terms of
cooling rate. However, all the polyesters reach their highest crystalline fraction in the same range of
cooling rates (between 0.1 and 1 K s!), suggesting a slow-down of the crystallization processes as the
cooling rate decreases in the case of the even-numbered PCHs. The Ozawa plots represented in Figure
IV.18.b evidence two tendencies, with an index m nearly constant (between 1.4 and 1.6) for PPCE and
the even-numbered PCHs between 50 and 500 K s, and an index m between 0.3 and 0.4 for the even-
numbered PCHs associated to low cooling rates (between 10 and 0.5 K s?). The difference observed
for the even-numbered PCHs correlates well with the increase in Rigid Amorphous Fraction previously
observed in Figure IV.17 with the decreasing cooling rate. Moreover, the estimated values are
unusually low. For isothermal crystallization, Toda and al. [43] and Schawe et al. [44] proposed a
mechanism explaining the appearance of non-linearity with the slowing down of crystalline growth
caused by the inhibition of chain folding at the crystal growth front due to the presence of RAF; they
used this mechanism to explain Avrami indices n below 2, which could potentially be transposed to

non-isothermal crystallization.
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[1l. Isothermal crystallization

1.1 Equilibrium melting temperature T, using the Hoffman-Weeks
method

The equilibrium melting temperature T,‘;l can be obtained by plotting the melting temperature Tn,
measured for samples crystallized to their maximum extent at different crystallization temperature T

following the extrapolation method proposed by Hoffman and Weeks [38].
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Figure 1V.19. Normalized heat flows measured upon heating at 5000 K s after isothermal

crystallization at the indicated T. for a) PBCE with t. = 10s, b) PBCE with t. = 600 s, ¢) PHCE with t. =
10s, d) PHCE with t. =600 s.
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The normalized heat flows measured upon heating after isothermal crystallization at various T. for
PBCE and PHCE are shown in Figure IV.19. An increase in T. leads to an increase in the melting
temperature, however depending on the crystallization time t. different endotherms can be

distinguished.
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Figure IV.20. Melting temperatures Tm plotted against the crystallization temperatures Tc for a) PBCE and b)
PHCE. The red and green squares correspond to a crystallization time tc of 10 s and 600 s, respectively. The
black line represents Tm = T, the dotted lines show the temperature corresponding to the intersection
between the extrapolated experimental data and the Tm = Tc curve.

Figure IV.20 shows the Hoffman-Weeks extrapolation for PBCE and PHCE. For short crystallization time
(10 s) two melting peaks are visible, whereas a single melting peak is obtained for crystallization time
reaching 600 s. As the crystallization time increases, the intersection corresponding to T, decreases
from 240 °Cto 214 °Cfor PBCE, and from 317 °Cto 180 ° for PHCE. Strobl proposed a model for polymer
crystallization that includes intermediate states between the amorphous phase and the crystal [45,
46]. This model predicts that the equilibrium melting temperature of the mesomorphic phase is
located at a higher temperature with respect to the one of the crystalline phase. This would suggest
that the crystallization pathway undergone by the even-numbered PCH from the isotropic melt to an
ordered crystalline phase goes through intermediate transient stages. As mentioned in Chapter lll,
transitions from isotropic melt to liquid crystal (LC) phase and from LC to ordered crystals are not
uncommon in aromatic polyesters with aryl rings acting as mesogenic units [47]. This could also be the
case here especially considering that the cyclohexane moiety in the backbone of the PCH repeating

unit is a mesogenic unit as well [6].
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Figure IV.21. Melting temperature Tm plotted against the crystallization temperature T. for the four PCHs. The
black line represents Tm = T¢, the dotted lines show the temperature corresponding to the intersection between
the extrapolated experimental data measured at tc = 600 s and the Tm = Tc curve.

From the intersections between the extrapolated experimental data and the T = T, straight line in
Figure IV.21, a decrease in T, is observed from 242 °C (PPCE) to 78 °C (PPeCE). The temperature found
for PBCE is however notably higher than the value of 182 °C found in the literature [48, 49]. PCHs with
the shortest alkyl chain in the repeating unit have the highest T, followed by PHCE and PPeCE. This
decrease could be related to a lower packing density of the macromolecules in the crystal lattice [47].
For a series of aliphatic polyethers, Flores et al. evidenced a monotonic increase of T,;L with ncy, [19],
however they investigated the series from ny,= 6 to 12, and long aliphatic chains can eventually lead

to a saturation effect [10].

[11.2 Barandiaran and Colmenero’s method

As explained before, the critical cooling rate is an important parameter for industrial processing. The
experimental results presented so far allowed to estimate a range for f .-,y however no precise value
can be provided unless performing a potentially large number of additional measurements with a
dichotomic approach. A theoretical expression proposed by Barandiaran and Colmenero (BC) [30] (Eq.
22 in Chapter |) relates 3 .+ to the degree of undercooling AT defined as the difference between the

equilibrium melting temperature T;l and the crystallization temperature T, estimated in Figure IV.13.
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Figure 1V.22. Estimation of the critical cooling rate based on the Barandiardn and Colmenero’s method
for PPCE, PBCE and PHCE.

It appears that the critical cooling rates estimated from the linear regression in Figure 1V.22 are
overestimated in comparison with the previous values of critical cooling rate assessed experimentally
in Section I1.1 for PPCE and PBCE. PPeCE could not be investigated due to an insufficient amount of
experimental data points. Two critical cooling rates are observed for PBCE, corresponding to the main

crystallization at high temperature and a secondary crystallization at low temperature and slow cooling
(Figure IV.13).

For PBCE, the Barandiaran and Colmenero’s method gives a critical cooling rate of 1200 K s with T,c;l
= 182 °C as reported in the literature [48, 49], which is closer to the critical cooling rate determined

experimentally. This overestimation of the equilibrium melting temperature could be related to a

crystallization time that is too short to form the stable crystalline phase, as mentioned before.
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[11.3 Kinetics investigation of the high-temperature crystalline form

Due to the fast crystallization kinetics observed upon cooling, only the crystalline phases formed at
high temperature (HT crystalline form) can be investigated using DSC, except for PPeCE which can be
amorphized with a cooling rate of 30 K min™. The same thermal protocol sketched in Figure IV.23 was
used and adapted to the cooling rates accessible with conventional DSC (f;,= 30 K min™). Figure IV.24
shows the heat flows measured during isothermal crystallization and the subsequent heating scan. The

Avrami index obtained through the application of JMAK equation for the different crystallization

temperatures is reported in Table IV.3.

Figure IV.23. Thermal protocol used to investigate the isothermal crystallization kinetics of the PCHs. The samples
were first heated to a temperature T,,,, above their respective melting temperatures, held for 5 min, and then
quenched to the crystallization temperature T,. After isothermal holding at T, for 60 min, the samples were
cooled to Ty, below their respective T, and reheated to Ty,,q,. The crystallization temperatures are adapted to
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Figure 1V.24. Heat flows measured during isothermal crystallization (left column) and during the subsequent

heating (right column) for all the PCHs.
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Table 1V.3. Values of the Avrami index estimated from the isothermal crystallization curves (Figure IV.24, left
column). T, is the isothermal crystallization temperature, t;/, is the half-crystallization time when the relative
crystalline fraction a reaches 0.5 and n is the Avrami index.

Sample T [°C] t1/2 [min] Avrami index n K [min]
PPCE 130 26 2.5 6.910%
PBCE 155 3 2.8 5.2 107
PPeCE 40 13 2.6 29103
PHCE 110 2 2.9 1.310¢

The odd-even effect is clearly visible on the isothermal crystallization behavior when considering the
heating flow recorded during the crystallization process (Figure 1V.24, left column), with even-
numbered PCHs having lower half-crystallization time in comparison with their odd-even counterparts.
The Avrami indices are usually expected to be integers between 1 and 4 [32], however obtaining
rational numbers is not uncommon [43, 44]. The overlapping of primary and secondary crystallizations,
for instance, can complicate the evaluation of the crystallization kinetics [44]. The melting endotherms
recorded after completion of crystallization show multiple peaks, as also observed during the first
thermal analysis, suggesting the occurrence of recrystallization processes, even though the relatively
high crystallization temperature should increase mobility and help the refolding of the molecular
chains, leading to less structural defects and thus the formation of stable crystals [28]. This
reorganization upon heating may be favored by the relatively low heating rate (30 K min?).
Nonetheless, values of the Avrami index close to 3 are obtained for the even-numbered PCHs,
suggesting a three-dimension growth. Figure V.25 shows the micrographs obtained with Polarized
Optical Microscopy on samples submitted to the same thermal protocol. POM micrographs reveal a
large nucleation density with consequently numerous and small spherulites for all the PCHs, even at
low supercooling where the growth regime is prevalent. This behavior is similar to what has been
previously observed for poly (ethylene 2,5-furanoate) PEF in contrast to poly (ethylene terephthalate)

(PET) or poly (ethylene naphthalate) (PEN) [50].
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Figure IV.25. POM micrographs of a) PPCE after isothermal crystallization at 130 °C, b) PBCE after isothermal
crystallization at 155 °C, c) PPeCE after isothermal crystallization at 40 °C, d) PHCE after isothermal
crystallization at 110°C..

Eder’s approximation states that the critical cooling rate is proportional to the ratio of the cubic root
of the nuclei density at the maximum temperature rate over the width of the crystallization
temperature’s range over which crystallization occurs [51, 52]. As a result, for higher critical cooling
rates and narrower crystallization temperature’s ranges, higher nuclei density is expected. The
formation of small spherulites with a high density can however be advantageous for mechanical
properties, in particular impact strength, contrarily to large spherulitic materials as the ones developed
by PHB and its close copolymers, which are in general more brittle and possess poor mechanical
properties [53, 54]. PPCE forms larger structures akin to banded spherulites, that are not observed for
the other PCHs. The presence of banded spherulites could be related to the regime behavior of
nucleation [55] or to the distortion of the lamella during growth (twisting) [16]. Figure IV.26 shows the

POM micrographs of PPeCE centered on the same area after two iterations of the same protocol.
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Similar profiles are obtained with higher reflectance occurring along preferential directions, and

nucleation is therefore supposed to be mostly heterogeneous.

a)

Figure IV.26. a) POM micrographs of PPeCE after isothermal crystallization at 40 °C. b) represents the
micrograph of the same sample area after repetition of the same protocol.

[1.4 Crystallization kinetics of PPeCE

Among the investigated PCHs, PPeCE is the only one that can be amorphized by melt-quenching with
conventional DSC. The following section will therefore focus on the crystallization kinetics of PPeCE in
isothermal conditions. The same thermal protocol presented in Figure IV.23 was used with
crystallization temperatures ranging from 20 °C to 40 °C and a crystallization time of one hour. The

Avrami parameters extracted from Figure IV.27 are reported in Table IV.4.
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Figure 1V.27. a) Evolution of the crystallization fraction a: with time at different crystallization temperature T,
b) Avrami plots at different T,. The solid lines represent the linear regressions from Eq. 3.
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Table IV.4. Avrami parameters corresponding to the isothermal crystallization of PPeCE at different T.

T, [°C] Avrami index n K [min]
20 2.5 3.010%
25 2.4 1.210°3
32 2.4 42103
40 2.6 29103

A characteristic sigmoidal time dependence of the crystallization fraction was obtained (Figure
IV.27.a). With decreasing T,, the crystallization time gets longer with lower rate constant K. No
significant change in n is evidenced in Table IV.4, and fractioned values are obtained for all the
investigated crystallization temperatures. The fastest growth rate is obtained for a crystallization
temperature of 32 °C. The subsequent heating curves are shown in Figure 1V.28 and reports a double
melting peak. The low-temperature endotherm is shifted to higher temperature with an increase in T,
whereas the high-temperature endotherm is always found at 70 °C. This behavior is similar to the
transition from the less ordered o’ crystals to the more stable a crystals in PLLA [40]. During the o’-to-
a transition the unit cell dimensions are reduced and chain conformations are adjusted to yield a more

energy-favorable state [40]. Similar behavior is also observed in furan-based polyesters [56].

Normalized Heat Flow [J g K]

-20 0 20 40 60 80 100
Temperature [°C]

Figure 1V.28. Normalized heat flows recorded upon heating at 30 K min* on PPeCE after crystallization at
temperatures ranging from 20 °C to 40 °C.
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[11.5 Time-Temperature-Transformation diagrams

TTT diagrams are commonly used in metallurgy, and to a less extent in polymer physics [57]. In order
to get a better understanding of the different crystalline structures evidenced by the DRX spectra, and
to test the critical cooling rates B it estimated earlier in this work, Time-Temperature-Transformation
(TTT) diagrams were established using a combination of FSC and DSC over a broad temperature range.
The thermal protocol used is the same represented in Figure IV.23 but adapted to FSC with a holding
time of 0.01 s.

The kinetics of isothermal crystallization is generally evaluated directly from the heat flows recorded
in isothermal conditions. POM micrographs showed that the high nucleation driving force leads to a
high density of small spherulites, even at high temperature where the growth regime is prevalent. As
a result, no exothermic peak is observable during isothermal crystallization measurements on FSC,
essentially because of a low signal-to-noise ratio. However, as stated by Gradys et al. [32],
crystallization is an exothermic process associated with heat release, and therefore the time-
dependent monitoring of sample temperature (T;) could also be used to pinpoint the time
corresponding to the beginning of the crystallization process t,, which also depends on the
crystallization temperature T,. Figure IV.29.a and Figure IV.29.b show the time dependence of T

during isothermal crystallization at 25 °C using FSC and DSC respectively, taking the example of PPeCE.
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Figure IV.29. Time dependence of the sample temperature (T;) during isothermal crystallization at 25 °C for
a) FSC (sample mass of 46 ng) and b) DSC (sample mass of 10 mg).
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The time dependence of the sample temperature correlates well with the exotherm recorded using
DSC. However, the signal-to-noise ratio does not allow to pinpoint the beginning of the crystallization
process with FSC. To evaluate the crystallization kinetics, different isothermal holds were therefore
done at different temperatures depending on the material under study. The presence of a melting
peak on the subsequent heating scan gives an estimation of the time needed for the material to
crystallize for a given time t.. The Time-Temperature-Transformation (TTT) diagrams obtained with

this procedure are shown in Figure IV.30.

For PBCE, as seen in Section Il.1, the maximum cooling rate used to build the diagram is below the
critical cooling rate Bcy; necessary to obtain a chemically homogeneous glass, resulting in the
formation of a self-doped glass, and therefore in self-nucleation, which can alter the characteristic
times for crystal formation in comparison with a chemically homogeneous glass (as is the case for the
other PCHs). Moreover, the short crystallization time (0.01 s) is close to the FSC time resolution.
Nonetheless, a quite good agreement is achieved between DSC and FSC measurements, indicating that
crystallization kinetics was not affected by the fact that very small sample masses have to be used for

FSC experiments.

The TTT diagrams presented in Figure IV.30 vary considerably depending on the number of methylene
group in the repeating unit. All PCHs present a polymorphic character except for PPeCE. Hu et al. [8]
reported at least two polymorphs for PBCE, one referred to as a-PBCE (triclinic unit cell) and the other
referred to as B-PBCE (metastable), with the a form obtained either by slow cooling or stretching of
the B form. In this work, the two polymorphs previously reported by Hu et al. [8] for PBCE are noted
accordingly. For the other polyesters, for which no literature exists in terms of polymorphism, the
phases are named HT and LT for high and low-temperature, respectively. As evidenced by TOPEM, the
PCHs are prone to melt-recrystallization upon heating, enabling the perfection of the crystalline

structures formed at low temperature (typically around ambient temperature in the case of the PCHs).

At low temperature, the PCHs have enough mobility to crystallize, even when the temperature is close
to their respective T,. Isothermal crystallizations performed on PBCE and PHCE at temperatures below
their respective T, show that nucleation is possible given enough time, and that once the aging of the
amorphous phase is complete, nucleation could occur in a sequential way through six distinctive steps
[58]: structural relaxation, nucleation or incubation period of nucleation, nuclei formation,
crystallization toward a metastable crystalline phase, and finally perfection of the crystalline structure
by crystal growth and polymorphic transformation to a more stable crystalline state. Finally, the star

symbols correspond to the secondary crystallization observed during non-isothermal measurements,
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and form a front that could indicate an additional ordered structure formed in high supercooling

conditions.
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Figure IV.30. TTT diagrams obtained using a combination of FSC (black squares) with the DSC (blue squares)
measurements reported in Section 111.3. The empty and filled squares correspond to transformations of 1 % and
99 % respectively of the relative crystalline fraction a from the DSC isothermal crystallization. The stars symbols
correspond to the secondary crystallization observed upon cooling from TOPEM and conventional DSC
measurements. The lines were arbitrarily added to delimitate the various crystallization zones.
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Conclusion

The combination of several calorimetric techniques with structural characterization techniques allows
to get a good understanding of the microstructures formed by the PCHs under different conditions.
The variation of the alkyl chain length from three to six methylene groups induces an odd-even effect
impacting the melting and crystallization temperatures, but also the critical cooling rate and by
extension the glass-forming ability. Stronger coupling between the amorphous and the crystalline
phases is observed for even-numbered PCHs in comparison with their odd-numbered counterparts. X-
ray diffractions evidenced the formation of different crystalline structures and confirmed the presence
of different polymorphs for PBCE. TTT diagrams highlighted the existence of different polymorphs for
PBCE (confirming the XRD results), but also for PPCE and PHCE. The analysis of the crystallization
kinetics by calorimetry in association with POM showed the formation of tiny spherulites with a large
density even at high temperature, and that PCHs crystallization is mainly driven by the nucleation
regime. On a more applicative level, for purposes such as minimizing the cycle time for injection
molding and yet developing a semi-crystalline microstructure, even-numbered PCHs would be

preferable because of their high crystallization temperature and fast crystallization kinetics.
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Chapter V — Molecular mobility of the amorphous phase
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This last chapter aims at giving some insight in the molecular dynamics of the amorphous phase of the
PCHs, first through the concept of fragility introduced by Angell, and then by the application of Donth’s
approach to investigate the cooperativity over a broad range of cooling rates (from 103 up to 10°K s~
1). The fragility index and the characteristic length of the Cooperative Rearranging Regions (CRR) will
be estimated for a “model” polyester, poly (lactic acid) (PLA), which has already been extensively
studied in the literature. The soundness of this new method will be tested and the fragility index will
be confronted to the one found in the literature. Then this calorimetric method will be applied to the
PCHs and the obtained results will be compared with similar systems, such as the terephthalic-based
and furan-based polyesters, to get a better understanding of the impact of both the acidic unit and the
alkyl chain length on the relaxation of the amorphous phase with and without the influence of a
crystalline phase.
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Glass transition kinetics of poly (lactic acid)

As mentioned in Chapter |, the properties of glass-forming liquids are commonly described by
the concept of Cooperative Rearranging Regions (CRR) proposed by Adam and Gibbs, in which a CRR
is defined as the smallest subsystem where relaxing units can reorganize without affecting their
neighbors. The CRR can be characterized by their size (cooperative volume V,, or characteristic length
&) or by the number of relaxing units they contain (N,). The knowledge of these characteristics is
deemed of outstanding importance to understand both thermodynamic and kinetic properties of the
systems under consideration [1], and a special attention has been paid to the experimental methods
allowing their determination. Though many techniques have been employed such as Dynamic
Mechanical Analysis (DMA), Dielectric Relaxation Spectroscopy (DRS) or Atomic Force Microscopy
(AFM), the most well-known is Donth’s approach with calorimetry, which relies on the analysis of the
shape of the thermal relaxation spectrum given the hypothesis of temperature fluctuations &T.
However, most of the available calorimetric methods (Heat Capacity Spectroscopy (HCS), Modulated-
Temperature Differential Scanning Calorimetry (MT-DSC)) rely on relatively slow scanning rates that
can involve microstructures changes in the case of fast crystallizing systems. As evidenced by Hamonic
et al., the presence of a crystalline phase can modify the temperature dependence of the relaxation
time 1(t) and the number of relaxing units N, in a CRR [2, 3]. This experimental limitation can be a
major issue if one desires to probe the molecular dynamics of the amorphous phase without
interference from a crystalline phase, which can be of interest especially for applications requiring high
cooling rate processing, as mentioned in Chapter lll. To overcome this challenge, a new method relying
on Fast Scanning Calorimetry (FSC) has been tested to estimate the temperature dependence of the
characteristic length &,. The high scanning rates provided by FSC (up to 10* K s*) make it possible to
quench to the fully amorphous state fast crystallizing materials with high S, .,.;+ as is the case for the
PCHs. This method will first be tested on a “model” polyester, poly (lactic acid) (PLA), which has been
extensively studied in the literature. On a second hand it will be applied to the PCHs. For that two

prerequisites are needed:

-Because the definition of the relaxing unit has been debated [4] and is by convenience often
taken as the repeating unit, only the characteristic length will be investigated, and no assumption will

be made on the relaxing unit.

