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Introduction

Introduction

Thermoplastic polymers are widely used because of their low density and low processing costs. In some
cases, they are used for the unique properties of glass, such as their pellucid property (window, plastic
bottle), their biocompatibility (prosthesis, food packaging), their viscoelasticity (gasket, anti-vibration
seal) or their dielectric behavior (insulating sheath, capacitor). During their processing and daily use,
these materials can undergo viscosity changes as a function of temperature, time, stress, pressure, etc.
This can directly change their previously mentioned properties. In this context, understanding how
molecular mobility is affected under these conditions has become an intensive field of research. A
common feature among glass formers is the viscous slowing down of the structural relaxation
dynamics observed around the glass transition temperature T, (Ediger et al., 1996). Knowledge of
viscosity of polymers as a function of temperature has therefore guided research for many years using
experimental methods associated with rheology. While there is a vast amount of data on viscosity as
a function of temperature, there is only limited information on viscosity or relaxation times of polymers
as a function of pressure. Understanding the role of chemical structure on this viscous slowing down,
by cooling or by the application of pressure, could help to design specific materials for precise

applications, or to optimize manufacturing processes such as extrusion and thermoforming.

Therefore, the relaxation process associated with the glass transition in polymers, known as segmental
relaxation, has been extensively studied since the middle of the 20th century (Williams et al., 1955;
Bailey and Winey, 2020; Baker et al., 2022). However, the connections between macromolecular chain
chemistry, microstructure, and relaxation dynamics remain incompletely understood. Various models
and approaches have been proposed to classify the temperature dependence of the dynamic viscosity
and the relaxation time. Angell introduced a classification of glass-forming liquids based on relaxation
time variations normalized to T, (Angell, 1985). This classification identifies glass formers as "strong"
or "fragile" based on the steepness of their relaxation time temperature dependence near Ty, which
is quantified by the isobaric fragility index mp. Classical theories such as the entropic model of Adam
and Gibbs (Adam and Gibbs, 1965) attribute the slowing down dynamics near T, to the growth of the
size of dynamically correlated structural units. This leads to the concept of Cooperative Rearranging
Regions (CRR) whose size increases with decreasing temperature, leading to vitrification for a
cooperativity volume of approximately 30 nm3, regardless of the glass formers (Richert, 1996). Among
the studies allowing to estimate the CRR size, the Donth’s approach uses the quantification of

temperature fluctuations all over the amorphous medium (Donth, 1982).



Introduction

Such approach has been intensively used by the “Disordered systems and polymers” department from
the GPM laboratory. With decades of experience in thermal analysis, the measurement of the volume
of cooperativity has been conducted in a multitude of systems, including amorphous (Rijal et al., 2015),
crystallized (Lixon et al., 2008), and plasticized polymers (Monnier et al., 2015), multilayer polymer
films (Arabeche et al., 2012), and chalcogenide glasses (Saiter et al., 2013). The cooperativity volume
has given information on the intermolecular interactions in these systems. Based on the strong
assumption that cooperativity volume and activation volume are correlated, several studies of the
department have investigated thermal and volumetric contributions of molecular mobility at
atmospheric pressure (Bouthegourd et al., 2013; Delpouve et al., 2014). The intra and intermolecular
interactions have been related to the thermal and volumetric contributions, respectively. This has
highlighted the impact of changing the chemical structure on the molecular mobility of polymer and
therefore, how the structure alters the glass transition and the isobaric fragility (Delpouve et al., 2011;
Fosse et al., 2022). It is important to note that the thermal and volumetric contributions of molecular
mobility are expressed from isochoric fragility and activation volume, respectively (Hong et al., 2009).
These contributions can only be determined experimentally by combining application of controlled

pressure with a structural relaxation technique.

High Pressure Broadband Dielectric Spectroscopy (HP-BDS) offers the possibility to follow the
relaxation time for frequency from 100 mHz up to 1 MHz and for pressures up to 600 MPa. In this
work, the molecular mobility has been investigated on two sets of amorphous thermoplastic polymers,
with the goals to confirm assumptions surrounding the relationship between activation volume and
cooperativity, and to determine the role of inter and intramolecular interactions on the glass transition
and the isobaric fragility. The first set is composed of the poly(lactide acid) PLA, the poly(ethylene
terephthalate glycol) PETg and the poly(vinyl acetate) PVAc. These polymers have different backbone
rigidity, related to intramolecular interactions. The second set is the PVAc/poly(ethylene-co-vinyl
acetate) EVA series. This series has different ratio of lateral group of vinyl acetate (VAc). Thus, the
backbone chain remains unchanged, whereas the intermolecular interactions vary with the ratio of
VAc. The comparison of thermal and volumetric contributions of molecular mobility in this two sets of
polymers reveal how the backbone rigidity and the length of the lateral group influence molecular

dynamics.