- The measurements will be done upon cooling, to avoid the presence of a recovering peak

that could deform the thermal spectrum. However, because of the high cooling rates involved, it will
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be necessary to take into account smearing effects due to vitrification, that could also distort the glass

transition.

[.1. Vitrification function

The PLA sample was cooled down from 150 °C to -95 °C with cooling rates |B.| between 1 and 15,000
K s, and a heating scan was subsequently recorded with Br = |Bc|. The limiting fictive temperature T;,
which is the temperature that best describes the glass transition, was determined from both the
cooling and the heating curves [5]. Data reproducibility and sample stability were ensured by
comparing the results obtained with the same thermal cycle before and after each series of
measurements [6]. Correction of the smearing effect was realized following the procedure described
in Chapter Il. The corrected and normalized heat flow recorded upon cooling at different cooling rates

is shown in Figure V.1:

15000 K s'1

Normalized Heat Flow [J g™ K]

300 320 340 360 380
Temperature [K]

Figure V.1. Corrected and normalized heat flow measured upon cooling through the glass transition with
cooling rates ranging from 0.017 up to 15 000 K s1.

The width of the dynamic glass transition AT,, measured upon cooling at a frequency w is related to
the temperature fluctuation as AT,, = 2 8T [7] The temperature fluctuation 8T is usually estimated
from heat capacity spectroscopy or MT-DSC, but 6T can also be measured from the shape of the heat
flow curve recorded upon cooling at a constant rate .. Due to the non-linearity of the vitrification
process, which occurs through a progressive viscous slowing down of molecular motions, the width
ATgC is broader than the width AT,,. To describe this effect, Schawe et al. introduced the vitrification

function k [7]:

_ ATy

() =31,

Eq.1
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The cooling-rate dependence of ATg_was evaluated for PLA (Figure V.2.a). Measurements performed
on polystyrene had previously suggested that k is invariant with respect to temperature (k = 2.5) [7].
The vitrification function was therefore calculated over the entire range of cooling rates for PLA (Figure
V.2.b). The obtained value (k = 1.4) is indeed constant, but smaller than the one previously reported
for polystyrene [7]. Knowing k, the temperature fluctuation 8T can be accurately estimated from the

cooling curves by:

AT,
Bc
6T =
2K

Eq.2

This method was previously used, but assuming an estimated value of k [8]. However, the experimental

determination of k is essential for this method, due to the significant influence of 6T on &,.

a) b)
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Cooling rate [K s7}]

10° 102 10! 10° 10' 10?2 10° 10* 10°
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Figure V.2. a) Cooling-rate dependence of the glass transition width ATp_ for PLA (blue triangles). The dotted
line is a guide to the eye. b) Cooling-rate dependence of the vitrification function k. The dotted line
corresponds to the mean value.

|.2. Fragility index

The Frenkel-Kobeko-Reiner (FKR) hypothesis considers that the cooling-rate dependence of the
vitrification is analogous to the frequency dependence of the thermal relaxation [7]. The
determination of the fragility index m can thus be done through the glass transition temperature shifts
induced by a variation of the cooling rate. The correlation between the cooling-rate dependence of T,
and the temperature dependence of the equilibrium liquid viscosity or relaxation time can be

expressed with the FKR relationship:
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|BclT=C Eq.3

where 7 is the relaxation time and C is a constant. In the logarithmic form, Eq. 3 becomes:

1
log (15cl) = log (<) +10g(C) Fq.4

Assuming the FKR hypothesis, the cooling-rate dependence of the glass transition follows the Vogel-

Fulcher-Tammann (VFT) equation:

log (18:1) = 4p — Eq.5

T, — T,

where Ag and B are fitting parameters, and T, is the Vogel temperature below T,. This relation has
been verified for various materials [9-11]. The concept of fragility introduced by Angell [12] is
commonly used to describe the deceleration of the relaxation dynamics in a glass-forming liquid
approaching its glass transition. The cooling-rate dependence of the glass transition can therefore be

used to estimate the fragility index m based on the VFT equation:

d(log|B.) _ BT,

T - 2 Eq.6
d (Tg) (Tg - TV)
T=T,

'IOg “3c|
2

'6 T T T T T T
26 27 28 29 3 31 32 33

1000/T,[K™]

Figure V.3. Cooling-rate dependence of the limiting fictive temperature. The solid line corresponds to the VFT
fit.
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The cooling-rate dependence of the limiting fictive temperature Trobtained with different cooling rates
is plotted in Figure V.3 accompanied by the VFT fitting curve (the corresponding fitting parameters are
listed in Table V.1). The fragility index obtained is 139, which agrees well with the data reported in the
literature (144 for amorphous PLA [4]).

Table V.1. Thermal glass transition temperature (Tg), VFT fitting parameters (A, B and T.), and Angell’s fragility
index (m) measured for PLA.

Material T: (K) A B (K) Tv (K) m
PLA 327¢+1 14.4 580 290+ 10 139+11

|.3. Temperature fluctuation 6T

The presence of temperature fluctuation is a question that has been studied for a long time [1, 13].
The temperature fluctuation as described by the Von Laue approach to thermodynamics [14] is used
to derive the characteristic length &, and is thus an important parameter which has been studied for

the last decades [15, 16].

B.=10000K s*

o 28T=26K 2

First derivative d¢/dT

Normalized Heat Flow [J g* K]

240 260 280 300 320 340 360 380 400
Temperature [K]

Figure V.4. Normalized heat flow measured at a cooling rate |Bc| = 10000 K s (black curve) and first
derivative of the normalized heat flow with respect to temperature (red curve). The dotted red line is the

Gaussian function used to estimate 6T.
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The peak on the first derivative of the normalized heat flow is approximated by a Gaussian curve:

ﬂ = const.ex ( T Ta)
P\

Eq.7
daT 1

where 6T is determined as the dispersion of this approximation [17]. In correspondence with the linear
response theory, the temperature of the maximum on the first derivative of the normalized heat flow
with respect to temperature is taken as the characteristic temperature for the relaxation process Tq
[18]. Figure V.4 shows the estimation of 8T from the first derivative of the normalized heat flow with
respect to temperature for a cooling rate of 10 000 K s™. The vitrification effect is notable on the
symmetry of the first derivative, and more particularly on the low temperature wing. Similar
observation was made in the out-of-phase component of the specific heat capacity by Saiter et al. [19].
This vitrification effect, which is due to a partial and progressive freezing-in of the glass-forming liquid,
can be overcome by evaluating the glass transition with a modified Narayanaswamy-Moynihan (MNM)
procedure [17, 20]. The decoupling between vitrification and molecular mobility was also recently
evidenced by Monnier et al. [21, 22].

To circumvent this issue, the dispersion on the left side is taken as the symmetric of the right-hand
side of the glass transition, thus approximating the whole shape of the dynamic a relaxation. The
cooling-rate dependence of 8T is represented in Figure V.5.a. The temperature dependence of 6T
shown in Figure V.5.b can be described using the VFT parameters B and T, [7]:

Sq(T - V)z

8T(T) = —pTnio

Eq.8

The fitting parameter 8q characterizes the logarithmic frequency width of the thermal a-relaxation
spectrum in the supercooled liquid. The fitting curve in Figure V.5.b provides a value of 6g equal to 3.2
for PLA. The relaxation spectrum is often described by the Fourier-transformed relaxation function ¢

containing a stretched exponential:

(1) = exp ((— Tik)BK> Eq.9

where 1 is the characteristic relaxation time and S is the Kohlrausch exponent. These parameters are

related to each other, and their relation can be approximated as 6q = 1.07/ [23].
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Figure V.5. a) Cooling-rate dependence and b) temperature dependence of the temperature fluctuation 6T
for PLA. The dotted line represents the fit using Eq. 8.

l.4. Characteristic length &,

Assuming a spherical shape for the CRR, the characteristic length of the a-relaxation &, can be

calculated as:

(ST

6
& = (E Va) Eq.10
The formula for the estimation of a CRR volume, V,, is given in Chapter I (Section 11.2.2).

Figures V.6.a and V.6.b show the variations of {, with cooling rate and temperature, respectively. As
expected, &, decreases when the cooling rate used for vitrification increases. The cooperativity length
increases as Tgis approached from the supercooled liquid-like state, whereas at high temperatures it

flattens down to a constant value.
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Figure V.6. a) Cooling-rate dependence of the characteristic length & and b) temperature dependence of the
characteristic length & for PLA.

This expected increase of &, with B¢ can be explained by the fact that, at high cooling rates, the time
At spent at a temperature AT is smaller than the relaxation time 7 needed by the system to reach
equilibrium. As a result, the system “freezes” and the excess free volume gets trapped, providing the
molecules more space to relax without involving their neighbors. The increasing heterogeneity of the
molecular dynamics is thus related to a wider glass transition and a broader distribution of the relaxing
times (as well as to a larger temperature fluctuation within the CRR), which in turn corresponds to a
less cooperative system. As the cooling rate decreases, the excess free volume diffuses and the

movement of the relaxing units gets restrained, leading to an increase in cooperativity.

I.5. Frequency dependence of the glass transition temperature

The applicability of the FKR hypothesis has been verified using the vitrification function. To empirically
assess the shift between cooling rate dependence and relaxation time dependence, stochastic
modulated temperature (TOPEM) is used. As mentioned in Chapter Il, TOPEM can inform about the
frequency dependence of the specific heat capacity, and more particularly of the dynamic glass
transition T,. About 17 mg of PLA were heated up to 180 °C to erase thermal history. The sample was
then quenched at 20 K min'? down to 30 °C and reheated up to 70 °C at 20 K mint. The sample was

cooled from 70 down to 30 °C at 0.3 K min, with a pulse of 0.5 K and a temperature modulation At
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between 15 and 500 s to enable frequency evaluation. The frequency dependence of the specific heat

capacity is represented in Figure V.7.

Specific Heat Capacity [J g K]

---- ¢, from Pyda et al.™

G, [5 mHz]

—¢;'[10 mHz]
—¢;' [20 mHz]
—¢,'[30 mHz]
—¢,' [40mHz]
;' [50 mHz]
G, [60 mHz]

325 330 335 340
Temperature [K]

Figure V.7. Quasi-static specific heat capacity cg (f tending to zero) and in-phase specific heat capacity c,

computed at different frequencies from 5 to 60 mHz. Specific heat capacity proposed by Pyda et al. is added

for comparison (red dotted line) [24].

The dynamic glass transition temperatures T, are estimated for each frequency from the specific heat

capacity curves presented in Figure V.7 to plot the activation diagram in Figure V.8. The y-shift

between the frequency dependence (red) and the cooling-rate dependence (black) arises from the FKR

relationship established in Eq. 4. In the literature, log C is generally comprised between 0.3 [25] and

1.5 [7, 10]. When comparing the activation diagrams obtained using DSC and TOPEM for PLA (Figure

V.8), a value of 0.6 is obtained for log C. In this case, a single TOPEM measurement was used. This

value is close to one estimated from combined FSC and DRS data (0.87) by Moghadam et al. [26].
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Figure V.8. Activation diagram of PLA using a combination of conventional DSC (black points) and TOPEM
(red points). The curves correspond to the VFT fits using the same B and Tv parameters from Table V.1.
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|.6 Comparison between calorimetric and dielectric relaxation
spectroscopy experiments

Figure V.9 shows the temperature dependence of the characteristic length &, obtained with DRS and
calorimetric experiments. The same trend is observed with both experimental techniques, however
the values of ¢, derived from calorimetric curves are notably smaller (about 20 %). This discrepancy
between DRS and FSC experimental data can be explained by the uncertainty surrounding the
calorimetric estimation of the characteristic length &, (generally comprised between 20 % and 30 %)
[23]. This uncertainty arises mainly from the approximation of the extrapolation of the tangent curves
for ¢, 4(T) and ¢, (T), from heat transfer problems as well as from the Gaussian fit to estimate 6T
[16]. The influence of non-equilibrium processes (vitrification or partial freezing-in) should also be
accounted for. Last but not least, the sample preparation and its thermal history can also impact the

characteristic length.

ksi (nm)
DRS

320 330 340 350 360
Temperature [K]

Figure V.9. Comparison between Dielectric Relaxation Spectroscopy (squares) and shifted calorimetric data
(empty triangles). DRS data is from Bidur Rijal’s PhD thesis [27].

Il.  Glass transition kinetics of the PCHs

The methodology relying on calorimetric measurements to assess the fragility index and the
cooperativity length from the cooling curves has been successfully tested with PLA, and experimental

data were found to be in good agreement with previous results, even though they are affected by
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some uncertainty. In this second section, this methodology will be used on the PCHs to get some insight

on the molecular mobility of the amorphous phase.

[1.1 Vitrification function

The PCHs were cooled down from 200 °C to -95 °C with cooling rates | B.| adapted to each sample.
The corrected and normalized heat flow recorded upon cooling at different cooling rates is shown in

Figure V.10.
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Figure V.10. Corrected and normalized heat flow measured upon cooling through the glass transition with
different cooling rates for PPCE, PPeCE and PHCE.

The vitrification function k was estimated for the PCHs on the whole range of investigated cooling rates
(Figure V.11), in the same way as previously done for PLA. The mean value varies between 1.1 for PPCE

and 1.4 for PHCE and PBCE, the latter being similar to the value found for PLA (1.4). The vitrification
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function k appears to be higher for the even-numbered samples in comparison with the odd-
numbered. Nonetheless, this value is constant over the whole range of cooling rates. The dispersion
found in the data is somewhat larger (£ 0.3 around the mean value depicted by the colored dashed

lines).
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Figure V.11. Cooling-rate dependence of the vitrification function « for the PCHs. The dotted lines
correspond to the mean value.

.2 Fragility index

The VFT parameters extracted from the fitting curves in Figure V.12 are presented in Table V.2. An
increase in the fragility index is observed when the alkyl chain length is reduced from 5 to 3 methylene
groups (149 for PPCE, 118 for PPeCE, and 128 for PHCE). The limited number of experimental points
used for the estimation may bring some uncertainty. Indeed, the small number of experimental points
is @ major limiting factor for PHCE, because the amorphous character is guaranteed only for cooling
rates over 1000 K s, which could lead to an overestimation of m. The presence of the alicyclic ring in
the PCHs hinders the molecular mobility, whereas the alkyl chain adds flexibility. This leads to two
opposite influences, and the chemical ratio of the alicyclic ring over the alkyl length appears to be the
main factor influencing the mobility of PCHs macromolecular chains. As the alkyl chain length is
reduced, the influence of the alicyclic ring becomes preponderant and leads to an increase of the

fragility index.

A decrease in the fragility index with a rising number of methylene groups has already been observed

for various materials [17]. The fragility index m is supposed to be strongly dependent on the packing
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efficiency of the macromolecules and therefore related to free volume, as materials with lower fragility

were shown to have less free volume [28].
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Figure V.12. VFT plots of PPCE, PPeCE and PHCE.

Table V.2. VFT parameters obtained for the investigated PCHs. It should be noted that Tg corresponds to the
thermal glass transition estimated by DSC at 10 K min“! (see Chapter IV); under these conditions, all the PCHs are
in a semi-crystalline state.

Material T: (K) A B (K) Ty (K) m
PPCE 281 15.0 477 251 149 £ 15
PBCE 280 / / / /
PPeCE 258 14.5 498 225 118 £ 11
PHCE 252 13.1 458 222 128 £ 20
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Polymers tend to have higher values of fragility compared to metallic glasses and small molecules.
Depending on the structural characteristics of the polymer chains, polymers can be sorted in different
categories, that is to say low fragility (simple backbone and side structures), intermediate fragility
(flexible chains with bulky and stiff side groups), and high fragility (bulky and stiff backbones) [29]. The
PCHs fall in the latter category, due to the stiff cyclohexane groups present in their backbone. Even
though the cyclohexane is less rigid that the aromatic cycle, PPCE has a fragility close to the one found
for its terephthalic counterpart, poly (trimethylene terephthalate) (PTT) [30]. lyer et al. found that the
incorporation of a more flexible 1,4-cyclohexanedimethanol (CHDM, similar to CHDA) monomer
results in a slight broadening of the a-relaxation distribution on the faster relaxation side, and only a
slight increase in fragility compared to the terephthalatic counterparts [31]. On the other hand, PPeCE
and PHCE have similar values of fragility compared to other aliphatic polyesters [32]. Moreover, the
fragility of poly (furanoate)s with alkyl length varying from 3 to 6 methylene groups decreases from
116 for ncy, =3 (PTF) to 103 for n¢y, = 5 (PPeF) and 105 for n¢y,= 6 (PHF). The fragility dependence

on alkyl length is found more important for a cyclohexane ring than for a furan ring.