The manuscript is divided into four chapters. The first chapter is a review of the literature to provide a
basic understanding of glass transition and the molecular mobility of glass-forming liquids. Thus, the

relaxation time and thermodynamics properties above and below the glass transition temperature are
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described. Classical approaches of glass transition theories describing the viscous slowing down are
introduced. Moreover, the influence of volume changes on molecular dynamics is developed. The
historical experiments of molecular mobility measurement as a function of pressure are presented.
Different models allowing the description of relaxation times as a function of the temperature,

pressure and volume combination are discussed.

The second chapter describes the polymers selected for this study, including the main features and the
thermo-processing conditions. The techniques of calorimetry and dielectric relaxation are described.

Details on extraction of physical parameters used in this work are also provided.

The third chapter focuses on the study of the PETg, PLA and PVAc molecular mobility. Their differences
of backbone rigidity imply that their molecular mobility behave differently as a function of the
temperature and pressure. The use of HP-BDS gives access to activation volume at the glass transition.
In parallel, the cooperativity volume can be determined from the extended Donth’s approach and can
be compared to the activation volume. Moreover, the thermal and volumetric contributions of the
isobaric fragility are characterized for providing explanation about the chemical structure role on the

polymer molecular dynamics.

The fourth chapter deals with the role of VAc lateral group on molecular mobility in the PVAc/EVA
series. The intermolecular interactions are characterized using the dispersion of relaxation time and
dielectric strength. The intermolecular interactions are also followed in terms of cooperativity volume
in isobaric and isothermal conditions. The thermal and volumetric contributions of the molecular
mobility in the PVAc/EVA series are determined and discussed to understand how they justify the

steadiness of isobaric fragility regardless the ratio of VAc.

Finally, conclusions presenting the main results and perspectives of this work are provided at the end

of the manuscript.
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Chapter 1.  Theoretical framework

A glass is an amorphous solid material. This quite simple definition is not without meaning. Unlike
crystalline solids, which have a highly ordered molecular structure, glasses lack a long-range repeating
pattern in its atomic structure arrangement. That is why a glass is called an amorphous material; the
atoms or molecules maintain their disordered arrangement in a random manner, such as in the liquid
state. Glass is indeed solid material despite its microscopic structure being similar to that of a liquid.
The solid nature of glass is established by its high viscosity. Unlike liquids, glass flows too slowly to be
considered as such. The transition from liquid to glass begins with sufficiently rapid cooling above the
melting temperature to avoid crystallization and remain in a metastable phase. If this cooling is
prolonged, the macroscopic properties of this supercooled liquid with rubbery behavior will evolve to
become close to those of a solid. The transition from metastable supercooled liquid to glass is known
as the glass transition. Although our environment is filled with a multitude of objects in glassy state,
the physics behind the glass transition remains one of the century's most significant unresolved

mysteries.

I. The glass transition

The glass transition represents a change from solid behavior (glass) to rubbery behavior (or
supercooled liquid). Many of the physical properties of the material undergo significant changes in its
vicinity (specific volume, enthalpy, entropy, dynamic modulus of elasticity, permittivity, conductivity,
specific heat, optical refractive index, etc.).

In rheology, the difference between a solid or fluid material is made using the Deborah number Np
(Reiner, 1964). It is the ratio between the relaxation time 7 and the observation time ty: Np = 7/¢,. If
Nj < 1, the material is considered to be fluid. For window glass, it is estimated T = 1032 years (ten
thousand trillion times the age of the universe) at 20 °C. Such a glass can be considered as a solid at
20 °C, even on the scale of the whole of humanity. In contrast, for same temperature, water subjected
to extremely rapid stress can be perceived as a solid. In practice, this is nearly impossible, since 7 is in

the range of picoseconds at room temperature.
1) Kinetic point of view

+»* Viscous slowing down
In glass forming liquid exhibiting a certain level of molecular disorder, the mobility of the relaxing units
significantly decelerates as temperature decreases. Assuming no phase transition disrupts or alters this

disorder, the relaxation time 7 (or viscosity i) progressively lengthens from ten femtoseconds (n =



Chapter 1 - Theoretical framework

10~* Pa. s) to hundreds of seconds (n = 1012 Pa.s), spanning sixteen orders of magnitude (Zheng and
Mauro, 2017). It is conventional to associate the glass transition temperature of the glass formers
when a typical experimental duration (t = 100 s) is reached. At this moment, the supercooled liquid
undergoes vitrification during continued cooling. This variation is not proportional to the changes in
density induced by temperature. In liquid, at temperatures significantly higher than the glass

transition, the dependence of relaxation times follows the Arrhenius law:
] 1
T=Txexp|l—=| -

where 7., is a pre-exponential factor corresponding to the theoretical relaxation time at infinite
temperature, E, is the activation energy associated with the relaxation process, and kp is the
Boltzmann constant. According to the Arrhenius law, the activation energy is constant with
temperature. Nevertheless, glass forming liquids show a universally viscous slowing down and see their
E, increasing (Debenedetti and Stillinger, 2001). This increase is experimentally observed by a huge
increase of relaxation times directly linked with a super-Arrhenius behavior (Hecksher et al., 2008),
and it can be described by the Vogel-Fulcher-Tammann-Hesse law (VFTH) (Vogel, 1921; Fulcher, 1925;

Tammann and Hesse, 1926):

DT,
T(T) = T, €Xp [T _; ] . 1-2
0

In this expression, D is the steepness parameter, and T, the Vogel temperature associated with an
infinitely slow relaxation (also noted Ty).

*»  Fragility

Angell has proposed a useful classification of liquids along a "strong" to "fragile" scale (Angell, 1985).
Strong glass forming liquids (with a low isobaric fragility index, mp close to 16), have almost an
Arrhenius behavior, i.e., the activation energy allowing relaxation is practically constant whatever the
temperature. At the opposite for fragile liquids such as polymers (50 < mp < 200 (Kunal et al., 2008)),
this activation energy increases with cooling. Figure 1-1 shows the Angell’s plot for various liquid
viscosities at atmospheric pressure. The logarithm of viscosity is plotted as a function of T, /T . Isobaric
fragility is determined by the steepness of relaxation time (or viscosity) at T, /T = 1. Therefore, the

isobaric fragility can be calculated by:

dLo T
mp = | 410810 _ 13

«(#) ),

T=Ty
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The isobaric fragility is the sensitivity of the relaxation time to a temperature variation at the glass
transition temperature T, for a constant pressure. The higher the isobaric fragility, the greater the

increase in activation energy from liquid up to the glass.

Log (viscosity in poise)
Log (viscosity in Paes)

J7

Figure 1-1. Angell’s plot of liquid viscosities reveals strong-fragile behaviors. Strong liquids demonstrate near

linearity, Arrhenius-like behavior. Fragile liquids display super-Arrhenius behavior, with an activation energy

rising as temperature decreases. Adapted from (Angell, 1995).

@

« Crossover temperature

For fragile liquid, such as polymer or molecular glass forming liquid, during the change of trajectory of
relaxation times from Arrhenius to super-Arrhenius behaviors, a decoupling of relaxation occurs. The
a-relaxation, the main relaxation associated with large amplitude intermolecular movements, deviates
from the -relaxation, secondary relaxation associated with rapid, localized reorientation movements.
The decoupling starts when temperature reaches the crossover temperature T* during cooling as
shown in Figure 1-2. Other secondary relaxations can occur during cooling before T*. The secondaries
relaxations follow the Arrhenius law with decrease of temperature, thus keep constant activation
energy. In the meantime, the a-relaxation slowing down, and see relaxation times drastically increase
near Ty. It is conventional to associate the glass transition temperature of the glass formers with a a-
relaxation time of the order of 100 s (Delbreilh et al., 2009). Then in the glassy domain, the relaxation

times diverges at the Vogel temperature T, .



Chapter 1 - Theoretical framework

11T, T, AT, T

Figure 1-2. Schematic illustration of the temperature dependence of relaxation processes in a forming liquid.
The a-relaxation is represented by the black curve, secondary relaxations by green lines. Crossover
temperature T*, glass transition temperature T, (at T(t = 100 s)) and Vogel temperature T, are indicated

by vertical dashed lines.

2) Dynamic point of view

¢ Relaxation function

The experimental measurement of viscous slowing down is usually obtained by soliciting dynamically
glass forming liquid. It is exposed to an external perturbation and relaxes over time. The perturbations
should be small enough to fulfill the fluctuation-dissipation theorem (FDT)?, which requires that the
magnitude of the perturbation does not exceed the amplitude of the spontaneous fluctuations of the
perturbed property. The relaxation function is a measure of its response to the external disturbance
as a function of time. Such perturbation can result from an applied electric field, stress or strain,
causing polarization, deformation or stress respectively. Relaxation functions can be expressed by the
stretched exponential, or Kohlrausch—Williams—Watts (KWW) function (Kohlrausch, 1863; Williams

and Watts, 1970):

@ The fluctuation-dissipation theorem (FDT) is a fundamental concept in statistical physics linking the behavior of
a system in thermodynamic equilibrium to its response to small perturbations. In other words, it establishes a
relationship between the random fluctuations of a system (such as fluctuations in temperature or density) and

its response to an external perturbation (such as the application of a force or a weak magnetic field).
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d(t) = exp [— (TK;W)ﬁKWW]_ 1-4

The relaxation function, or correlation function, ®(t) starts at 1 when t is too short to allows the
system to relax, it decreases more or less quickly when t = 1, and reaches 0 when the system has
entirely relaxed. Sxww is the stretching exponent and it can have values between 0 and 1. The
stretching of the relaxation function for glasses reflects a broadening of the peak associated with a-
relaxation visible on the response of a relaxation. The relaxation is no longer of the Debye type
(Bkww = 1, characteristic of a single relaxation time, all relaxing units have the same relaxation time)
but is characterized by a relaxation time distribution (0 < Bxww < 1). An example of relaxation

function is shown in Figure 1-3. It is the normalized polarization of deuterated glycerol after elastic

scattering.
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Figure 1-3. Intermediate scattering function of glycerol. Temperatures decrease from 413 K down to 270 K
from left to right. The function, represented by solid lines, uses a stretching exponent of 0.7, where the dotted

line uses Bxyww = 0.82. Taken from (Wuttke et al., 1996).