I1.3 Characteristic length &,

11.3.1 Comparison of the characteristic length &, for amorphous PCHs

In order to compare the CRR size of the amorphous PCHs, the samples were cooled down from the
melt at 5000 K s?. The resulting normalized heat flow curves are presented in Figure V.13. The
temperature fluctuation 6T and the characteristic length ¢, associated to each cooling curve are

reported in Table V.3.
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Figure V.13. Normalized heat flow measured upon cooling at 5000 K s* for all the investigated PCHs.
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A decrease in the glass transition temperature T, is evidenced as the alkyl chain length in the backbone
increases, resulting in more flexible macromolecular chains. The alkyl chain acts as an internal
plasticizer by facilitating the relaxation of the amorphous segments, similar to the effect produced by
side chains [33]. However, the T, measured for PPCE and PBCE are close, indicating similar backbone
flexibility for a number of methylene groups n¢y, of 3 and 4. No major change is evidenced about the
CRR temperature fluctuation, with 6T ranging from 14 to 17 K. Concerning the characteristic length, a
decrease is observed from 1.73 nm for PPeCE down to 1.29 nm for PHCE. When investigating the
cooperativity in a series of furanoate and terephthalate polyesters with a number of methylene groups
Ncy, ranging from 2 to 4, Fosse et al. evidenced a decrease in cooperativity associated with the
increase of the alkyl length in the backbone of the repeating unit [30]. In the absence of crystalline
phases, they explained this cooperativity decrease by a loss in intermolecular interactions. However,
the effect was observed only for an increase in the number of methylene groups n¢y, from 2 to 3, and
they found that the presence of an additional methylene (n¢y, = 4) did not have any influence on the
value of &,. The possible existence of a “cooperativity threshold” for Ncy, > 4 was therefore
mentioned. In the case of PCHs no such threshold is observed, and on the contrary an increase in &,

occurs with n¢y, increasing from 3 to 5.

Table V.3. Cooperativity parameters estimated for the amorphous PCHs at 5 000 K s,

Sample T, (°Ct1) 6T (°Cx1) &o (nm)
PPCE 25 161 1.46 £0.03
PBCE 24 14+1 1.57 £0.05
PPeCE 6 161 1.73+£0.04
PHCE -8 171 1.29+0.03

I.3.2 Comparison of the characteristic length &, for semi-crystalline PCHs

To better understand the relationship between molecular mobility and macroscopic properties, it is
important to investigate the mobility of the amorphous phase of the PCHs both in the amorphous state
and in the presence of semi-crystalline structures. The reversing heat capacity ¢, of the as-synthesized
polymers was recorded using MT-DSC, with the heat-cool protocol proposed by Rijal et al. [34] (heating
rate 0.5 K min%, period 60 s, amplitude + 1 K). Figure V.14.a depicts the reversing heat capacity cp for
all the PCHs from -40 °C to 180 °C. A complex shape of the glass transition step is observed; one may
even assume a double step in the case of PPCE. Since the PCHs have been stored at ambient

temperature without any specific thermal treatment before measurement, they had enough time to
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develop a semi-crystalline microstructure. The crystalline phase could also be somehow involved in
the measurements performed over this temperature range. The curves in Figure V.14.b were y-shifted

for clarity sake, and show a good alighment of the specific heat capacity in the liquid state for the four

polyesters.
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Figure V.14. Reversing ¢, as a function of temperature measured for all the considered PCHs with a heating
rate of 0.5 K min’%, a period of 60 s, and an amplitude of 1 K. The dotted lines represent the extrapolated Cp.g
and ¢, ;; a) non-shifted curves and b) same curves after y-shifting.

Table V.4. Cooperativity parameters estimated for the semi-crystalline PCHs at 0.5 K min-!

Sample T, (£1) oT (1) &q (NM)
PPCE 24+1 9+1 1.2+0.1
PBCE 202 12+2 14+0.3
PPeCE 1.0+0.5 71 1.3+0.2
PHCE 5+1 8+1 0.9+0.1

The characteristic lengths measured for the as-synthesized polymers (Table V.4) are higher than those
measured upon cooling at 5000 K s (Table V.3). PBCE has the highest value for &, closely followed
by PPCE and PPeCE, with PHCE being the less cooperative system. The glass transition temperatures
are slightly lower than those measured at 5 000 K s on the amorphous samples, except for PHCE. The

temperature fluctuations are lower as well.

Polymers do not fully occupy all the available specific volume due to packing inefficiencies and chain
mobility. According to Ferry [35], the specific volume v of a polymer can be described as the sum of
the occupied volume v, and the free volume v; (or fractional free volume, FFV). The unoccupied free

volume is continuously redistributed as a result of thermally-stimulated random segmental motions
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[31]. Experiments with Positron Annihilation Lifetime Spectroscopy (PALS) revealed that the size of
individual free space has a distribution, which depends on temperature [36]. The FFV is an important
structural parameter that determines transport properties and permeability through the entangled
polymer chains [31]. By investigating glass transition dynamics in neat and plasticized PLA, Araujo et
al. recently correlated the scale of the cooperative motions, i.e., the CRR) size, with the FFV which plays
a significant role in the diffusion processes [37].

Cooling rate [K min]

10t 10° 10* 102 10® 10* 10° 10°
3 1 il il /! /! /! /! il

All semi-crystalline

Hindered mob\llty due

%% io%%{z@o :
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Figure V.15. Cooling-rate dependence of the characteristic length for all the investigated PCHs. The values
measured at 0.008 K s (0.5 K min'!) upon heating were obtained from the curves in Figure V.14,

Figure V.15 shows the dependence of the characteristic length &, on the cooling rate (.. For the
highest cooling rates, the CRR size increases as 3. decreases, similarly to what was observed with PLA.
A maximum of &, is reached for PBCE and PHCE at a cooling rate of 1 000 and 500 K s respectively,
close to their critical cooling rate. The effect of the microstructure is evident from the sharp decrease
in cooperativity with the further decrease in the cooling rate, as the mobility of the amorphous phase
is hindered by the development of the crystalline fraction. On the other hand, a decrease in
cooperativity is observed as the cooling rate increases, because of the trapped free volume (higher
FFV) within the PCH microstructure. A higher value of FFV means less intermolecular interactions, and
thus less cooperativity. A maximum in &, is obtained for intermediate cooling rates, when the influence

of the crystallization fraction and the FFV is less preponderant.
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I1.3.3 Temperature dependence of the characteristic length &,

The complex relationship between the temperature dependence of the viscous slowing down of a
glass-forming liquid (associated to the fragility index m) and the size of the CRR (&) at the glass
transition is still a debated topic to this day, and finding a correlation between m and & has been
attempted by many researchers in the last decades [38, 39]. It has been shown that a more fragile
material tends to be more cooperative in nature [40, 41]. Hempel et al. investigated a large panel of
substances and showed that N, tends to increase with m, although some exceptions were found [42].
A correlation between the fragility of glass forming systems and their dynamic heterogeneity /
cooperativity was investigated by Hong, Novikov and Sokolov [39]. They showed that a glass-forming
liqguid with a high fragility also has a higher value of the characteristic length, even though such
correlation is more straightforward for polymeric systems. However, by investigating the segmental
mobility of a series of poly (ethylene-vinyl acetate) copolymers, Puente et al. concluded that fragility
and cooperativity are not governed by the same macromolecular properties [43]. Likewise, Fosse et al.
found no direct correlation between the fragility index and the cooperativity in furan-based polyesters
containing glycolic subunits of different lengths [30]. In summary, no universal trends have been
evidenced so far, although a wide variety of polymers have already been investigated, probably

because of their complex interactions between chain segments [44].

Usually, the fragility index is directly compared to the characteristic length measured at the glass
transition; however, as observed before different experimental techniques can provide diverging
values for &,. Even with the same experimental technique (say, calorimetry), different data are
obtained depending on the method used for the estimation of the temperature fluctuation, either
from the width of the peak of the imaginary part of the complex heat capacity C”” or from the dispersion
width of the relaxation spectrum [45]. This lack of standardization in the measurement procedure is a
drawback for the comparison and interpretation of experimental data from different sources. Taking
the example of fragility index, it is a great tool to compare the increase in the relaxation time associated
to the slowing down of the molecular dynamics upon cooling. It requires to know the temperature
dependence of the relaxation time t(T) of a material as it goes through the glass transition to give an
idea of the deceleration of the relaxation motions. Since the cooperative rearrangement occur from
the crossover temperature down to the Kauzmann temperature, where the glass formed is supposedly
frozen, the knowledge of the characteristic length only at T; gives only a partial picture of the

cooperative process. By varying the cooling rate, the temperature dependence of &, could be

175



Il. Glass transition kinetics of the PCHs CHAPTER V

evidenced for PLA (Figure V.6.b), but for comparison purposes a way to fit the temperature

dependence &,(T) is needed. By inserting Eq. 8 in Eq. 10, £, can be rewritten under the form:

£ =b ((T_T—Tv)z)% Eq.11

where b =a (8q/In10 B)™2/3 and T, is the Vogel temperature. Figure V.16 represents the
mathematical function given in Eq. 11. The parameter b appears to give an indication on the steepness
of &,(T) as the temperature approaches Ty, in a way similar to the fragility index, which indicates the
steepness of t(T) approaching T,;. However, a decrease in fragility indicates a decreased steepness of

T(T), whereas a decrease in the parameter b indicates an increased steepness for &, (T).

b=1nmK*?

O T T T T T T T T T
300 320 340 360 380 400 420 440 460 480 500

Temperature [K]

Figure V.16. Representation of the function in Eq. 11 for the same T;, and different values of the parameter

b.

Figure V.17 shows the temperature dependence of &, for the amorphous PPCE, PPeCE and PHCE. As
pointed before, the size of the CRR are roughly similar at their respective T, however the extrapolation
shows that at the same given temperature, PPCE is more cooperative compared to PPeCE and PHCE.

The b parameter obtained is 5.1 for PPCE, 6.0 for PPeCE and 5.8 for PHCE.
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Figure V.17. Temperature dependence of the characteristic length for PPCE (red diamonds), PPeCE (blue
diamonds), and PHCE (purple diamonds). The dotted lines correspond to the fit in Eq. 11 using the Vogel
temperature T, from Table V.2.

lll.  Towards a generalization of the temperature dependence of §,?

In order to test the soundness of Eq. 11, the temperature dependence of the characteristic length &,
has been studied using different experimental techniques for a wide panel of glass formers. The
dependence of the characteristic length with temperature &, (T) is showed in Figure V.18.a and fitted
using Eq. 11. The T,, values were fixed at the ones extracted from VFT fits found in the literature (the

corresponding references are provided later on in Table V.5).

a) b)

100 200 300 400 500 600 14

Temperature [K]

Figure V.18. a) Temperature dependence of the characteristic length for several glass-formers. The solid lines

correspond to the fit using Eq. 11; b) Characteristic length against the reduced temperature T/Tg.
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Introducing a reduced temperature, i.e., replacing T with T/Tg, could help verify if such a temperature
dependence of &, is a universal behavior among glass-forming liquids. From Figure V.18.b, two main
trends can be distinguished between the polymeric glass formers (orange area) and the small
molecules (blue area). The size of the CRR seems to be more sensitive to temperature variations in the
case of the polymeric glass-formers. Figure V.18.b shows that, within this category and within the
order of experimental uncertainty, all the considered materials behave identically over the entire
temperature range. This seems to suggests that the chemical composition and structure, and in
particular the intermolecular interactions, have no significant influence on nanoscale cooperative

fluctuation in supercooled glass-forming liquids approaching the glass transition upon cooling.

Table V.5. Different sources from which the data in Figure V.18 is extracted.

Number Materials Experimental T, [K] Reference b
Technique
1 Propylene AC calorimetry, laser 112.5 Chua et al. [46] 22.8
glycol modulated AC
calorimetry, MT-DSC
2 PIB HCS DSC 131 Korus et al. [47] 20.7
3 Glycerol HCS DSC 128 Korus et al. [47] 27.8
4 SBR1500 3w-method 184 Huth et al. [16] 9.2
5 benzoin HCS 180 Kahle et al. [15] 13.8
isobutylether
(BIBE)
6 EVA_60 MT-DSC, DRS 190.6 Rijal et al. [48] 13.9
7 EVA_80 MT-DSC, DRS 209.9 Rijal et al. [48] 16.7
8 PnBMA2% HCS DSC 266 Kahle et al. [49] 4.1
9 PnBMA19% HCS DSC 269 Kahle et al. [49] 5.7
10 Selenium TOPEM, DSC, FSC 260 Hallavant et al. [50] 12.6
11 PVAc TOPEM, DSC, FSC 267 Hallavant et al. [50] 10
12 PBF MT-DSC, DRS 271 Fosse et al. [30] 10.4
13 PEMA AC calorimetry 261.7 Chua et al. [1] 11.4
14 PPT MT-DSC, DRS 283.9 Fosse et al. [30] 7.9
15 PPF MT-DSC, DRS 289.4 Fosse et al. [30] 9.0
16 PLA TOPEM, DSC, FSC 290 This work 9.0
17 2,4-PEF MT-DSC, DRS 300 Bourdet et al. [51] 10.1
18 PE-2,4[50]- MT-DSC, DRS 304 Bourdet et al. [51] 11.6
2,5[50]F
19 2,5-PEF MT-DSC, DRS 304.4 Fosse et al. [30] 12.0
20 PETg MT-DSC, DRS 317 Rijal et al. [4] 6.7
21 PET MT-DSC, DRS 314 Fosse et al. [30] 9.3
22 PMMA Broadband HCS 354.3 Chua et al. [52] 2.7
23 PVC MT-DSC, DRS 329 Rijal et al. [4] 4.5
24 PS (168N) Broadband HCS 334.4 Chua et al. [52] 8.2
25 PBAC MT-DSC, DRS 367 Rijal et al. [4] 10.5
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26 PEI MT-DSC, DRS 442 Rijal et al. [4] 8.7
27 PPCE FSC 251 This work 5
28 PPeCE DSC, FSC 225 This work 6
29 PHCE FSC 222 This work 5.8

Figure V.19 shows the dependence of the parameter b from Eq. 11 with the fragility index
corresponding to the same panel of materials. The dependence of b with the fragility index m can be

fitted using a linear function:

a

b=———+by,
(m_m0)+ min

Eq.12

where a and b,,,;;, are constant parameters, and m, is a limiting fragility index.

The variation of b with m is fitted using Eq. 12. The so-called reference curve is obtained with a my
fixed at 16 (theoretical limiting value of the fragility). The coefficient of determination is R?> = 0.68, and
bnin reaches 2.4. An asymptotic behavior is noted when the fragility index gets close to 16, which is
the lowest fragility index that can be expected for a glass-forming liquid according to Angell’s definition
of fragility [53], whereas values of the fragility index over 200 correspond to the most fragile glass-
forming liquids. Strong glass-forming liquids (propylene glycol, PIB, glycerol) have the highest
parameter b, and the CRR size are found to be less sensitive on temperature variations. Most polymers

are associated to a value of b varying between 13.9 (EVA_60) and 2.7 (PMMA).

By looking at the series of poly (alkylene furanoate)s (orange) and poly (alkylene terephthalate)s
(green), it appears that the diol length has some impact on the variation of the characteristic length &,
with temperature. Even-numbered samples (n¢y,= 2 or 4) generally have higher b values compared to
their odd-numbered counterparts (n¢y,= 3 or 5), for which the cooperative reorganization appears to
be more temperature dependent. However, within the PCHs series, PHCE seems to be an exception to
this odd-even effect, with similar b as PPeCE. Perhaps this is due to the saturation effect mentioned
earlier, even though such saturation effect was not evidenced by the investigation of the crystallization

kinetics.

For a given number of methylene groups in the glycolic subunit (n¢y,=3), the rigidity of the acidic
moiety should also be examined. The cyclohexane moiety is less stiff than the benzene ring, and a
furanic ring is less flexible than a benzene ring. This variation in flexibility of the acidic moiety is visible
on the glass transition temperature, with Ty (PPCE) < Ty (PPT) = T, (PPF). Concerning the fragility index,

it appears that m (PPF) < m (PPCE) = m (PPT), with PPCE having a packing efficiency similar to that of
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PPT and lower to that of PPF. However, from b (PPCE) > b (PPT) > b (PPF), it appears that the higher

flexibility of the acidic moiety is correlated with a higher temperature dependence of the CRR size.

30
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Figure V.19. Variation of b with the fragility index m. The uncertainties on the x-axis (horizontal bars)
correspond to the different values for the fragility index m found in literature. The dotted line corresponds to
a fragility index of 16. Vertical error bars correspond to the best fit for the derivation of b.
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Conclusion

The cooperativity parameters can be extracted from FSC curves using different cooling rates, given
that the vitrification function remains constant. The fragility index can be deduced as well from FSC
curves with different cooling rates, given a sufficient number of experimental points. Increased cooling
rate results in smaller CRR, seemingly due to an excess free volume available for molecular
reorganization. An increase in the alkyl chain length within the backbone of the repeating unit does
not have a major effect on the characteristic length, but induces a lower fragility for a number of

methylene groups increasing from 3 to 5.
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Conclusions and prospects

The aim of this work was to get a better understanding of the complex relationship between the
chemical composition/structure and the molecular mobility through the variation of two parameters:
the crosslinking density for the co-polyesters extracted from tomato peels, and the alkyl chain length
within the backbone of the repeating unit for poly (alkylene trans-1,4-cyclohexanedicarboxylate)s. The
results highlighted how a small change in the chemical structure (one methylene group when
comparing PBCE and PPeCE, for instance, or a short increase in the polymerization time for the purified
CM) can have dramatic consequences on the macroscopic properties of a material (such as its glass
forming ability and melting temperature) and therefore on the potential processing conditions for

future applications.

The co-polyesters of hydroxy fatty acids investigated in this work develop complex microstructures
depending on the processing conditions (crystallization temperature and cooling rate) and on the
chemical structure (polymerization and crosslinking density). Long storage at ambient temperature
results in the formation of B and B’-crystals for the purified CM, and only B’-crystals for the polyester
network. High cooling rates lead to the formation of metastable a-crystals characterized by a
hexagonal packing with an interplanar distance d = 4.1 A. Storage at ambient temperature following
rapid cooling leads to a solid-solid transformation of the metastable a-crystals to the more stable B’-
crystals for the polyester network, and B-crystals for the purified CM. From a combination of
calorimetry and X-ray diffraction, the extrapolated melting enthalpy Ah,, was measured for the
different polymorphs and found to be 77 J g for the a-form, 118 J g* for the B’-form, and 213 J g* for
the B-form. The long methylene sequences allow the purified CM to crystallize completely, and the

polyester network to reach a crystalline fraction of 78 %.

Concerning the PCHs, the variation of the alkyl chain length from three to six methylene groups induces
an odd-even effect affecting the melting and crystallization temperatures, but also the critical cooling
rate and by extension the glass-forming ability. Higher coupling between the amorphous and the
crystalline phases is observed for even-numbered PCHs in comparison with their odd-numbered
counterparts. X-ray diffractions and isothermal crystallizations evidenced the presence of different
polymorphs for all the investigated PCHs. The analysis of the crystallization kinetics with calorimetry in
association with POM showed the formation of tiny spherulites with a high density even at high

temperature, and showed that the PCHs crystallization process is mainly driven by nucleation.

The cooperativity parameters can be extracted from FSC curves using different cooling rates, given

that the vitrification function remains constant from one cooling rate to another. The fragility index
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can be deduced as well from FSC curves with different cooling rates, given a sufficient number of
experimental points. Increased cooling rate results in smaller CRR, seemingly due to an excess in free
volume available for molecular reorganization. An increase in the alkyl chain length in the backbone of
the repeating unit does not have a major effect on the characteristic length and the cooperative

motions.

The materials investigated in this work are relatively recent, therefore many different aspects can still
be considered for future research. For the prospects concerning the series of co-polyesters
synthesized from hydroxy-fatty acids, isolating the different polymorphs would be essential to better
understand their complex melting behavior. XRD spectra of the samples could be recorded after
isothermal crystallization at various T. for a better knowledge of the temperature conditions required
for the formation of the different polymorphs. Since the formation of the B-polymorph seems to be
dependent on the polymerization and crosslinking density, a higher number of different
polymerization times should be considered to pinpoint the critical molar mass required for the
inhibition of the B-form. However, because of the mass loss evidenced through this work, bulk

polymerization should be favored if the quantity of raw material allows it.

Concerning the PCHs series, long storage at low temperature could induce microscopic changes
through the relaxation of the amorphous phase, impacting the macroscopic properties. Even though
it was not mentioned in this thesis, the investigation of the physical aging of the amorphous phase at
temperature below T; performed with PPeCE during the internship of Marouane Mejres (GPM, 2023)
could be extended to the other PCHs, namely PPCE, PBCE and PHCE. Moreover, monitoring the
enthalpy of relaxation over time evidenced the presence of difference plateaus potentially related to
sub-Tg relaxations modes. Dielectric Relaxation Spectroscopy (DRS) could then be considered for the
investigation of the time and temperature dependence of the different relaxation processes related to

the PCHs.

Concerning the crystallization kinetics, a refinement of the TTT diagram is needed as well as the
estimation of the driving force for crystallization of the different polymorphs and on the growth rate

G at different temperatures.

On another hand, the cis / trans ratio is known to influence the crystallization ability and the GFA. For
comparison purposes, the ratio was kept the same in the present work for all PCHs, however the
synthesis of the materials with different cis / trans ratios could highlight the importance of the
isomerism of the cyclohexane group in the PCHs, and could also be advantageous for future
applications. Finally, the synthesis of the PCH containing two methylene groups in the alkyl chain of

the repeating unit (n¢y, = 2), namely the poly (ethylene trans-1,4-cyclohexanedicarboxylate) (PECE),
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could give more light on the odd-even effect and on the role of the acidic unit by direct comparison

with its 2,5-PEF and PET counterparts.
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Appendix 1: Table of acronyms and notations

Poly (alkylene trans-1,4-cyclohexanedicarboxylate)

PPCE Poly (propylene trans-1,4-cyclohexanedicarboxylate)

PBCE Poly (butylene trans-1,4-cyclohexanedicarboxylate)

PPeCE Poly (pentamethylene trans-1,4-cyclohexanedicarboxylate)
PHCE Poly (hexamethylene trans-1,4-cyclohexanedicarboxylate)

Poly (alkylene furandicarboxylate)

2,4-PEF poly (ethylene furan-2,4-dicarboxylate)
2,5-PEF poly (ethylene furan-2,5-dicarboxylate)
2,5-PPF poly (proylene furan-2,5-dicarboxylate)
2,5-PBF poly (buthylene furan-2,5-dicarboxylate)
2,5-PpeF poly (pentamethylene furan-2,5-dicarboxylate)
2,5-PHF poly (hexamethylene furan-2,5-dicarboxylate)
2,5-PdeF poly (decylene furan-2,5-dicarboxylate)
2,5-PdoF poly (dodecylene furan-2,5-dicarboxylate)

Poly (alkylene terephthalate)

PET Poly (ethylene terephthalate)
PPT Poly (propylene terephthalate)
PBT Poly (butylene terephthalate)
Others
EVA_60 Poly (ethylene-co-vinyl acetate) with 60 wt% VAc
EVA_80 Poly (ethylene-co-vinyl acetate) with 80 wt% VAc
P1oMS Poly (decamethylene sebacate)
PBAC Poly (bisphenol A carbonate)
PBS Poly (butylene succinate)
PCL Poly (e-caprolactone)
PE Polyethylene
PE-2,4[50]-2,5[50]F Copolymer of 50:50 mol % 2,4-FDCA and 2,5-FDCA
PEI Poly (ether imide)
PEMA Poly (ethyl methacrylate)
PEN Poly (ethylene naphthalate)
PETg Poly (ethylene 1,4-cyclohexylenedimethylene terephthalate glycol)
PGA Poly (glycolic acid)
PIB Polyisobutylen
PHA Polyhydroxyalkanoate
PLA Poly (lactic acid)
PLLA Poly (L-lactic acid)
PMMA Poly (methyl methacrylate)
PnBMA2% Copolymers of n-butyl methacrylate with 2 wt% styrene
PnBMA19% Copolymers of n-butyl methacrylate with 19 wt% styrene
PP Polypropylene
PPN Poly (propylene naphthalate)
PS Polystyrene
PVAc Poly (vinyl acetate)
PVC Polyvinyl chloride
PVDF Poly (vinylidene fluoride)
SBR1500 Styrene butadiene rubber with 23 wt% styrene

190




Appendix

Temperatures
Ty, Aging temperature
T, Crystallization temperature
T, Cold crystallization temperature
Ty Fictive temperature
Tg Glass transition temperature
Tk Kauzmann temperature
T,, Equilibrium melting temperature
Tm Melting temperature
T, Sample temperature
T Sensor support temperature
T, Vogel temperature

Scanning rates

Bo Minimum cooling rate under which no cold
crystallization happens during heating
B Cooling rate
Bccue Critical cooling rate needed to form a
chemically homogeneous glass
Bcspe Critical cooling rate needed to form a self-
doped glass
Bn Heating rate

Time constants

to Induction time
t, Crystallization time
tyol Polymerization time
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Appendix 2: *H-NMR spectra
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Figure 1. *H-NMR spectrum of PPCE with the corresponding peak assignment.
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Figure 22. 'H-NMR spectrum of PBCE with the corresponding peak assignment.
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Figure 3. 'H-NMR spectrum of PPeCE with the corresponding peak assignment.

PHCE
d e ¢
O\/\/\/\
0
c e d x
c
CHCl:
b T™MS
e
b d
aTl'ﬂllS
ag;
75 70 65 60 55 50 45 40 35 30 25 20 15 1.0 05 0.0
ppm

Figure 4. 'H-NMR spectrum of PHCE with the corresponding peak assignment.
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Physical aging of poly (pentamethylene trans-1,4-cyclohexanedicarboxylate) (PPeCE), a biodegradable alicyclic
polyester, was investigated using Fast Scanning Calorimetry (FSC), a recent calorimetric technique allowing to
accelerate physical aging and study the associated relaxation processes at different aging temperatures in an
experimentally-reasonable time scale. Different mechanisms were highlighted by varying the aging temperature
on a temperature range of more than 60 °C. At aging temperatures well below the glass transition temperature,

several relaxation mechanisms were evidenced, probably related to secondary relaxation processes (f re-
laxations). When the aging temperature approaches the glass transition temperature, the primary relaxation
process (o relaxation) becomes predominant.

1. Introduction

Many studies have recently focused on developing biobased and/or
biodegradable plastics that could be competitive with traditional plas-
tics. Ideally, these materials would be made from renewable resources
and, at their end-of-life, provided specific conditions, they would
degrade into carbon dioxide and/or methane, water, and other sub-
stances harmless to their degradation environment. Traditionally, the
development of biodegradable polymers has been limited to linear
aliphatic polyesters, such as polyglycolide (PGA), polylactides (PLAs),
polycaprolactone (PCL) or polyhydroxyalkanoates (PHAs). Indeed,
aliphatic polyesters have a very strong aptitude to biodegrade, mostly
due to the potential of ester groups to undergo hydrolytic chain seis-
sions; their performance, though, is generally poor compared to
petroleum-based aromatic polymers [1]. Poly (alkylene 1,4-cyclohexa-
nedicarboxylate)s (PCHs) are alicyclic polyesters with an in-chain
aliphatic ring and a variable number of methylene groups, depending
on the diol selected to react with 1,4-cyclohexanedicarboxylic acid
(CHDA). trans-1,4-CHDA may be either petroleum-based or derived
from renewable sources, specifically from succinic acid [2-3] and

* Corresponding author.
E-mail address: allison.saiter@univ-rouen.fr (A. Saiter-Fourcin).
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biobased terephthalic acid, which is in turn sourced from limonene [9].
PLAs can be counted amongst the first biobased and biodegradable
polyesters that were developed and scaled up from laboratory to in-
dustrial scale, eventually finding some applications in the packaging
domain; however, PLAs have relatively poor mechanical and barrier
properties, which forces the industrials to either modify or incorporate
them into complex formulations [10-14]. Polyesters containing alicyclic
units, such as PCHs, offer several benefits in terms of tensile strength,
stiffness, impact resistance and thermal stability, along with the
advantage of being potentially degradable [15]. These features make
them particularly suitable for packaging [16-18] and biomedical [19,
20] applications. Irrespective of the application expected for these
polyesters, understanding and predicting their behavior over time is
crucial and requires the investigation of physical aging, because any
rearrangement of the macromolecular chains in the amorphous phase
over time has the potential of significantly affect not only the relaxation
dynamics [21], but also the macroscopic behavior, including barrier,
adhesion and mechanical properties [22-28].

Physical aging is a natural phenomenon implying the molecular
mobility in the amorphous phase, and modifying its density. As
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highlighted by Kovaes [29], this phenomenon is nonlinear and
non-exponential, depending on the time and temperature at which it
occurs. Whatever the nature of the material (thermoplastic polymers
[30-32], thermosets [33], chalcogenide glasses [34,35], pharmaceutical
compounds [36], ete.), and whether it is fully amorphous or semi-
crystalline with a residual amorphous phase, the latter will undergo
physical aging anytime the material is maintained at an aging temper-
ature (Tqg) below its glass transition temperature (Tg) [37]. Physical
aging is associated with a so-called enthalpy of recovery, an endo-
thermic peak superimposed to the specific heat capacity step at the glass
transition during a heating ramp recorded on an aged sample. As such,
physical aging can be investigated through calorimetric measurements,
and its quantification is directly related to the area of this endothermic
peak superimposed to the specific heat capacity step at Ty [38,39].
However, physical aging is also a self-slowing phenomenon; for this
reason, it is sometimes impossible to fully investigate it at the laboratory
time-scale, enforcing researchers to make predictions based on models
[40-43] that are not always reliable, especially to predict the conse-
quences of long-term aging [44]. In recent years, the development of
Fast Scanning Calorimetry (FSC) has provided a possibility to experi-
mentally investigate physical aging in acceptable times on its entire
time-scale, which represents a major step forward with respect to clas-
sical DSC analysis [45-47]. Indeed, FSC allows cooling down a
glass-forming liquid at extremely high rates (from 0.1 K/s up to 40 000
K/s), vitrifying it at high glass transition temperatures, i.e. with more
free volume and higher molecular mobility, which in turn accelerates
physical aging.

When the cooling rate is too high for a glass-forming liquid to
maintain an equilibrium state, the obtained glass is intrinsically out-of-
equilibrium, i.e. its specific volume, enthalpy, and entropy are higher
than they would have been in the corresponding equilibrium state
(liquid-like state extrapolated to low temperatures). This thermody-
namic excess initiates a progressive relaxation process towards equi-
librium. Calorimetric analysis can be used to monitor the enthalpy of
recovery associated with physical aging for a given time (t;g) in
isothermal conditions (T,) by integrating the enthalpy difference be-
tween the scans recorded on an aged and successively rejuvenated
sample, according to Eq. (1):

5]

AH(Tog tag) = / [cpa(T) = €pr (T)]dT (60

T

Where c;, , (T) and ¢ ; (T) are the specific heat capacities of the aged
and rejuvenated sample respectively, and T; and T, are arbitrary tem-
peratures below and above the glass transition temperature T,. Under
the assumption that the thermodynamic equilibrium is reached for an
infinite aging time, the expected enthalpy of recovery (AH) can be
estimated according to Eq. (2):

AHe = ACI’-(T; m.\i)' (T“ mid = T“-ﬁ’) @

Where T, corresponds to the aging temperature, Ty ;g is the glass
transition temperature taken at half-height of the glass transition step,
and Acp, (¢ miq) is the step in specific heat capacity extrapolated at Ty pig.

One way for checking if a glass has reached its equilibrium state, is to
compare the experimental enthalpy of recovery calculated from Eq. (1)
after a given t, at a given Ty, to the theoretical value estimated from
Eq. (2) at the same aging temperature.

However, it is still unclear how a glass reaches its equilibrium state
after an extended time of physical aging. In 1995, J.L. Gomez Ribelles
et al. [43] believed that polymeric glasses could never reach the ther-
modynamic equilibrium due to their large steric constraints. In 2013, D.
Cangialosi et al. [48] suggested that the thermodynamic equilibrium
could still be achieved, but with the emergence of a variable number of
intermediate states, whose number depends on the gap between T, and
Tag This hypothesis has been confirmed in recent studies on different
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materials [49,50]. In 2018, R. Androsch et al. [51] added that not only
the thermodynamic equilibrium is achievable, but it is also possible to
eventually reach the crystalline state; this hypothesis has been succes-
sively confirmed in the case of chalcogenide glasses [52]. In 2000, J.M.
Hutchinson et al. [42] suggested that only a fraction of a glass-forming
liquid is actually vitrified during the glass transition. As a consequence,
the theoretical thermodynamic equilibrium would never be reached as
expected due to the coexistence of two types of relaxation processes, i.e.
a slow one for the vitrified polymer fraction, and a fast one for the
non-vitrified polymer fraction. In 2022, Z. Song et al. [53] evidenced fast
equilibration mechanisms in the amorphous phase of polymers related
to slow liquid dynamics, called Slow Arrhenius Process (SAP).

The aim of this work is to investigate the physical aging of an
alicyclic polyester out of the PCHs family, i.e. poly (pentamethylene
trans-1,4—cyclohexanedicarboxylate) (PPeCE), which has been antici-
pated as a good candidate to replace petroleum-based polymers, having
interesting biodegradability properties yet acceptable performances. To
this purpose, classical DSC and FSC measurements have been performed
at different aging temperatures and durations. The kinetics of the
observed aging processes were discussed according to the different
models proposed in the literature.

2. Experimental section
2.1. Synthesis

The synthesis of poly (pentamethylene trans-
1,4—cyclohexanedicarboxylate) (PPeCE) was carried out in bulk by a
two-step melt polycondensation procedure, starting from trans-
1,4—cyclohexanedicarboxylic acid, 1,5-pentanediol (in a 100% molar
excess) and titanium tetrabutoxide (TBT, 200 ppm) as catalyst, within a
stirred 250-mL glass reactor in a thermostated bath. The large molar
excess of diol with respect to the diacid promoted the dissolution of the
latter. In brief, during the first stage, which was carried out at 1 atm
under pure nitrogen flow, the temperature was set to 190 °C and kept
constant for about 1.5 h after the complete dissolution of the diacid.
During this time, about 90% of the theoretical amount of water was
distilled off. At the beginning of the second stage, the temperature was
raised to 210 °C and pressure was gradually reduced until 0.06 mbar to
promote the transesterification reactions and the removal of the glycolic
excess. The synthesis was carried out for 2 additional hours, until a high
and constant torque value was measured, indicating that a high mo-
lecular weight was reached. After the synthesis, the polymer was puri-
fied by dissolving it in chloroform and precipitating it in a beaker filled
with methanol in large excess (chloroform:methanol / 1:10). After pu-
rification by dissolution in chloroform and precipitation in methanol,
the sample was dried under vacuum (1 h at 0.1 mbar).

2.2. Molecular characterization

"H NMR analysis was carried out to confirm the chemical structure of
PPeCE given in Fig. 1. The spectrum was acquired using a Varian XL-400
NMR spectrometer (Palo Alto, CA, USA) at room temperature (relaxa-
tion time = 0 s, acquisition time = 1 s, 100 repetitions). The polymer was
dissolved by introducing about 15 mg of sample in 1 mL of deuterated
chloroform (containing 0.03% tetramethylsilane, TMS, as internal
reference).

0O 0]
0" TN N
n
Fig. 1. Chemical structure of poly (pentamethylene trans-1,4-

cyclohexanedicarboxylate).
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The number average molecular weight (My) and the dispersity (D)
were estimated by Gel Permeation Chromatography (GPC) analysis
performed at 30 °C using an HPLC 1100 chromatograph (Agilent
Technologies, Santa Clara, CA, USA) equipped with a PLgel 5 mm
MiniMIX-C column. A chloroform solution was used as eluent with a
flow of 0.3 mL/min, and sample concentrations of about 2 mg/mL were
adopted. The calibration curve was obtained using polystyrene stan-
dards with a molecular range of 800-100 000 g/mol.