+»+ Relaxation processes

The glass transition is a time-dependent phenomenon, as is the relaxation function. To consider if a
system has a liquid or a glass behavior depends of its observation time. This time dependence meets
the concept of Deborah number mentioned earlier. Various experimental techniques rather use the
frequency domain to measure the time dependence of a-relaxation. A simple Fourier transform usually
links frequency domain and time domain measurements. Such frequency domain measurement can
be achieved by dielectric or mechanical spectroscopies. Figure 1-4 presents schema of two dielectric
spectra, illustrating the most common characteristics at different temperatures over a wide range of

frequencies (such frequency range is not reachable with only one experimental technique). a-

10
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relaxation is present at lower frequency than the S-relaxation since its relaxation process is slower. In
addition, the frequency shift for a-peak between two temperatures is greater than for the f-peak,
accordingly to Figure 1-2. At higher frequency, a rapid motion corresponds to the fast secondary -
relaxation. The molecule oscillates within the boundaries of its neighboring molecules. In the terahertz
frequency range, an additional molecular phenomenon known as the boson peak is observed. Its origin
seems to be the result of an excess in the density of vibrational states® (Buchenau et al., 1992). The
impact of these other relaxation processes over the glass transition is unclear and controversial. Some
glass forming present a so-called Johari-Goldstein S-relaxation (JGB) that should be regarded as a
precursor for the dynamic glass transition (Johari and Goldstein, 1970). In some glass forming liquids,
an excess wing is visible as an excess contribution to the high-frequency flank of the a-peak. Strong
evidence suggested that the excess wing is the high-frequency side of a -peak hidden under the a-
peak, whose latter has a higher amplitude (Schneider et al., 2000), however it is still subject under

discussion (Guiselin et al., 2022).

2
= a-relaxation
1 -
= T1 leow-.
0 - relaxation B boson
Sw ] relaxation peak
(@)]
S -1 7
-2 -
-3 1 1 L 1 I | 1 1 1 I 1 L] T L I 1 T L 1 I
10° 10 10° 10° 10"
f [Hz]

Figure 1-4. Schematic view of dynamics taking place in glass forming liquids. The imaginary part of permittivity

is shown as a function of frequency for two temperatures (T; < T,). Taken from (Kremer and Schénhals, 2003).

b In amorphous materials, the density of low-frequency vibrational states shows an anomaly: an excess of states
compared with the Debye model, hence the appearance of the so-called boson peak. The exact origin of the
boson peak is still a matter of debate, but it is generally attributed to structural disorders and local vibrational

modes in amorphous materials (Malinovsky and Sokolov, 1986).

11
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+ Time Temperature Superposition

The a-relaxation peak can be therefore translated in frequency range with temperature. This
phenomenon leads to the principle of time temperature superposition (TTS). It stipulates that isotherm
segments of relaxation spectrum can be shifted from reference temperature T* in frequency with a
shift factor ar(T). Figure 1-5 shows the TTS of storage modulus of an amorphous copolymer. The shift
factor ar(T) can be determined by the Williams-Landel-Ferry empiric law (WLF) (Williams et al., 1955)

as:

Logio(ar(T)) = Logy, <TT((7T))> _ Cilng T—_TT)*_ 15

C; and C, are constants linked to the reference temperature T*. The principle of TTS is useful for
extrapolating relaxation spectra when the physical properties measured are obtained in a short
frequency range, like dynamic mechanical analysis (DMA) techniques. As an example, the measure of
the a-relaxation for six temperatures over a range of four decades allows to get the master curves over
a range of 17 decades (see Figure 1-5). By this way the properties at very low frequency are reachable
without waiting, in this case, the true measurement of the point at 10'*> Hz would have taken at least

32 million of years instead of the dozen hours that were really carried out.
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Figure 1-5. The storage modulus of ABS as a function of frequency from 353 K up to 443 K (left panel). TTS

master curve of ABS storage modulus by taking 353 K as reference temperature (right panel).

A good TTS is only possible if no other process interferes with the a-relaxation signal, or if the

stretching parameters remain constant as a function of temperature.

12
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3) Thermodynamic point of view

+* Not a first-order phase transition

The mysterious nature of the glass transition resides in its thermodynamic definition. More precisely,
in what it is not. It is not a first order phase transition (FOPT). Usually, when a liquid is cooled, a crystal
is formed by a FOPT, which induces a sudden change towards much lower values of the first derivatives
of Gibbs free energy G, i.e., specific volume V, enthalpy H and entropy S (Dyre, 2006). They are

obtained from:

V= (a_G) , 1-6a
oP);
3G
—¢-1(& 1-6b
H=6-7(55),
S =— (a—G> . 1-6¢
T/

The formation of glass from liquid phase as function of temperature is shown in Figure 1-6a. Unlike
the FOPT of liquid-crystal, the change in entropy, enthalpy and specific volume of the glass transition
does not undergo a discontinuous jump during cooling and occurs over a wide temperature range

(Debenedetti et al., 2001).
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Figure 1-6. Schemas of temperature dependence of the first derivatives of Gibbs free energy (specific volume
V, enthalpy H or entropy S) a) during glass transition and FOPT of liquid-crystal type and b) for different cooling

rates noted q~. The Kauzmann temperature Ty, the glass transition temperature T, and melting the

temperature T, are indicated by vertical dashed lines.
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+* Cooling rate

The fact that cooling rate is fast enough to avoid crystallization is essential to create glass. Moreover,
the cooling rate has an influence on the glass transition temperature. The slower the cooling rate, the
lower the glass transition temperature as shown in Figure 1-6b. Vitrification occurs at Ty, when the
relaxation time becomes too large for molecular rearrangements to occur on the time scale allowed
by the experiment, the latter being defined by the cooling rate applied (Cangialosi, 2014). Thus, speed
of a-relaxations becomes too slow for the system to remain on the liquid equilibrium. Varying the
cooling rate allows to dynamically change T, and it can be modeled by an adapted VFTH law (Dhotel

et al., 2015):

1 B

- 1-7
In(10) T, — Ty’

log(g™) =A

where g~ is the cooling rate (expressed in K.s?), A is a constant and B is a fitting parameter (= DT, of
Equation 1-2). According to this equation, an infinitely slow cooling down should generate a glass with
a Ty very close to Tj. Furthermore, T, changes by few degree when the cooling rate changes by an
order of magnitude (Ediger et al., 1996). Nonetheless, the steepness of the first derivatives of Gibbs

free energy in glass is not impacted by the cooling rate.

+*» Almost a second-order phase transition

The glass transition looks like a second order phase transition (SOPT) in the Ehrenfest sense, displaying
discontinuous changes in its thermodynamic properties (Goldenfeld, 1999). It maintains continuity in
volume and entropy, while having abrupt alterations in their derivatives (the second derivatives of ).
Figure 1-7 illustrates the jump of isobaric thermal expansion «, isobaric specific heat Cp or isothermal
compressibility k in the case of glass transition or FOPT of liquid-crystal. The second derivatives of

Gibbs free energy result from:

19V 1(0%
a=_(_) == , 1-8a
v\ar/, ~ v\apar
c _<6H) _ 7 926 1.8b
P=\ar/)p ~ arz )’
P
1,0V 1(0%G
=L@ 2 1(29) v
v\er/r — v\ap?)_

Isothermal compressibility Kk corresponds to the inverse of the compression modulus K. Nevertheless,

glass transition is neither an Ehrenfest SOPT since it does not fulfil the relation:

14
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R=——lr 1-9
TyVy (Aa)? ’

where R is the Prigogine—Defay ratio (Prigogine and Defay, 1986), V, is the specific volume at Ty, and
Ax is the value of the jump of the property x. R > 1 for the glass transition (Schmelzer et al. 2011). It

reflects that a single order parameter description of the liquid-glass transition is not sufficient

according to Goldstein (Goldstein, 1975).

a,Cp, K

Liquid

Crystal J
T,

g Tm T

Figure 1-7. Temperature dependence of the second derivatives of the Gibbs free energy (isobaric thermal
expansion «, isobaric specific heat Cp or isothermal compressibility k) during glass transition and FOPT of
liquid-crystal type. The glass transition temperature T, and the melting temperature T,,, are indicated by

vertical dashed lines.

+*» Kauzmann paradox

Analyzing thermodynamic data across various glass formers, including polymers, Kauzmann has
extrapolated a critical point where the first-order thermodynamic properties of the glass matched
those of the crystal. This is due to the higher specific heat of supercooled liquids compared to their
corresponding crystals (Kauzmann, 1948). Just below the melting point, supercooled liquids exhibit
significantly higher entropy than crystals. However, as temperature decreases, the liquid entropy
declines more rapidly than that of the crystal (see Figure 1-6a). Below a specific temperature, the
Kauzmann temperature Tx¢, the liquid entropy becomes lower than that of the crystal, which presents
a paradox regarding the disorder of liquids having lower entropy than crystals at the same

temperature. The glass transition allows to avoid this issue, leading to the fact that Ty is always

¢ Kauzmann temperature Ty is impossible to measure due to the divergence of the relaxation time. A hypothetical

phase transition at Ty the basis of some glass transition theories, but has never been observed experimentally.
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identified only through extrapolation. Similarities between T, and Ty have been reported (Richert and
Angell, 1998), however, a direct correlation between both has not been universally proven by

experimentation (Tanaka, 2003).