2.3. Thermal characterization

Before any thermal characterization, the material was stored under
vacuum in a desiccator in the presence of P,Os to reduce the exposure to
humidity. Preliminary characterizations of the glass transition temper-
ature domain were conducted by Differential Scanning Calorimetry
(DSC), using a DSC 3+ (Mettler Toledo) equipped with an FRS6 sensor,
and with the support of the STARe software for data analysis. Calibra-
tions for temperature, enthalpy, and tau lag were achieved using zine,
indium, and water standards. A sample of PPeCE with a mass of 1.86 mg
was placed in a 40 pl sealed aluminum pan and a continuous nitrogen
gas flow of 50 mL/min was maintained in the cell. The measurements
consisted in rejuvenating the sample by heating it up above the melt
(110 °C), then cooling it down to —80 °C at a rate of 30 K/min, identified
as the slowest cooling rate to achieve amorphization. Subsequently, a
heating scan at a rate of 10 K/min was performed to obtain the curve
corresponding to the rejuvenated sample (Fig. S1). This curve provided
the specific heat capacity step at the glass transition temperature (Acp),
which is necessary for estimating the sample mass in FSC measurements.

Fast Scanning Calorimetry (FSC) experiments were performed with a
Flash DSC2+ (Mettler Toledo) equipped with a Huber TC100 intra
cooler, which allows to cool the sample down to —95 °C at extremely
high cooling rates. Few nanograms (51 =+ 5 ng) of PPeCE were placed on
a MultiSTAR UFH chip sensor with the help of a microscope. The FSC
measurements were all performed on the same sample. The FSC cham-
ber was continuously flushed by 50 mL/min nitrogen gas flow to avoid
water condensation [54]. FSC calibration consisted in conditioning the
chip sensor and making the necessary corrections for temperature lags
(as detailed in the Results and discussion section). The heating and
cooling scanning rates were fixed at f, = |B.| = 1500 K/s. These con-
ditions prevented both the crystallization from the melt (during cooling)
and the subsequent cold crystallization (during heating), ensuring that
the sample always remains amorphous. As proposed in the literature
[55], the sample mass was estimated by comparing the heat flow step
measured by FSC (at f, = |B.] = 1500 K/s) with the specific heat ca-
pacity step measured by DSC (at f, = |B.| = 10 K/min), under the
assumption that the specific heat capacity step is the same for both
techniques. Physical aging was then investigated by performing the
thermal protocol illustrated in Fig. 2:

The first heating-cooling-heating cycle between —95 °C and 110 °C
was performed to erase any possible thermal history of the sample and
ensure a good contact between the sample and the membrane of the chip
sensor. Then, the system was cooled down from the melt to the selected
aging temperature (T,g) and kept in isothermal conditions during the
selected aging time (t,q). After aging, the system was cooled down again
to —95 °C for the final heating ramp. Finally, another cooling-heating
cycle was applied to record the response of the rejuvenated sample to
be compared with the response of the aged sample.

3. Results and discussion

The spectrum obtained by 'H NMR (Fig. $2) confirms the chemical
structure of a PPeCE homopolyester, as illustrated in Fig. 1. Besides the
signals due to the solvent and to TMS, one can clearly detect the peaks
related to the cyclohexane moiety, i.e. a trans (2.25 ppm), a cis (2.41
ppm), and b (2.00 and 1.42 ppm), as well as the signals referring to the
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T=110°C

Temperature (°C)

Time

Fig. 2. Experimental protocol for physical aging experiments on PPeCE. The
aging temperatures are T,g; = —15 °C, Tygo = —20 °C, T,g3 = —30 °C, the aging
time is t,, = 10 min, and T, corresponds to the glass transition temperature
estimated from FSC curves, i.e. T, = 3 °C. The scanning rates are f, = |p| =
1500 K/s.

pentamethylene subunit, i.e. ¢ (4.11 ppm), d (1.63 ppm), and e (1.42
ppm). The percentage of cis-isomer in the 1,4-cyclohexanedicarboxylate
subunit was calculated from the ratio of the areas under the a cis and a
trans signals, and found to be of 5.4% . A careful control over the
aforementioned synthesis procedure ensured a good distribution of the
molecular weights, with a high value of M, (57 855 g/mol) and a narrow
value of dispersity (B = 1.4).

Fig. 3a shows the normalized heat flow recorded during the heating
and cooling ramps with a scanning rate of 1500 K/s. As expected, the
glass transition is shifted to higher temperatures in comparison to the
value obtained by classical DSC (Fig. S1). Indeed, the higher the cooling
rate used to form a glass, the higher its glass transition temperature. By
comparing the heating and cooling scans, one may note that Tg on
cooling is slightly shifted to lower temperatures compared to T, on
heating. This shift can be attributed to the dynamic thermal lag due to
the large scanning rates, which makes it necessary to apply a correction
for the estimation of the glass transition temperature prior to perform
the aging protocols [55]. Fig. 3b shows the fictive temperatures esti-
mated both on cooling (T.) and on heating (T}5) using the method
proposed by Moynihan et al. [56]. The difference between Tyn =
2.5°Cand T;. =0.6°C is used to calculate the dynamic correction factor

AT, =T 5 T2 [55]. In this case, ATy is about 1 °C; such a small value of
dynamic thermal lag confirms that the sample thickness and shape are
optimal, ensuring an efficient thermal transfer. The corrected value of T,
is then estimated by adding AT}, to the value of T; g (cooling) calculated
from the cooling ramp, i.e. Tg = 2 °C + ATp= 3 °C. This value was
chosen as the reference glass transition temperature for all the subse-
quent physical aging thermal protocols. Thus, conceming the calcula-
tion of the infinite enthalpy of recovery (Eq. (2)), the value taken for Ty
mid is 3 °C.

To evaluate the influence of temperature on the relaxation behavior
occurring during the physical aging processes, isochronal measurements
were first carried out with a fixed time of 10 min at different aging
temperatures going from —60 °C up to 10 °C. The results are reported in
Fig. 4a.

Iirespective of the aging temperature, the value of the specific heat
capacity step at the glass transition Ac, is constant, proving that the
amount of amorphous phase implied in the aging process is constant,
and that there is no mass loss and no degradation during the cycling.
This proves that only physical aging occurs and the process is totally
reversible as expected. When Ty is far from the glass transition, more
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Fig. 3. Normalized heat flow recorded for PPeCE on heating and cooling with scanning rates f, = |B.| = 1500 K/s. (a) Method used to determine the mid-point glass
transition temperature T, ,,;y from the cooling and heating ramps. (b) Estimation of the fictive temperature T; from the cooling and heating ramps according to the

method of the matching areas [56].
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Fig. 4. (a) FSC curves for PPeCE aged during 10 min at different aging temperatures (from —60 °C up to 10 “C). (b) Enthalpy of recovery estimated from Fig. 4(a) and
Eq. (1) for each aging temperature. Error bars of 0.2 J/g were added based on the measurement uncertainty for area calculations in the OriginPro software. The

dotted line corresponds to the evolution of AHoo as a function of T.

precisely at —50 °C and —60 °C, an endothermic overshoot appears
before the specific heat capacity step at the glass transition. This unex-
pected signature has been recently discussed by X. Monnier et al. [49].
They confirmed that this endothermic peak is a real feature of the
physical aging process. Thus, this behavior supports the hypothesis that
other mechanisms are involved during the aging processes, whose
signature is well visible at temperatures far below the glass transition
temperature, and could correspond to secondary relaxation processes
related to motions at a smaller scale than the repeating unit [57]. When
Tag is increased from —60 °C up to —20 °C, an expected increase of the
endothermic peak area superimposed to the specific heat capacity step
at the glass transition is observed, along with an expected shift of this
peak towards higher temperatures. When Ty is further increased from
—20 °C up to 10 °C (i.e. until entering the glass transition temperature
range), the opposite behavior is observed, with a decrease of the endo-
thermic peak area and its shift back to lower temperatures. Fig. 4b shows
the evolution of the enthalpy of recovery estimated from Eq. (1) for each

aging temperature when the sample is aged during 10 min. These results
evidence two different behaviours highlighted by cold and hot color
palettes, respectively. Furthermore, the enthalpy of recovery drops to
zero when the glass transition temperature is reached, i.e. for Tag > 3 °C.
This bell-shaped behavior has been already shown in the literature
[58-60] and explained by considering two different contributions to the
physical aging process, i.e. one kinetic and one thermodynamic. For a
given aging time t,; at temperatures far from the glass transition tem-
perature, the molecular mobility and consequently the rate of densifi-
cation are very low, resulting in small values of the enthalpy of recovery,
which means that physical aging is mainly kinetically controlled. If
aging time is kept constant and the aging temperature is slightly
increased, the molecular mobility is facilitated and therefore the
enthalpy of recovery increases. As the aging temperature further ap-
proaches the glass transition temperature, the difference between AH,,
and AH(Tg. tgg) further decreases; the aging process is then thermody-
namically controlled, and any increase in T,g implies a decrease in AH,,
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and AH(Tgg. tag). The maximum of the bell-shaped behavior is observed
when the aging process turns from mainly kinetically to thermody-
namically controlled.

After evaluating the influence of the aging temperature for a given
aging time, the same sample was aged at selected aging temperatures
(—15°C, —20 °Cand —30 °C) during different aging times (from 0.1 s up
to 20,000 s). The results are reported in Fig. 5.

Tag = —20 °C has been chosen because it corresponds to the tem-
perature at which the aging process starts to be thermodynamically
controlled (Fig. 4(b)); two additional temperatures have been selected to
investigate physical aging process mostly dominated by either kinetics
(Tag = —30 °C) or thermodynamics (Tag = —15 °C).

Fig. 5 shows that PPeCE's physical aging follows the expected trend
irrespective of the selected aging temperature, i.e. with an increasing
aging time, the endothermic peak superimposed to the specific heat
capacity step at the glass transition becomes more pronounced and gets
shifted towards higher temperatures. Furthermore, irrespective of the
aging temperature and of the aging time, the value of the specific heat
capacity step at the glass transition Ac, is constant, proving that the
amount of amorphous phase implied in the aging process is constant,
confirming that there is no mass loss and no degradation during the
cycling.

For each aging temperature and each aging time, the enthalpy of
recovery AHyg was calculated according to Eq. (1). The difference be-
tween the infinite enthalpy of recovery AH,, (maximum enthalpy of
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recovery expected at an infinite aging time) and AHqg is then calculated
and plotted as a function of the aging time (Fig. 6). As expected, and
whatever the aging temperature, the longer the aging time, the smaller
the difference between AH,, and AHi,g, proving that the sample tries to
reach its equilibrium state, but unsuccessfully for aging times as long as
20,000 s since zero is not reached. This means that the physical aging
process needs longer times to be fully achieved. Interestingly, a stepwise
decrease is observed, as highlighted by the gray dotted lines traced be-
tween 10 and 500 s in Fig. 6. Even more interestingly, the slope of these
lines is the same, irrespective of the aging temperature T,q, suggesting
that the rate of physical aging at the considered aging temperatures in
this range of aging times is identical. One may wonder how the chemical
composition and structure affect physical aging; for this reason, the re-
sults obtained for PPeCE were compared to the ones previously obtained
for poly (lactic acid) (PLA) in equivalent conditions, i.e. when aging is
performed 18 °C below the glass transition temperature during 20,000 s
[47]. It appears that physical aging has similar kinetics in both systems,
irrespective of their chemical composition and structure, because (AH,, -
AHgog) = 2 J/g for PLA [47] and 1.5 J/g for PPeCE.

By selecting different aging temperatures T,g, the presence of inter-
mediate plateaus is clearly evidenced (Fig. 6), revealing the existence of
multi-time scales for glass equilibration. As recently proposed by Can-
gialosi et al. [48,49], this could be attributed to additional relaxation
modes supporting the main structural relaxation, which are faster and
less cooperative because associated with local molecular motions. This

Temperature (°C)

B 5 ~

5 ( a) | ¥ t.;= 20000s (b)
= | & Ol i

o ’ o
S t,g= 20000s £
S 3
5
P 2

)
3 &
<
% 5
Q = =. 9,
£ T, =-15°C = T,g=-20°C {
o @ (i TR
[ N JIl [T
B s iy
(] E ;,;i
E tyg=0.1s S ty,=0.15 2
) z
z
T Endo TEndo
T T T T T T T T T T T T T T T T T T
50 -40 -30 -20 -10 O 10 20 30 40 50 -50 40 -30 -20 10 0 10 20 30 40 50

Temperature (°C)

0.25 (JK.g)
—

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

(c)

1 Endo

-30

T
-20 -10

0

10 20 30 40 50

Temperature (°C)

Fig. 5. FSC cuives for PPeCE after different aging times (from 0,1 s up to 20000s) at three aging temperatures, i.e. (a) T, = —15°C, (b) T, = —20°C, and (c) Ty, =
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Fig. 6. Evolution of the difference between the infinite enthalpy of recovery
AH,, (maximum enthalpy of recovery expected at an infinite aging time) and
the actual enthalpy of recovery AH,,; for PPeCE aged at three temperatures: Ty
= —30 °C (circles), Toe = —20 °C (squares), and Ty; = —15 °C (triangles). The
aging times range between 0.1 s and 20,000 s. Emror bars of 0.2 J/g were added
based on the measurement uncertainty for area calculations in the OriginPro
software. The gray dotted lines are guides for the eye.

observation agrees with the fact that dielectric relaxation spectroscopy
previously evidenced the presence of two secondary relaxation pro-
cesses (B; and Py) in poly (trimethylene trans-1,4-cyclo-
hexanedicarboxylate) (PPCE) [61], which also belongs to the PCHs
family and differs from PPeCE only in terms of number of methylene
groups (3 in PPCE, 5in PPeCE). In PPCE, these two distinct contributions
have been attributed to changes in the conformation of the flexible
bonds within the repeating unit, eventually leading to intramolecular
movements. In particular, the high-frequency mode (B;) has been
related to the rotation of the ester oxygen bound to the aliphatic carbon
in the diol subunit, whereas the low-frequency mode (f,) would be
related to the chemical bond between the aliphatic ring carbon and the
ester carbon. It is reasonable to assume that the secondary relaxation
modes observed in PPCE also occur in PPeCE, given the similarity of
their repeating units. Considering all the evidences, and the discussions
previously reported in the literature about similar cases, it seems likely
to attribute the plateaus in Fig. 6 to the support brought by local sec-
ondary relaxation modes to the main relaxation process, that is still
dominating the process of physical aging [49].

4. Conclusion

Physical aging of a potentially biobased and biodegradable alicyclic
polyester, poly (pentamethylene trans-1,4-cyclohexanedicarboxylate)
(PPeCE), was investigated by calorimetric analyses (DSC and FSC).
Thanks to the extremely fast heating and cooling scanning rates pro-
vided by FSC, the relaxation processes involved in physical aging have
been evidenced for a specific aging time at different aging temperatures.
At aging temperatures far below the glass transition temperature,
several mechanisms have been observed, likely linked to secondary
relaxation processes (P relaxations). When the aging process is per-
formed at a temperature close to the glass transition temperature, the
main relaxation process (o relaxation) becomes predominant. Despite
the differences in chemical composition and configuration of the
repeating unit, the kinetics of physical aging observed for PPeCE appear
to be equivalent to the one observed for PLA in equivalent aging con-
ditions, i.e. equivalent aging time and equivalent gap between T, and
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Tag- PLA is one of the most investigated and currently developed bio-
based and biodegradable polyester, and this suggests that PPeCE could
be a potential concurrent of PLA for packaging, especially in the case of
frozen food.
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ABSTRACT: The kinetics of the glass transition and the characteristic size of the “Tai*meewiutaton g e

fluctuating spatio-temporal domains in supercooled glass-forming liquids, ie., the & ﬁ o
Cooperatively Rearranging Regions (CRR), were measured upon cooling over a broad ol
range of cooling rates using Differential Scanning Calorimetry (DSC) and chip-based Fast
Scanning Calorimetry (FSC). The investigations were conducted on a selection of fragile
glass formers (fragility indices between 80 and 140), with a large variance in the atomic or
molecular structure but comparable thermal glass transition temperatures T,, with the aim
of evaluating the influence of chemical composition and structure on the CRR size and the
associated temperature fluctuation. The selected materials are two polymers (poly(vinyl
acetate) (PVAc), poly(lactic acid) (PLA)) as well as the simplest chalcogenide glass-former
(selenium). It turned out that the CRR size plotted against the reduced temperature T/ T,
follows the same trend, irrespective of the considered glass-former.

basic explanation of vitrification, i.e., the formation of
glasses by rapid cooling, was given by Tammann about
120 years ago in his famous book on phase transformation.'
This period could be described as the starting point of modern
physical science of glass formation. Of course, much progress
has been made since then, but a general understandmg of the
glass transition has not yet been achieved.” The most recent
steps forward have been made possible by the improvement of
experimental techniques such as X-ray Positron Correlation
Spectroscopy (XPCS),‘ * Electron Correlation Microscopy
(ECM),> and Neutron Spin Echo (NSE) spectroscopy.® The
development of Fast Scanning Calorimetry (FSC) with high
time resolution”"* and spectroscopy of the heat capacity over a
wide frequency range”'” also provides a deeper insight into the
kinetics of the glass transition.''~
The vitrification process depends on the molecular or
atomic rearrangements in the deeply supercooled melt, which
are usually described by spatially and temporally fluctuating
associations of particles. Depending on the selected material
and characterization method, these associations are referred to
as Medium Range Order (MRO) correlation reglons M5
dynamic heterogeneities, 1% or spatial heterogeneltles, but all
of them describe spatio-temporal domains in which the
molecular or atomic mobility is not homogeneous'“'® and
drastically changes during the vitrification process.'*'” These
dynamic domams the so-called Cooperatively Rearranging
Regions (CRR),” affect not only the kinetics of the glass
transition (e.g,, the fragility mdex) but also other propertles
such as thermal expansion,” microhardness,”® and any
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CRR size (nm)

e© = N w & w

eventual subsequent crystalline structure.”” In other words,
the stability and macroscopic properties of any amorphous
system depend on their spatio-temporal nanostructure, i.e., on
their nanoscale cooperative fluctuation. )

Given the hypothesis of temperature fluctuation,”** Donth
developed a method to estimate the average size of the
thermodynamic subsystems whose particles rearrange cooper-
atively (CRR) based on the analysis of the shape of the thermal
relaxation spectrum.”” A good approximation of the character-
istic volume of a CRR can be obtained by eq 1:"**

e ﬁ(&)z I I
a
p \oT Cg  Spl 1)
where kj is the Boltzmann constant, p is the density, T, is the
transformation temperature, ¢,  and c,; are the specific heat
capacities of the glass and of the supercooled liquid
respectively measured at T, and 6T represents the temper-
ature fluctuation. The temperature fluctuation is obtained from
the width of the thermal relaxation spectrum.
Comparisons between the free volume estimated using
Positron Annihilation Lifetime Spectroscopy (PALS) and the
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cooperative volume V, estimated by Donth’s approach
revealed that the appearance of open-volume defects leads to
a significant decrease of V,, in As—Se chalcogenide glasses
The same behavior was observed for a polymeric glass former,
poly(lactic acid) (PLA).*" A very recent work compared the
CRR sizes measured by NSE spectroscopy and heat capacity
spectroscopy, confirming the soundness of Donth’s approach
(eq 1).° The typical spatial extent of a CRR decreases with
mcrfasmg temperature, and eventually drops to the order of 1
nm.