++ Configurational entropy

The specific heat is typically considered to be the sum of two components: a vibrational aspect that
persists in the glass, and a configurational aspect, which becomes null in the glassy state (Goldstein,
1972). Thus, the entropy of liquid comprises these two components. Assuming the vibrational entropy
of the liquid closely equal to that of crystal, the configurational entropy S;. can be defined as the
entropy excess between the liquid and the crystal: S¢ = Siiquia — Scrystal- COnsequently, S. becomes
null at Tk, which suggests a significant event at this point. On the one hand, this could be interpreted
as the occurrence of a phase transition towards a state with zero configurational entropy, which is
known as an "ideal glass" (Gibbs and DiMarzio, 1958; Goldstein, 1969). On the other hand, it could
imply that the extrapolation is invalid (Stillinger et al., 2001). However, following the metastable
supercooled liquid below Tx would lead to a negative S. and to a violation of the third thermodynamic
law (Callen and Callen, 1985). Thus, glasses tend to minimize their configuration entropy over time to
reach equilibrium. The evolution of non-equilibrium glasses as a function of time is considered to be

the physical aging.
4) Physical aging

During physical aging, the non-equilibrium glass exhibits thermodynamic properties that evolve over
time. These properties are in excess and require reduction in order to approach a metastable
equilibrium state (Hodge, 1995), which corresponds to the extrapolation of the thermodynamic
properties of the supercooled liquid. Physical aging below glass transition can be observed with
calorimetry measurement, mainly by differential scanning calorimetry (DSC) analysis. For instance,
Figure 1-8a illustrates the enthalpy of the glass decreasing along an isotherm (below T for a given

cooling rate) over time.

Physical aging has been extensively observed since the Tool’s experiments on silicate glasses (Tool and
Eichlin, 1925), on various glass forming liquids. Ranging from molecular glasses (Sepulveda et al., 2011,
Zhang and Fakhraai, 2017) to metallic glasses (Ketov et al., 2015; Ketkaew et al., 2020), including
polymers (Cangialosi, 2024; Mejres et al., 2024), chalcogenide glasses (Evenson et al., 2015; Morvan et
al.,, 2022, 2021), oxide glasses (Mauro et al., 2016; Micoulaut, 2016), amorphous pharmaceuticals
(Vyazovkin and Dranca, 2007; Schammé et al., 2016), and colloidal systems (Peng and McKenna, 2016;
Bonacci et al., 2020).
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Figure 1-8. a) Schematic diagram of the evolution of the enthalpy of a glass during aging at an aging
temperature T, for a time t,. The amount of enthalpy recovery is illustrated by the purple double arrow. T,
aging temperature, T, glass transition temperature and Ty melting temperatures are indicated by vertical
dashed lines. b) Heat flow jump associated with the calorimetric glass transition. The endothermic peak
associated with structural relaxation of the aged signal (represented in green) is represented by the blue

hatched area. The rejuvenated curve is represented in orange.

@

< Enthalpy recovery

The recovery to the supercool liquid of an aged glass is delayed during heating because of the lower
energy state reached by itself. This phenomenon manifests by an enthalpy recovery illustrated in
Figure 1-8a. It leads to an endothermic overshoot on the heat flow signature of the aged material
compared to the rejuvenated one, i.e., from glass in the initial configuration (with same cooling rate
and which has not undergone physic aging). Figure 1-8b shows such overshoot, the longer the aging
time t,, the higher the excess of energy released upon aging. The enthalpy recovery can be estimated
from the area between the temperature scan of an aged sample at an aging temperature T, and an

aging time t,, and rejuvenated sample on the heat flow response with:
T
AH(T,, t,) = f [CA(T) — Cp(T)] dT, 1-10
T
where C§(T) and Cp(T) are the heat capacity of the aged and the rejuvenated system respectively,
T; and T, are arbitrary temperatures below and above T;. Based on the assumption that at infinite

time the supercooled liquid equilibrium is reached, the expected enthalpy recovery AH,, at a given

aging and glass transition temperatures is deduced form the relation:
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AHo = ACp (T, — T,), 1-11

with ACp the heat capacity jump of the material. Furthermore, the physical aging can be studied
through the evolution of the fictive temperature T;. It is defined by the theorical glass transition
temperature of a glass when it reach thermodynamic equilibrium (supercooled liquid) by heating it as
shown in Figure 1-8a (Tool and Eicitlin, 1931). Indubitably, fictive temperature varies over the time
during aging at T, (Hutchinson, 1995). T; evolves until the enthalpy and specific volume reach the

equilibrium state, at this specific moment, T = T,.

+» Aging scenarios

However, the process by which a glass attains its equilibrium state over extended periods of physical
aging remains controversial. Some observations suggest that due to significant steric constraints,
polymeric glasses may never reach thermodynamic equilibrium (Gomez Ribelles et al., 1995). Another
hypothesis posits that during the glass transition, only a fraction of the glass-forming liquid undergoes
vitrification (Hutchinson et al., 2000). Consequently, the theoretical thermodynamic equilibrium may
remain elusive due to the coexistence of two distinct relaxation processes: one slow process for the
vitrified polymer fraction and another fast process for the non-vitrified fraction. Recent research
further reveals rapid equilibration mechanisms within the amorphous phase of polymers, which is
associated with a phenomenon of slow liquid dynamics termed the Slow Arrhenius Process (SAP) (Song
etal., 2022). slow liquid dynamics. Other investigations propose that while thermodynamic equilibrium
may indeed be achievable, it may manifest through the emergence of various intermediate states. The
number of these states is influenced by the temperature gap between the glass transition temperature
T, and the aging temperature T, (Cangialosi et al., 2013). Building upon this notion, it is later proposed
that thermodynamic equilibrium is not only attainable, but the transition to a crystalline state may also

occur over time, i.e., below the extrapolated supercooled liquid (Androsch et al., 2018).

Il. Theorical approaches of the glass transition

Since the glass transition has been studied, numerous theorical approaches tried to interpret the
experiments which have demonstrated an increase in viscosity and relaxation time. Existing theories
describing the viscous slowdown near the glass transition temperature lack consensus, and do not fully
explain experimental observations. Despite increasing scientific activity in experimental, theoretical,
and numerical approaches to disordered systems, no theory has emerged to comprehensively describe

all their properties. The understanding of the glassy state remains a major challenge.
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1) Dynamic theories

@

% Free volume model

The earliest approach is probably the free volume theory. The concept was proposed by Eyring and co-
workers (Roseveare et al., 1941) and developed by Doolittle (Doolittle, 1951), Cohen and Turnbull
(Turnbull and Cohen, 1961). According to the free volume concept, a relaxing unit can kinetically
rearrange itself if there is sufficient empty space in its vicinity, i.e., a free volume V;. The free volume
is defined as the difference between the specific volume V' and the true volume occupied by atoms or
molecules V,, which includes the intrinsic volume of molecules and also the volume associated with
their vibrational movements. Therefore, Vi = V — V. Structural units are blocked by a cage formed
from their neighbors until they space out by diffusion of free volume due to density fluctuation. The
relaxing units can then rearrange when the volume surrounding is superior to a critical volume V* as
shown in Figure 1-9. The relaxation phenomenon is therefore driven by a liquid self-diffusion

coefficient D:

*

D =Dy exp [— VV
f

], 1-12

with D, = ga*u, where g is a geometric factor (usually equal to 1/6), a* is a molecular diameter and
u is the gas kinetic velocity. The parameter y is an overlap factor between 0.5 and 1. When the
probability of having a free space of volume V* becomes too small, the liquid turns into a glass.

According to Cohen and Turnbull, the temperature dependence of the free volume at constant

pressure is given by the following equation (Cohen and Turnbull, 1959):

Vi = AaV, (T — Ty), 1-13

where Aa is the coefficient of the thermal expansion, 1}, is the mean molecular volume, and T is the
critical temperature below which the free volume no longer exists. It is worth noting that the
combination of Equations 1-12 and 1-13 with the relation 7 « 1/D leads to the VFTH law of Equation

1-2 for constant pressure.

The free volume theory has a good description of relaxation time (and viscosity) near and above Tj.
However, it postulates that liquid turns into a glass from a fix volume depending of VV*, while
experiment under pressure has shown that the glass transition can occur at different specific volumes
(Goldstein, 1973). Although the theory of free volume has some inconsistencies, it is the basis of many
approaches, both past (Williams et al., 1955; Fredrickson and Andersen, 1985; Kivelson et al., 1995)
and present (White and Lipson, 2017).
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Soggs "

Figure 1-9. Schematic representation of the diffusion of a structural unit during relaxation (left schema). In

this configuration, the red structural unit has enough space due to the surrounding volume superior to V*.
The mechanism of free volume diffusion once the structural unit has relaxed is shown by the displacement of
the green space (right schema). Example of entities of free volume v¢ and occupied volume v, are indicated

in blue and orange respectively, with V; = Y} v¢ and Vy = ), v,.