In this work, the cooling-rate dependence of the vitrification
process was evaluated over a broad range of cooling rates (1073
to 10* K s7!) and a relatively wide temperature range (about
40 K) and then used to estimate the temperature dependence
of the spatial extent of CRR in two polymeric glass formers and
a chalcogenide glass former having comparable glass transition
temperatures.

One high-purity atomic chalcogenide glass former (sele-
nium) and two macromolecular organic glass formers (poly-
(vinyl acetate) (PVAc) and poly(lactic acid) (PLA)) with
possible compositional fluctuations were selected to investigate
the influence of structural and compositional complexity on
molecular dynamics. The molar mass of the repeating unit M,
and the density p of the selected materials are 79 g mol™ and
4.28 g cm™ (amorphous selenium), 86 g mol™ and 1.19 g
cm™ (PVAc), and 72 g mol™ and 125 g em™ (PLA).
Selenium (99.99% purity) was provided by CERAC Inc. and
was used as received. PVAc pellets were purchased from
Sigma-Aldrich, oven-dried (24h at 50 °C), hot-pressed (2 min
at 120 °C under 1.5 tons), and left to cool to room
temperature, providing films with a controlled thickness of
about 500 ym. PLA pellets with 95.7% L and 4.3% D isomer
contents (PLA4042D) were purchased from NatureWorks,
oven-dried (12 h at 60 °C), hot-pressed (3 min at 200 °C
under 2 tons), and quenched in water to obtain amorphous
films with a controlled thickness of about 200 gm. The
polymer pellets were hot-pressed into films to ease sample
preparation (improved contact surface and reduced thermal lag
through the thickness of the sample). All of the samples
remained fully amorphous throughout the experiments.

Differential Scanning Calorimetry (DSC) and stochastic
modulated-temperature DSC (TOPEM) measurements were
carried out using a Mettler-Toledo DSC 3+ equipped with a
FRS6 sensor. Temperature, enthalpy, and thermal lag
calibrations were performed using zinc, indium, and water
standards. The samples for both DSC and TOPEM measure-
ments were placed in 40 uL sealed aluminum pans. The
experiments were performed under nitrogen (flow rate S0 mL
min~'). DSC measurements consisted in rejuvenating the
sample at T, + 20 °C for 10 min before coolmg down to T, —
20 °C at rates | BJ between 1 and 30 K min~'. The thermal
glass transition temperature T, was obtained from DSC curves
subsequently recorded with a ieatmg rate of f, = 10 K min~
TOPEM measurements consisted of cooling segments from T,
+20 °C down to T, — 20 °C at rates | f| between 0.2 and 2 K
min~! with a pulse helght of 0.5 K and pulse widths between
20 and 40 s. An extrapolation to zero frequency was performed
to obtain the quasistatic heat capacity ¢, as a function of the
temperature. More details about TOPEM can be found
elsewhere.”’

FSC measurements were performed using a Mettler-Toledo
Flash DSC 2+ instrument equipped with a Huber intracooler
TC100. The samples for ESC were cut into small pieces under

4509

a microscope and then transferred by using a paint brush hair
onto the center of the active zone of a conditioned and
temperature-corrected MultiSTAR sensor. For selenium,
silicon oil was used as a contact medium. Depending on the
targeted range of cooling rates, different sensors (UES1 or
UFH1) were used, with samples masses between 20 and 500
ng, to increase sens1b1hty and reduce the effects of thermal lag
and instrument drift.”” A constant nitrogen flow of 30 mL
min~' was used to prevent oxidative degradation. The sensor
support temperature was —95 °C. The sample mass was
estimated by comparing the step height of heat capacity at the
thermal glass transition temperature obtained with FSC and
TOPEM respectively, according to eq 2:

AC, psc
m=———
Acp,TOPEM (2)
where AC, g is the step of heat capacity measured by FSC (in
J K™ and Ac,topey is the corresponding change in specific
heat capacity measured by TOPEM (in J g~' K™') both at the
thermal glass transition temperature.

The samples were cooled down to —95 °C from 150 °C
(PVAc and PLA) or 230 °C (selenium) with cooling rates I5.|
between 1 and 15,000 Ks™'. A heating scan was subsequently
recorded with f, = IBJ. The limiting fictive temperature T
which is the temperature that best describes the glass
transition, was, determmed from both the cooling and the
heating curves.*® Data reproducibility and sample stability were
ensured by comparing the results obtained with the same
thermal cycle before and after each series of measurements.>*

An increase in the cooling rate makes the glass transition
broaden and shift toward the high temperature range.”> A
thorough investigation of the temperature dependence of the
relaxation process requires correcting the smearing due to
thermal inertia. The corrected heat flow ®°,, can be obtained
with the Tian equation:*

d(D,)
dt

. =d,

+7,

’ 3)
where @, is the measured heat flow and 7, is a time constant,
that for glass transition can be calculated as

T

To =

- I

C

23 4)
where Ty, and Ty, are the limiting fictive temperatures
measured upon heating and cooling respectively, and f = 4, =
1A is the rate.

The corrected and normalized heat flow recorded upon
cooling at different cooling rates is shown in Figure 1 for all of
the selected glass formers.

The temperature fluctuation is usually estimated from heat
capacity spectroscopy data. The width of the glass transition
measured upon cooling at a frequency  is related to the
temperature fluctuation as AT, ~ 2 6T." In principle, 5T can
also be estimated from the shape of the heat flow curve
recorded upon cooling at a constant rate f. Due to the
nonlinearity of the vitrification process, which occurs through a
progressive viscous slowing down of molecular motions, the
width ATy, is broader than the width AT,,. This effect is
described by the vitrification function x:"*

https //doi.org/10.1021/acs.jpclett.4c00632
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Figure 1. Corrected and normalized heat flow measured upon cooling
through the glass transition with cooling rates ranging from 0.017 to
15,000 K s™" for (a) selenium, (b) PVAc, and (c) PLA.
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w
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The cooling-rate dependence of AT, was evaluated for all
of the selected glass formers (Figure ZaS, and selenium showed
the biggest change over the investigated range. Measurements
performed on polystyrene had previously suggested that x is
invariant with respect to temperature (k 2.5)."* The
vitrification function was therefore calculated over the entire

~

4510

Figure 2. (a) Cooling-rate dependence of the glass transition width
ATy, for selenium (red circles), PVAc (green squares), and PLA (blue
triangles). The dotted lines are guides to the eye. (b) Cooling-rate
dependence of the vitrification function x. The dotted lines
correspond to the mean value. (c) Cooling-rate dependence of the
limiting fictive temperature. The solid lines are the VFT fits.

range of cooling rates for all of the considered glass formers
(Figure 2b). The obtained value (k & 1.4) is indeed constant,
but smaller than the one previously reported for polystyrene."”
It is reasonable to assume that the vitrification function x

https://doi.org/10.1021/acs.jpclett.4c00632
J. Phys. Chem. Lett. 2024, 15, 45084514
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contains fundamental information about the vitrification 20
process, but this has not yet been investigated.
Knowing k, the temperature fluctuation 6T can be accurately
estimated from the cooling curves by 154 - 4
AT, P
oT = = s — % °° e
2k (6) %10 "80’_, SR
This method was previously used, but assuming an -
estimated value of . However, the experimental determi- e 7
nation of k is essential for this method, due to the significant 5 o-&/
influence of 6T on &,. H%0
The Frenkel-Kobeko—Reiner (FKR) hypothesis considers o
that the cooling-rate dependence of the vitrification is 0 Selenium
analogous to the frequency dependence of the thermal ) T J J J
relaxation.'> The FKR hypothesis is also known as the 300 310 320 330 340 350 360
Bartenev—Ritland hypothesis, whose representation was (a) Temperature (K)
given by Schmelzer.” Assuming the FKR hypothesis, the
cooling-rate dependence of the glass transition follows the 20
Vogel—Fulcher—Tammann (VFT) equation:
loglfl = A — i
g c (O Tv (7) 15 |:I:l F
where A and B are fitting parameters, and T, is the Vogel Q "
temperature below T, This relation has been verified for =104 B "
various materials.’” ™ - r;f,q" o @
The concept of fragility introduced by Angell”® is commonly 2
used to describe the deceleration of the relaxation dynamics in 5. B
a glass-forming liquid approaching its glass transition. The ’__.sf:
cooling-rate dependence of the glass transition can be used to o
estimate the fragility index m¢ based on the VFT equation: 5 PVAc
gl - 300 310 320 330 340 350 360
g% 8
mg = = Temperature (K
(%) (T, - T, (b) P L
T e, (®) 20
The cooling-rate dependence of the limiting fictive temper-
ature T obtained with different cooling rates is plotted in 154
Figure 2c accompanied by the VFT fitting curves (the a
corresponding fitting parameters are listed in Table 1). The s -
X a.
Table 1. Thermal Glass Transition Temperature (Tg), VFT = 104 @ ',-'A'
Fitting Parameters (A, B, and T,), and Angell’s Fragility o) ?SA,A“AAA
Index (my) for Selenium, PVAc, and PLA AL
5
Material T, (K) A BK T.(K g %5 %A
Selenium 310 + 1 126 652 260 + 28 81+7 PLA
PVAc 32+1 130 608 26715 94+ 4 0 ez
PLA 327+ 1 144 580 290 £ 10 139 £ 11 300 310 320 330 340 350 360

fragility indexes obtained for selenium, PLA, and PVAc are 81,
139, and 94, respectively. These values agree well with the data
reported in the literature (87 for selenium,* 144 for
amorphous PLA," 89 and 95 for PVAc'™*).

The temperature dependence of 6T shown in Figure 3 can
be described using the VFT parameters B and T

8q(T - T,)°
Bln10 (9)

The fitting parameter Jq characterizes the logarithmic
frequency width of the thermal a-relaxation spectrum in the
supercooled liquid. The fitting curves in Figures 3a, 3b, and 3c
provide values of 5q equal to 3.0 for selenium and 3.2 for both

ST(T) =

4511

(©) Temperature (K)

Figure 3. Temperature dependence of the temperature fluctuation 6T
for (a) selenium, (b) PVAc, and (c) PLA. The dashed lines represent
the fitting curves according to eq 9.

PVAc and PLA. A kinetic model for the temperature
dependence of the width of the glass transition was presented
by Schmelzer et al.”” This model appears to agree, at least
qualitatively, with the data shown in Figure 3. The relaxation
spectrum is often described by the Fourier-transformed

relaxation function ¢ containing a stretched exponential:

https://doi.org/10.1021/acs.jpclett.4c00632
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t ﬁ“
¢(t) = exp) {——]

% (10)
where 7, is the characteristic relaxation time and fy is the
Kohlrausch exponent. These parameters are related to each
othsr, and their relation can be approximated as dq ~ 1.07/
B

Assuming a spherical shape for CRR, the characteristic
length of the a-relaxation &, can be calculated as

6 1/3
( ‘)
T

where the volume of CRR, V,, is given by eq 1.

Figure 4a and 4b show the variations of £, with the cooling
rate and temperature, respectively. As expected, &, decreases
when the cooling rate used for vitrification increases. The
temperature dependence of &, is similar for all the considered
materials; the cooperativity length increases as T, is
approached from the supercooled liquid-like state, whereas at
high temperatures it flattens down to a constant value.
Introducing a reduced temperature, i.e., replacing T with T/
T, could help verify if such a temperature dependence of &, is
a universal behavior. Indeed, Figure 4c shows that within the
order of experimental uncertainty all the considered materials
behave identically over the entire temperature range. This
seems to suggest that the chemical composition and structure,
and in particular the intermolecular interactions, have no
significant influence on nanoscale cooperative fluctuation in
supercooled glass-forming liquids approaching the glass
transition upon cooling.

In summary, this work investigates the kinetics of the glass
transition of three glass formers with different chemical
compositions and structures, but comparable thermal glass
transition temperature and kinetics of vitrification. The
investigations were performed on fragile glass formers with
fragility indexes between 81 and 139. The temperature
fluctuation 6T represents a key parameter for an accurate
estimation of the characteristic length &, of the cooperative
rearrangements in the supercooled melt. A modified technique
is proposed that utilizes the vitrification function « to provide a
simple method for estimating 6T from DSC curves recorded
upon cooling.

For all of the considered materials, £, behaves identically
when plotted against the reduced temperature T/T, over a
wide temperature range. The CRR size of the atomic
chalcogenide glass former (selenium) follows the exact same
trend as the two polymeric systems. This means that the
chemical structure of the glass-forming liquid (atomic or
macromolecular) has no significant influence on ¢, in the
vicinity of T, A possible explanation is that the moieties
involved in the cooperative rearrangements are so small that
neither the covalent bonds within the macromolecules nor the
intermolecular interactions can actually affect the temperature
dependence of the CRR size. The most relevant parameter,
which is indeed material dependent, is the glass transition
temperature itself, which is controlled by the mobility of the
relaxing moieties, as well as by the strength of their
interactions. The fragile glass formers selected for this study
have comparable thermal glass transition temperatures T, and
indeed no difference was detected in the temperature evolution
of &, as a function of the reduced temperature T/T, The
difference that one might expect between polymers and
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Figure 4. (a) Cooling-rate dependence of the characteristic length &,
and (b) temperature dependence of the characteristic length &, for
selenium (red circles), PVAc (green squares), and PLA (blue
triangles). (c) Characteristic length &, versus reduced temperature
T/Tg
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simpler (i.e,, non-macromolecular) glass formers due to the
presence of intra-macromolecular barriers™ is actually not
related to the size of the fluctuating heterogeneities
accompanying the cooperative rearrangements. In conclusion,
the amplitude of the nanoscale dynamic heterogeneities in
highly supercooled liquids is only related to the macroscopic
kinetics of the glass transition but is not significantly influenced
by the chemical composition and structure, unless these latter
significantly affect the glass transition temperature itself or the
fragility.
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Abstract: Controlling the cooling rate experienced by a material during a manufacturing process is
a challenge and a major issue. Industrial processing techniques are very diverse and may involve
a whole range of cooling rates, which are sometimes extremely high for small and /or thin manu-
factured parts. For polymers, the cooling rate has consequences on both the microstructure and the
time-dependent properties. The common cooling rates associated with conventional calorimetric
measurements are generally limited to a few tens of degrees per minute. This work combines several
calorimetric techniques (DSC, modulated-temperature DSC, stochastically-modulated DSC and Fast
Scanning Calorimetry) to estimate the critical cooling rate required to melt-quench fast-crystallizing
polyesters to their fully amorphous state, based on the example of a series of poly(alkylene frans-1,4-
cyclohexanedicarboxylate) (PCHs) with a number of methylene groups in the main structure of the
repeating unit ¢y, varying from 3 to 6. The even-numbered ones require faster cooling rates (about
3000 K s~ for ncy, =4, between 500 and 1000 K s~! for ncpy, = 6) compared to the odd-numbered
ones (between 50 K min—! and 100 K s~ for ncp, = 3, between 10 and 30 K min~! for ncpy, =5).

Keywords: crystallization kinetics; odd-even effect; microstructure control; quenching

1. Introduction

Polymers play an increasing role in manufacturing processes and their production
keeps on growing, especially in the packaging industry [1], which is the biggest consumer
and producer of plastic waste. However, the decline of fossil resources, and the raise of
collective awareness about the impact that waste has on the environment, impose to look
for possible alternatives to petroleum-based polymers with reduced carbon footprint and
environmental risks. Plastic waste started accumulating in increasingly large amounts in the
fifties, and nowadays the environmental pollution due to plastic waste is becoming severe.
For this reason, bio-sourced and/or biodegradable polymers, in particular polyesters, have
attracted much attention from both academic researchers and industrials—because they
appear as one of the most promising solutions for next-generation sustainable packaging,
with improved barrier properties against gas and water vapor, and balanced mechanical
properties [2,3].

Industrial processing techniques, such as injection molding or additive manufacturing
(laser bed fusion, 3D-printing.. . ), involve a whole range of cooling rates (Figure 1), which
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depends on the surface-to-volume ratio of the manufactured item, the cooling technology
and the temperature of the cooling medium, the covered temperature range, and the thermal
conductivity of the material. Sometimes the cooling rates experienced by the material are
extremely high, especially when the manufactured parts are small and/or thin. Of course,
increasing the cooling rates used for processing helps increasing cost-effectiveness, however
it is appropriate to recall that cooling may also have major consequences on polymer
microstructure and molecular mobility [4]. In any case, controlling the local cooling rate
and understanding its consequences on polymer properties remain a major challenge.

102 101 10° 10" 102 10 10 105 105 107 10°  10° sl
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Figure 1. Typical range of cooling rates achievable with different processing and characterization
techniques for different materials including polymers [5-24].

A series of biodegradable and potentially bio-based thermoplastic polyesters has been
recently synthesized from trans-1,4-cyclohexanedicarboxylic acid and linear diols of differ-
ent lengths. These materials showed interesting barrier and mechanical properties for food
packaging applications [25-29], but also a very different aptitude to crystallize depending
on the number of methylene groups -CHj- in their repeating unit (odd-even effect) [30-35].
The cooling rate required for full quenching is expected to be very different for each one
of these materials, with different consequences for the ones that are able to crystallize
compared to the ones that cannot [36]. It has already been shown that, besides making a
difference in terms of nucleus density [37], crystal fraction [38], crystallite size, lamellar
thickness and spherulite morphology [39], playing on the cooling rate may significantly
affect physical ageing [40] and consequently any other time-dependent property [41,42],
even when the polymers are melt-quenched to their fully amorphous state and kept at
temperatures below their glass transition.

Schawe and Loffler [43] took the example of Au-based glasses to discuss the existence
of multiple critical cooling rates for the generation of different types of glasses. They
identified three thresholds, which they called B sc¢ (critical cooling rate to obtain a semi-
crystalline glass), B. spg (critical cooling rate to obtain a self-doped glass), and B.cyc
(critical cooling rate to obtain a chemically-homogeneous glass). Transposing and adapting
this terminology to macromolecular glasses, one may expect that (1) increasing the cooling
rate is an efficient way to melt-quench polymers that are intrinsically able to crystallize,
(2) crystallization is observed only if the cooling rate is kept below a critical value B spg,
(3) crystallinity reaches different extents depending on the applied cooling rate B scc
(faster cooling reduces it since it shortens the time allowed for chain folding and vice-versa),
(4) because of chain entanglements, crystallinity increases as the cooling rate decreases,
until hitting a plateau (100% crystallinity is never reached, not even at the lowest values of
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B sce or in isothermal conditions), (5) when the cooling rate reaches the threshold B spg,
a self-doped glass (SDG) is obtained, and (6) it is necessary to reach values of cooling rate
at least equal to a further threshold B cp¢ to obtain a so-called chemically-homogeneous
glass (CHG). Cooling down crystallizable polymers at different cooling rates Bc < B spc
may affect their crystalline phase not only quantitatively, but also qualitatively, worsen-
ing the intrinsic complexity due to chemistry (polymorphism [44-47], imperfect chain
folding with extended coupling between the crystalline and amorphous domains [48-50],
development of mesophases [51,52]...). In general, reducing the cooling rate favors the
development of larger amounts of more perfect crystals, with positive consequences on
properties such as the Young’s modulus [53], whereas increasing the cooling rate improves
transparency, toughness and elongation at break [54].

Conventional calorimetric measurements are performed at scanning rates generally
limited to a few tens of degrees per minute. Fast Scanning Calorimetry (FSC) allows the
extension of the experimental window of several orders of magnitude in terms of scanning
rate, giving access to cooling rates up to 40,000 K s~! [41,55], which is ideal to reproduce
industrial processing conditions (Figure 1). This work illustrates how to estimate the criti-
cal cooling rate B sp¢ (threshold between semi-crystalline and fully amorphous samples
obtained during melt-quenching) for fast-crystallizing polyesters, taking the example of
a series of poly(alkylene trans-1,4-cyclohexanedicarboxylate) (PCHs) with a number of
methylene groups in the main structure of the repeating unit ncy, varying from 3 to 6,
and combining several calorimetric techniques, i.e., Differential Scanning Calorimetry
(DSC), stochastically-modulated DSC (TOPEM) and Fast Scanning Calorimetry (FSC).

2. Materials and Methods
2.1. Reagents

Trans-1,4-cyclohexanedicarboxylic acid (95%, 5 mol% cis-isomers) (CHDA) was pur-
chased from Fluorochem (Hadfield, UK). 1,3-propanediol (PD) (98%) was purchased
from Carbosynth. 1,4-butanediol (BD) (99%) was purchased from Sigma-Aldrich. 1,5-
pentanediol (PeD) (97%) was purchased from Fluka Chemika. 1,6-hexanediol (HD) (>97%)
was purchased from TCL Titanium tetrabutoxide Ti(OBu)4 (TBT) was purchased from
Sigma-Aldrich. All reagents were used as received.

2.2. Polymer Synthesis

Four poly(alkylene trans-1,4-cyclohexanecarboxylate)s (PCHs) were synthesized by
a two-step solvent-free melt polycondensation procedure consisting in the esterification
reaction between a bifunctional alicyclic acid (CHDA) and a bifunctional linear aliphatic
glycol. Depending on the selected glycol, four homopolymers were obtained with a
variable number of methylene groups ¢y, in the glycolic fraction of their repeating unit.
Poly(propylene trans-1,4-cyclohexanedicarboxylate) (PPCE) with ncy, = 3 was obtained
with PD. Poly (butylene trans-1,4-cyclohexane dicarboxylate) (PBCE) with ncy, = 4 was
obtained with BD. Poly(pentamethylene trans-1,4-cyclohexanedicarboxylate) (PPeCE) with
ncp, = 5 was obtained with PeD. Poly (hexamethylene trans-1,4-cyclohexanedicarboxylate)
(PHCE) with n¢cp, = 6 was obtained with HD. Each synthesis was carried out starting from
CHDA, the selected diol (100% molar excess with respect to the diacid), and TBT (200 ppm)
as catalyst, within a 250-mL glass reactor stirred at about 50 rpm in a thermostated oil bath
connected to a six-bulb condenser to prevent the evaporation of the reagents. The molar
excess of diol promoted the dissolution of the diacid. In the first step, the temperature was
set to 190 °C and kept constant for about 1.5 h under a continuous flow of pure nitrogen
(50 mL min~!) and a pressure of 1 atm, allowing to distill off up to 90% of the theoretical
amount of water. At the beginning of the second step, stirring was increased to 100 rpm and
the temperature was raised to 200 °C to remove the excess of diol, then the temperature was
further raised to 210 °C and the pressure was gradually reduced to 0.06 mbar to promote
the transesterification reactions. The synthesis was carried out for 2 h, until a high and
constant torque value was measured indicating that a high molecular weight was reached,
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and no more distillation was observed. After the synthesis, all the PCHs were purified by
dissolution in chloroform and precipitation in a beaker filled with methanol in large excess
(chloroform:methanol 1:10). After purification by dissolution/precipitation, the samples
were dried under vacuum (1 h at 0.1 mbar). The samples were continuously stored under
vacuum at room temperature, in a dessicator with phosphorus pentoxide P,Os to reduce
exposure to humidity until characterization.

2.3. Chemical Characterizations

TH-NMR analyses were carried out to confirm the chemical structure and the cis/trans
isomer ratio of the synthesized PCHs. The spectra were acquired using a Varian XL-400
NMR spectrometer (Palo Alto, CA, USA) at room temperature (relaxation time = 0 s,
acquisition time =1 s, 100 repetitions). The polymers were dissolved by introducing about
15 mg of sample in 1 mL of deuterated chloroform (containing 0.03 % tetramethylsilane,
TMS, as internal reference). The number-average molecular weight (M,), the weight-
average molecular weight (My), the dispersity (D) and the degree of polymerization
(DP;) of the samples were estimated thanks to the data obtained by Gel Permeation
Chromatography (GPC) analysis performed at 30 °C using an HPLC 1100 chromatograph
(Agilent Technologies, Santa Clara, CA, USA) equipped with a PLgel 5 mm MiniMIX-C
column. A chloroform solution was used as eluent with a flow of 0.3 mL min—!, and sample
concentrations of about 2 mg mL~! were adopted. The calibration curve was obtained
using polystyrene standards with a molecular range of 800-100,000 g mol~!. TH-NMR
spectra of the four polyesters can be found in the Supporting Information (Figures S1-54).
A summary of the chemical features of the investigated PCHs is given in Table 1.

Table 1. List of poly(alkylene trans-1,4-cyclohexanedicarboxylate)s (PCHs) investigated in this study,
along with their repeating unit, the molar mass of their repeating unit (M), the number-average
molecular weight (M,,), the weight-average molecular weight (M), the dispersity (D), the degree of
polymerization (DP,) and the percentage of cis-isomers in 1,4-cyclohexanedicarboxylic acid.

Sample Repeating Unit My (gmol~1) M, (gmol~!) M, (gmol~?) b DP,, cis-Isomers (%)
(o]
°\/\/°ﬂ;
PPCE ’ 212 62,462 96,657 L5 295 6.6
o]
/P\O\l/*’\/\/\oz]
PBCE 226 68,703 93,382 1.4 304 5.5
o]
O Oi\
PPeCE 240 57,855 83,592 14 241 54
o
)P\O\l/o\/\/\/\o%
PHCE 254 38,666 58,734 1.5 152 94

PPCE = poly(propylene frans-1,4-cyclohexanedicarboxylate); PBCE = poly(butylene frans-1,4-cyclohexanedicarboxylate);
PPeCE = poly(pentamethylene trans-1,4-cyclohexanedicarboxylate); PHCE = poly(hexamethylene trans-1,4-
cyclohexanedicarboxylate).
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2.4. Thermal Characterizations

Given the aim of the study, the thermal characterizations mostly consisted in calori-
metric investigations. Different equipments were used to cover the largest possible range of
cooling rates. The lowest cooling rates were covered by Differential Scanning Calorimetry
(DSC) and stochastically-modulated DSC (TOPEM), whereas the highest cooling rates
were covered by Fast Scanning Calorimetry (FSC) with either UFS1 (lower range) or UFH1
(upper range) MultiSTAR sensors.

DSC and TOPEM experiments were performed using a DSC 3+ (Mettler Toledo)
equipped with a FRS 6+ sensor and piloted by the STARe software. Calibrations for tem-
perature, enthalpy, and thermal lag (tau lag) were achieved using zinc, indium, and water
standards. The samples for both DSC and TOPEM (masses comprised between 2 and 10 mg)
were placed in 40 pL sealed aluminum pans. The measurements were conducted under
a constant nitrogen flow (50 mL min~!). TOPEM measurements were performed with a
pulse height of 0.1 K and pulse widths stochastically varying between 15 and 30 s, then an
extrapolation to zero frequency was performed to obtain the quasi-static heat capacity ¢,
as a function of temperature. More details about TOPEM can be found elsewhere [56].

FSC measurements were performed using a Flash DSC 2+ (Mettler Toledo) equipped
with a Huber intracooler TC100 and also piloted by the STARe software. The samples
for FSC (masses comprised between 10 and 200 ng) were obtained by successively cut-
ting bulk samples into smaller pieces under a microscope, and then transferred by a hair
of a paint brush onto the center of the active zone of a conditioned and temperature-
corrected MultiSTAR sensor. The measurements were conducted under a constant argon
flow (60 mL min~1). The sensor support temperature was set at —95 °C.

For samples that could be successfully melt-quenched by conventional DSC, the mass
deposited onto the FSC sensor was estimated according to Equation (1), i.e., by comparing
the change in heat capacity at the glass transition temperature AC;, obtained with FSC and
DSC, as previously reported in the literature [40].

AC;;"SC

m =
AR

(0]

where AC}F,SC [J K~1] is the heat capacity step estimated by FSC and Ac;[,)sC ] g_1 K 1]is
the heat capacity step measured by DSC, both at the glass transition temperature.

For samples that could not be obtained in their fully amorphous state within the
cooling range provided by conventional DSC, the mass deposited onto the FSC sensor was
estimated by comparing the values of heat capacity measured by FSC and specific heat
capacity measured by TOPEM at the same temperature, according to Equation (2).

CESC(T)
m = TO;PT (2)
Cp (T)
where C;:SC [J K~1] is the heat capacity measured by FSC and C}T,OPEM [J g‘1 K 1]is
the specific heat capacity measured by TOPEM at the same temperature T. At least two
temperatures were selected, one in the glassy and one in the liquid state, and the results
were averaged.

Preliminary characterizations of the thermal behavior of each PCH were done by DSC
through typical heating-cooling-heating ramps, with heating and cooling rates f, = |B|
=10 K min~!. The first heating ramp brought the samples up to the melt, thus ensuring
the best thermal contact with the bottom of the aluminum pan and erasing any previous
thermal history. The subsequent cooling ramp allowed to compare the relative aptitude
to crystallize when the four samples were cooled from the melt at a constant arbitrary
cooling rate, providing the temperature range over which crystallization is expected to
occur. The second heating ramp provided a glimpse on the microstructural differences
induced on each sample due to their different chemical composition, despite the common
cooling conditions.
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Based on these preliminary results, a thermal protocol consisting in a series of succes-
sive cooling and heating ramps was designed for each PCH, with the purpose of evaluating
its critical cooling rate B sp¢, i.e., the minimum cooling rate at which no crystallization
is observed when the polymer is cooled down from the melt. The protocol consisted in
heating up each sample with a constant heating rate f;, to a temperature slightly above its
melting, holding it for 0.1 s to ensure that melting is complete, cooling it down through the
glass transition to —90 °C at a constant cooling rate S, then heating it up again at 1000 K s~
to check for any possible sign of crystals through melting. The protocol, whose temperature
ranges and cooling rates were adjusted to each sample’s thermal behavior (crystalliza-
tion temperature T, glass transition temperature Tg, melting temperature range AT),), is
schematically represented in Figure 2. Five decades of cooling rates (from 2 K min ~! to
5000 K s~ 1) were investigated to assess the critical cooling rates of PPCE, PBCE, PPeCE
and PHCE.

[
[=]
o

°
(2]

Temperature [°C]

Room
Temperature

Glass transition

-90°C

BC,CHG BC,SDG BC,SCG

Time [s]

Figure 2. Schematic representation of the thermal protocol used to evaluate the critical cooling rate
BesDG, i.e., the minimum cooling rate allowing to obtain a fully amorphous polymer upon quenching
from the molten state. The scans in terms of cooling rate covered five decades (from 2 K min ~! to
5000 K s~!) thanks to a combination of different calorimetric techniques, i.e., Differential Scanning
Calorimetry (DSC), stochastically-modulated DSC (TOPEM) and Fast Scanning Calorimetry (FSC).

3. Results and Discussion

Whenever an alicyclic moiety is introduced in a polymer backbone, the cis/trans isomer
ratio is expected to potentially influence its crystallization behavior. In particular, the crys-
tallization temperature T¢, glass transition temperature Tg and melting temperature T}, are
known to depend on the frans-isomer content [57]. Even though the diacid selected for this
work mostly contained trans-isomers (with only 5% cis-isomers), the cis/trans isomer ratio was
evaluated for all the synthesized PCHs prior to any other thermal characterization (results
reported in Table 1). Indeed, it cannot be excluded that the configuration of some molecules
changes from trans to cis during polymerization, the process being generally favored by long
exposures to relatively high temperatures in the presence of a catalyst. To minimize the
occurrence of undesired trans /cis isomerization, i.e., to maintain the highest possible content
of trans-isomers and consequently ensure high values of T, the temperature, time and catalyst
content used for the synthesis should be minimized. On the other hand, these very same
variables also control the increase in molecular weight during polymerization. Therefore,
a compromise had to be found between the best conditions to get high values of T, and the
best conditions to get a high molecular weight [58]. The synthesis performed in this work
was optimized with respect to previous batches [36], for which slightly higher cis-isomer
contents were obtained. The highest efficiency in maintaining a fixed trans-isomer content
was observed when CHDA was combined with BD and PeD, i.e., for the synthesis of PBCE
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(ncH, =4) and PPeCE (ncpy, =5). The largest extent of undesired trans/cis isomerization was
observed during the synthesis of PHCE (¢, = 6), with a cis-isomer content however limited
to less than 10 %. Both the molecular weight and the degree of polymerization decreased as
ncp, increased, to the point that PHCE ended with a two-fold smaller molecular weight and
DP,, compared to PPCE. However, all PCHs were synthesized with satisfactory molecular
weights and the same dispersity D ~ 1.5 (Table 1).

Figure 3 shows the preliminary results obtained by DSC on all the considered PCHs.
The initial melting (first heating ramps) are not shown; the cooling ramps from the melt
down to negative temperatures at |8;| = 10 K min ! are represented by solid lines; the
subsequent heating ramps at §, = 10 K min ! are represented by dashed lines. A zoom into
the glass transition temperature range is reported in the inset to each graph. The thermal
characteristics evidenced by the preliminary results in Figure 3 are summarized in Table 2.
The most striking result is that PBCE and PHCE, i.e., the PCHs with an even number
of methylene groups (ncy, = 4 and 6), are prone to a very rapid crystallization process
(AT, <10 °C), whereas PPCE (ncp, = 3) crystallizes much slower and PPeCE (ncy, = 5)
barely has the time to start the process and shows a wide crystallization peak (large AT;)
with a low intensity (Ahc of 0.5 ] g_l). According to these results, the PCHs with an even
value of ¢y, are expected to have the highest critical cooling rates | sp|, whereas the
ones with an odd value of n¢cp, should be the easiest to melt-quench. In both cases, an in-
crease in the number of methylene groups appears to profoundly change the crystallization
behavior. When the number of methylene groups is even, the change is mostly seen in
terms of T; (with a decrease of about 45 °C as ncy, increases from 4 to 6) with no signifi-
cant changes in AT.. When the number of methylene groups is odd, the change is more
dramatic. As ncp, increases from 3 to 5, the temperature range for crystallization spreads
from about 20 °C to more than 40 °C, and the crystal growth is almost entirely suppressed.
For purposes such as minimizing the cycle time for injection molding and yet developing a
semi-crystalline microstructure, PCHs with an even number of methylene groups would
be the best choice, because crystallization starts at high temperatures and proceeds very
fast; the subsequent heating ramp, though, suggests that the crystalline phase grown upon
cooling is complex, with a marked trend to reorganization for improved crystal perfection
(the melting temperature range AT}, spreads over ~80 °C, and the melting peak has a shape
that recalls the double melting peak of polyhydroxyalkanoates [59,60], which are known to
be prone to extensive crystalline reorganization upon heating). Crystalline reorganization
occurs also in PCHs with an odd number of methylene groups, but apparently to a less
extent, with a much narrower melting temperature range (AT, <25 °C) and just a small
exotherm preceding the melting endotherm.

Irrespective of the odd or even character of ncyy,, the melting temperature generally
decreases as the number of methylene groups increases. However, the lowest melting (and
crystallization) temperature is observed for PPeCE (n¢cy, = 5). This particular behavior
has been reported for other polymers containing five methylene groups in their back-
bone [31,35]. This phenomenon could be due to some local polarization that builds up in
odd-numbered polyesters, hindering the crystallization process, whereas in even-numbered
polyesters the dipoles are aligned in opposite directions, allowing a more efficient chain
folding and packing [34,61]. NMR experiments conducted on flexible alkyl chains with
mesogenic groups at either end showed that, for ncp, =5, the alkyl chain is in an all-trans
conformation, except that the conformation around the C-O single bonds was found to be
approximately gauche [61]. This gauche conformation forces the molecule to bend more with
respect to an all-frans conformation, causing less efficient packing and therefore improving
its glass-forming ability. A recent investigation on the crystal structure of PBCE confirms the
all-trans conformation of its alkyl segments [62]. The values of glass transition temperature
T, consistenly decrease with the number of methylene groups introduced in the polymer
backbone, from about 8 °C for PPCE (n¢p, = 3) to about —21 °C for PHCE (n¢cp, =6).



Polymers 2024, 16, 2792

8ofl6

T,=8°C

1)

105 0 5 10152025 30
Temperature [°C]

Normalized Heat Flow

T,=7°C

?‘cug'x'

Normalized Heat Flow

105 0 5 10 15 20 25 30

Temperature [°C) PBCE

I}

Eliigke PPCE

Normalized Heat Flow [J g' K]
Normalized Heat Flow [J g™ K]

40 20 0 20 40 60 80 100 120 140 160 180 40 -20 0 20 40 60 80 100 120 140 160 180

Temperature [°C] Temperature [°C]
& ol ’
‘; Tg:-!&'f: % \‘u\ AT, HE RS :
i A 3l
£ | Hhosiion 2 Hoaioe
S0 35 20 45 0 5 4 o B 6 B @ 8 8
‘emperature ['C] - Temperature ['C]

B .
§lo14g'x

Normalized Heat Flow

40 -35-30-25-20-15-10 -5 0
Temperature ["C]

£lgk PPeCE PHCE

Normalized Heat Flow [J g K]
Normalized Heat Flow [J g™ K

40 20 0 20 40 60 80 100 120 140 160 180  -40 -20 O 20 40 60 80 100 120 140 160 180
Temperature [°C] Temperature [°C]
Figure 3. Thermal behavior recorded by DSC with cooling and heating rates |B¢| = B, = 10 Kmin™
after melting (the first heating ramp is not shown). A zoom into the glass transition temperature
range is reported for each sample in the corresponding inset. For PPeCE, an additional inset zooms
into the crystallization temperature range (dashed blue area). PPCE = poly(propylene frans-1,4-
cyclohexanedicarboxylate). PBCE = poly(butylene trans-1,4-cyclohexanedicarboxylate) (PBCE). PPeCE

= poly(pentamethylene trans-1,4-cyclohexanedicarboxylate). PHCE = poly(hexamethylene trans-14-
cyclohexanedicarboxylate).

Table 2. Thermal characteristics of the investigated PCHs extracted from the thermograms in Figure 3.
T, is the crystallization temperature measured at the maximum of the exothermic peak observed
upon cooling, AT is the temperature range over which crystallization occurs, Ah, is the enthalpy of
crystallization, T, is the mid-point glass transition recorded upon heating (insets in Figure 3), AT, is
the melting temperature range, Ay, is the enthalpy of melting calculated as the algebraic area under
the curve in the melting temperature range.

T AT, Ah, Tg AT, Ahyy,
SAMETE €C) €0 Jgh €0 ¢C) gg
PPCE 922+05 85-106 33+1 8§+£2 136-160 32+2
PBCE  1465+05 144150 3912 742 92171 5545
PPeCE 25+5 6-51 05+01 -15+1 60-76 0.6 +0.1
PHCE 101.3 £ 0.5 98-105 43+3 —21+2 50-129 57«5

PPCE = poly(propylene trans-14-cydohexanedicarboxylate). PBCE = poly(butylene trans-1,4-cyclohexanedicarboxylate).
PPeCE = poly(pentamethylene trans-14-cyclohexanedicarboxylate). ~PHCE = poly(hexamethylene frans-1,4-
cyclohexanedicarboxylate).

Figure 4 (left column) reports the cooling ramps obtained for each PCH according
to the thermal protocol sketched in Figure 2. The cooling ramps recorded at the lowest
cooling rate | 8| = 0.033 K s~ ! were obtained by TOPEM (dashed-dotted lines). The cooling
ramps plotted with dashed lines were obtained by conventional DSC. The cooling ramps
recorded at the highest cooling rates were obtained by FSC (solid lines). A quick glance
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at the cooling curves confirms that PPeCE is the easiest to melt-quench, whereas PBCE is
the most challenging. It is indeed necessary, at first, to check that no exothermal signals
associated with crystallization are recorded during the cooling ramp. Based on this cri-
terion, a threshold cooling rate could be identified for each PCH (left column, curves in
colors). The corresponding critical cooling rates would be somewhere between 0.833 K s~
(50 Kmin~') and 100 K s~! for PPCE, between 400 and 500 K s~! for PBCE, between
0.167 Ks~! (10 K min~!) and 0.5 K s~! (30 K min~!) for PPeCE, and between 100 and
200K s~! for PHCE. It is however necessary to double-check these values by considering
the heating ramps recorded right after cooling.

In Figure 4 (right column), the heating ramps recorded by TOPEM and DSC were
obtained with B, = |B.|, and all the heating ramps obtained by FSC were recorded at
By, = 1000 K s~ 1. The double-check consists in verifying that no endothermal signals asso-
ciated with melting are recorded upon heating, or that the recorded enthalpy of melting
is perfectly balanced by the enthalpy of cold crystallization (if cold crystallization occurs).
Based on this additional criterion, the threshold cooling rate for melt-quenching can in some
cases be readjusted (right column, curves in colors). About PPCE, for instance, Figure 4
shows that (1) the slowest cooling rate leads to a fully crystallized sample (TOPEM), (2) a
progressive increase in the cooling rate hinders the crystallization process and let appears
cold crystallization (DSC curves), and (3) FSC allows to melt-quench the sample (no cold
crystallization is observed during the subsequent heating ramp because of the higher
heating rate with respect to DSC measurements). In the case of PBCE, it is worth noting that
(1) only FSC is able to provide sufficiently high cooling rates for an efficient melt-quenching,
(2) the range of cooling rates previously identified as critical (400-500 K s~ 1) is sufficient
to suppress the crystallization from the melt and cold crystallization occurs during the
subsequent heating ramps, (3) a heating rate faster than 1000 K s~! is required to suppress
cold crystallization and any other possible melting-recrystallization process. Focusing on
the heating ramps recorded after cooling at 300, 400, 500 and 600 K s™1, one may notice
that the peak of cold crystallization keeps on evolving, which confirms that vitrification
is more and more efficient; the shape of the peak stabilizes between 500 and 600 K s71,
which is therefore considered as a better estimation of the range within which the critical
cooling rate is supposed to fall. PPeCE is easily quenched with conventional cooling rates.
As for PHCE, based solely on the cooling ramps one may guess that the critical cooling rate
is between 100 and 200 K s ! (left column, curves in colors), however the heating ramps
clearly show that a crystalline phase is formed for cooling rates up to 500~1000 K s~! (right
column, curves in colors).

Of all the considered samples, PBCE is the only one being able to cold-crystallize
despite the relatively high heating rates used in FSC experiments (1000 K s~ 1) (Figure 4,
right column). Figure 5 illustrates the additional criterion to meet to make sure that a
polymer able to cold-crystallize is completely vitrified during melt-quenching. Figure 5
(left) shows a selection of heating ramps recorded after cooling from the melt at different
|B¢|. The additional criterion consists in calculating the enthalpy of cold crystallization
Ahg and the enthalpy of melting Ahy,, and then verifying if they are perfectly balanced.
For cooling rates below 100 K s~1, no cold crystallization is observed during the subsequent
heating. When faster cooling rates are used, cold crystallization occurs, and the associated
enthalpy Al gradually increases until reaching a plateau (18 J g1 for |B.| = 1000 K s 1).
On the other hand, the enthalpy of melting Al decreases from 40 to 18 ] g"1 as the cooling
rate increases up to 100 K s, and then stabilizes at 18 ] g~! as well. Figure 5 (right)
reports the values of Ah.c, Ahy,, and their algebraic difference Al — Ahe, plotted against
the cooling rate |B.| previously used for melt-quenching. With this additional criterion,
the critical cooling rate |B. sp¢| for PBCE is rather estimated at about 3000 K s~ (when
Ahy, — Ahge = 0).
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Figure 4. Normalized heat flow recorded upon cooling from the melt (left column) and during the sub-
sequent heating ramp (right column). The curves at the lowest cooling rate | 8| = 0.033 K s~! (dashed-
dotted lines) were obtained by TOPEM. The curves plotted with dashed lines were obtained by con-
ventional DSC. The curves at the highest cooling rates were obtained by FSC (solid lines). The heating
ramps were obtained with B, = |B| (TOPEM and DSC) or B, = 1000 K s~ (FSC). The curves in
colors highlight the range within which the critical cooling rate | . spg| is supposed to fall based on
either crystallization (left column) or subsequent melting (right column). PPCE = poly(propylene
trans-1,4-cyclohexanedicarboxylate). PBCE = poly(butylene trans-14-cyclohexanedicarboxylate).
PPeCE = poly(pentamethylene frans-1,4-cyclohexanedicarboxylate). PHCE = poly(hexamethylene

trans-1,4-cyclohexanedicarboxylate).
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Figure 5. (Left) Calculation of the enthalpies of cold crystallization Al (blue-hatched areas) and
melting Ah,, (red-hatched areas) for poly (butylene trans-14-cyclohexanedicarboxylate) (PBCE)
previously cooled down from the melt at different cooling rates |fc|. (Right) The enthalpies of
cold crystallization Al (blue circles) and melting Ah,, (red diamonds), along with their algebraic
difference Ah,,; — Al (black squares) are then plotted against the cooling rate . previously used to
attempt melt-quenching.

Figure 6 shows the influence of the cooling rate on the crystallization temperature T;
(symbols), and more generally on the temperature range at which crystallization occurs
(bars). Two phenomena are evidenced. The first observation is that, irrespective of ncy,,
an increase in the cooling rate || leads to a decrease in the crystallization temperature T,
and a broadening of the crystallization peak (increase in AT..), from less than 10 °C at the
slowest cooling rates to more than 30 °C at the fastest cooling rates. The shift of T, and the
increase in AT, both prove that the observed transformation is controlled by nucleation;
indeed, slow cooling enables the activation of the nuclei at higher temperature, whereas
fast cooling retards and slows down the nucleation process [63].
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Figure 6. Crystallization temperatures T, (symbols) and the temperature ranges at which crystalliza-
tion occurs AT (bars) measured upon cooling from the melt at different cooling rates |B¢|. The bars
represent the temperature range between the onset (Tco,) and endset (T, ;) of the crystallization
peak. PPCE = poly(propylene trans-1,4-cyclohexanedicarboxylate). PBCE = poly(butylene trans-
1,4-cyclohexanedicarboxylate). PPeCE = poly(pentamethylene trans-1,4-cyclohexanedicarboxylate).
PHCE = poly(hexamethylene trans-1,4-cyclohexanedicarboxylate).
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The second observation is that the odd-numbered polyesters are associated with larger
crystallization peaks and lower crystallization temperatures in comparison with their even-
numbered counterparts at the same cooling rate. It should also be mentioned that PBCE
has recently been shown to crystallize in at least two polymorphic forms, x and B, with the
a-form observed upon slow cooling, and the B-form generated with sufficiently fast cooling
from the melt (however the explored range of cooling rates did not exceed 50 K min~1) [62].
With this in mind, the shift of T from 80 to 150 °C could be interpreted as the progressive
transformation of the metastable p-form into the more stable a-form as the undercooling is
reduced. One may also notice that both PBCE and PHCE have a double value of T, at the
lowest cooling rates. This could be due to either polymorphism (as previously mentioned
for PBCE) or just to crystalline perfection through melting-recrystallization upon heating.
So far, the literature has reported no evidence of polymorphism for PHCE.

Figure 7 shows a summary of the critical cooling rates |B, | reported in the literature
for common polymers and for a few other materials (silica, benzocaine, water). The critical
cooling rates estimated in this work for PPCE, PBCE, PPeCE and PHCE are also reported
for comparison purposes. As expected, the even-numbered PCHs (PBCE with ncy, =4
and PHCE with ncp, = 6) require faster cooling rates to be effectively melt-quenched as
compared to the odd-numbered PCHs (PPCE with ncy, =3 and PPeCE with ncy, =5). It
also appears that, irrespective of the odd or even character of ncyy,, the value of critical
cooling rate decreases as the length of the alkyl chain within the repeating unit increases,
suggesting that the methylene groups act as defects for crystal formation. This observation
cannot be extended to other systems, such as poly (ethylene terephthalate) (PET) and
poly (butylene terephthalate) (PBT), for which an increase of ncyy, from 2 to 4 leads to a
four-decade decrease in |B. ¢yt |-
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Figure 7. Values of critical cooling rates |B¢cit| issued from the literature [9,37,64-71] for common
polymers as well as for a few other materials (silica, benzocaine, water). PPCE = poly(propylene
trans-1,4-cyclohexanedicarboxylate). PBCE = poly(butylene trans-14-cyclohexanedicarboxylate).
PPeCE = poly(pentamethylene frans-1,4-cyclohexanedicarboxylate). PHCE = poly(hexamethylene
trans-1,4-cyclohexanedicarboxylate).

R U Y S L T Y RO N G 2 |

4. Conclusions

This work combines several calorimetric techniques, i.e., Differential Scanning
Calorimetry (DSC), modulate-temperature DSC (MT-DSC), stochastically-modulated DSC
(TOPEM) and Fast Scanning Calorimetry (FSC), to estimate the critical cooling rate neces-
sary to melt-quench fast-crystallizing polyesters to their fully amorphous state. The method
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is applied to a series of poly(alkylene trans-1,4-cyclohexanedicarboxylate) (PCHs) with
a number of methylene groups ncy, varying from 3 to 6, i.e., poly(propylene trans-
1,4-cyclohexanedicarboxylate) (PPCE), poly(butylene trans-1,4-cyclohexanedicarboxylate)
(PBCE), poly(pentamethylene trans-14-cyclohexanedicarboxylate) (PPeCE), and
poly(hexamethylene trans-1,4-cyclohexanedicarboxylate) (PHCE).

MT-DSC and TOPEM (0.02-5 K min~!) cannot give an insight of what happens
during quenching, and DSC (5-50 K min~!) is limited to slow-crystallizing polymers. FSC
is sometimes necessary to emulate the cooling rates experienced by a material during
manufacturing, even in the most extreme industrial processing conditions. Since polyesters
can crystallize both during the cooling ramp from the melt and during the subsequent
heating ramp (cold crystallization), three criteria should be considered: (1) the absence of
exothermic events recorded during the cooling ramp (crystallization), (2) the absence of
endothermic events recorded during the heating ramp (melting), and (3) the balance of
exothermic and endothermic events recorded during the heating ramp (cold crystallization
followed by melting).

The results show that, among the four PCHs investigated in this work, the even-
numbered ones (PBCE and PHCE) require faster cooling rates compared to the odd-
numbered ones (PPCE and PPeCE). Irrespective of the odd or even number of methylene
groups introduced in the main structure of the repeating unit, the critical cooling rate
decreases as ncy, increases, suggesting that the methylene groups act as defects during
crystal formation. This behaviour seems to be specific to alicyclic polyesters, since the
opposite is observed in their aromatic counterparts (poly (butylene terephthalate) (PBT) has
a critical cooling rate four-decade smaller compared to poly (ethylene terephthalate) (PET)).
PCHs with an even number of methylene groups would be the best choice to minimize
the cycle time for injection molding without renouncing to developing a semi-crystalline
microstructure, because crystallization starts at high temperatures; however, controlling
crystal perfection could be challenging, because their crystallization proceeds very fast
and the risk of crystalline reorganization upon further heating is high. For vitrification
purposes, PCHs with an odd number of methylene groups are recommended, in particular
PPeCE, which is the easiest to melt-quench to its fully amorphous state.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/polym16192792/s1, Figure S1: 'H-NMR spectrum of poly(propylene
trans-1,4-cyclohexanedicarboxylate) (PPCE). Figure S2: TH-NMR spectrum of poly(butylene trans-1,4-
cyclohexanedicarboxylate) (PBCE). Figure S3: !H-NMR spectrum of poly(pentamethylene trans-1,4-
cyclohexanedicarboxylate) (PPeCE). Figure S4: 1H-NMR spectrum of poly(hexamethylene trans-1,4-
cyclohexanedicarboxylate) (PHCE).
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Etude de la mobilité moléculaire de polyesters biosourcés a structures
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Abstract

The decline of fossil resources and the raise of collective awareness about the impact of plastic waste
on the environment impose to look for possible alternatives to petroleum-based polymers with
reduced carbon footprint and environmental risks. For this reason, bio-sourced and/or biodegradable
polyesters have attracted much attention from both academic researchers and industrials. This thesis
focuses on the thermal characterization of co-polyesters based on hydroxy-fatty acids, which are
extracted from tomato-peel agro-wastes, and poly (alkylene trans-1,4-cyclohexanedicarboxylate)
(PCHs), which are biodegradable and potentially biobased materials with interesting barrier properties.
This thesis shows that both systems have high crystallization rates and form complex microstructures
involving several polymorphs with a high density of small spherulites. The microstructure depends on
the processing conditions (cooling rate from the melt, crystallization temperature) and on the chemical
nature of the material (crosslinking density for the hydroxy-fatty acids, and alkyl chain length within
the main structure of the repeating unit for the PCHs). Crosslinking reduces the mobility of the
macromolecular chains and inhibits crystallization, whereas the alkyl chain length induces an odd-even
effect with consequences on the melting and crystallization temperatures, on the coupling between
the amorphous and crystalline phases, on the fragility index and on the glass-forming ability.

Résumé

La diminution des ressources fossiles et la prise de conscience collective de I'impact des déchets
plastiques sur I'environnement nécessitent la recherche d’alternatives possibles aux polymeres issus
du pétrole, avec une empreinte carbone et des risques environnementaux réduits. C'est pourquoi les
polyesters biosourcés et/ou biodégradables ont attiré I'attention des chercheurs universitaires et des
industriels. Cette these se concentre sur la caractérisation thermique des copolyesters a base d'acides
gras hydroxylés, qui sont extraits des déchets agricoles de tomate, et de poly (alkylene trans-1,4-
cyclohexanedicarboxylate) (PCHs), qui sont des matériaux biodégradables et potentiellement
biosourcés avec d'intéressantes propriétés barriéres. Cette thése montre que les deux systemes ont
des vitesses de cristallisation élevées et forment des microstructures complexes impliquant plusieurs
polymorphes avec une forte densité de petites sphérulites. La microstructure dépend des conditions
de traitement (vitesse de refroidissement depuis le fondu, température de cristallisation) et de la
nature chimique du matériau (densité de réticulation pour les acides gras hydroxylés et longueur de la
chaine alkyle dans la chaine principale de l'unité répétitive pour les PCHs). La réticulation réduit la
mobilité des chaines macromoléculaires et inhibe la cristallisation, tandis que la longueur de la chaine
alkyle induit un effet pair-impair avec des conséquences sur les températures de fusion et de
cristallisation, sur le couplage entre les phases amorphe et cristalline, sur l'indice de fragilité et sur
|'aptitude a former un verre.
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