+* Mode Coupling Theory (MCT)

Other approaches use the dynamic features for explaining the viscous slowing down, one of the most
common used is a theory for the evolution of glassy dynamics in liquids: the mode-coupling theory
(MCT) (Gotze, 2008). MCT is a mean-field theory firstly proposed by Leutheusser (Leutheusser, 1984),
which has been subsequently developed by Bengtzelius, Gotze, Sjolander and coworkers (Bengtzelius
et al., 1984; Gotze and Sjogren, 1996, 1995, 1992). According to the MCT, when a critical temperature
T¢ (similar to the crossover temperature T*) is reached, local cages around structural units begin to
open up. Beyond this critical temperature, structural units move relatively freely, while below it, the
thermal activation of the relaxation process increases. Originally, T* indicates the transition from
Arrhenius to super-Arrhenius behavior. Contrary to this conventional understanding, within MCT
framework, activation energies are effectively absent above T. Instead, the process to slowing down
involves a gradual reduction in unstable relaxing modes. The resulting relaxation time can be
understood as arising from an effective energy barrier, which exhibits only a slight increase as
temperature decreases (Biroli and Bouchaud, 2012). MCT thus describes two relaxations: a fast
relaxation (fast dynamics), which has been identified as corresponding to the first stage of relaxation.
This is attributed to movements within the cage, i.e., B-relaxation, while a-relaxation would be linked
to the reorganization of cages to allow movement. These two relaxations are separated by the cage
effect. Figure 1-10 presents simulation results of particle motions by plotting the mean-squared
displacements over time. A plateau is visible at low temperature due to the cage effect, which

separates the fast relaxation (at short time) from the a-relaxation (at longer time).

MCT describes the divergence of relaxation times at T, i.e., when the a and [-relaxations decoupled,

with (Kob and Andersen, 1994):
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1 Y
s ( ) , 1-14
T—T,

where 7, is the relaxation time at infinite temperature y is a steepness factor. The simplified from of
the theory cannot be applied near the experimental glass transition temperature T, because it

forecasts a divergence of relaxation times at a significantly higher temperature.
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Figure 1-10. Mean-squared displacements of Leonard-Jones (LJ) mixtures® obtained by molecular dynamics
simulations. At shorter times, the B-relaxation is slightly slowed with temperature decrease, while the a-
relaxation is drastically slowed down. A plateau between both relaxations occurs at lower temperatures due

to the cage effect. Taken from (Kob and Andersen, 1995).

2) The entropic model and cooperativity concept

¢ Adam and Gibbs model
The entropic model of Adam and Gibbs (AG) has been proposed in order to explain the viscous slowing
down (Adam and Gibbs, 1965). This theory introduces the concept of cooperative rearranging region

(CRR) by the idea that the lower the temperature, the greater the number of structural units N, that

4 Lennard-Jones mixtures refer to binary or ternary mixtures of particles interacting via Lennard-Jones potentials.
The Lennard-Jones potential is a mathematical model commonly used to describe the intermolecular interactions
between particles in a system, particularly in molecular dynamics simulations. It consists of two terms: a repulsive
term that accounts for short-range repulsion between particles, and an attractive term that represents long-
range van der Waals forces. Lennard-Jones mixtures are often studied to understand the behavior of complex

system such as supercooled liquids, glasses, and colloidal systems.
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must move cooperatively for allowing the system to relax, as illustrated in Figure 1-11. Above the
crossover temperature T, the structural units are freed from any cooperative movements. Cooling
below T* changes the relaxing nature of glass forming liquid and their behaviors start to be super
Arrhenius. It highlights the beginning of cooperative process. The number of structural units increase
in CRR as temperature decreases. The CRR is defined as an independent sub-system that can rearrange
if a sufficient fluctuation in energy is reached. This is determined by the potential energy hindering the
cooperative rearrangement per structural unit Au. Near the glass transition, the CRR size, hence N,
suddenly increases drastically, slowing relaxation and energy fluctuation down to the temperature T,

where N, should be equal to the number of structural units of the entire glass.

A

T, >T";N, =1 T">T,>T, Ty >T3>Ty To > Ty ; Ny »

Figure 1-11. Schematic representation of structural units required to cooperatively relax (in orange) in order to

allow the rearrangement of the red structural unit. Above T*, any supplementary structural unit need to move
(N, = 1). However, from T, down to T,, the number of structural units that move cooperatively increases until

the CRR size being limited by the entire sample (N, — o).

Adam and Gibbs explained this theorical phenomenon by a statistic entropic model (Adam and Gibbs,
1965). The defined two sub-systems, those that reside in states which allow a cooperative
rearrangement (n sub-systems) and those that do not (N — n sub-systems). They stipulate that the
fraction of states allowing rearrangements n/N is proportional to the cooperative transition

probability W (T) equal to:

A
W(T) = Aexp [—Na %] , 1-15
B

where A is a temperature independent constant and kg is the Boltzmann constant. Ay is assumed to
be neither dependent of temperature nor N,,. This probability is associated with the sub-system of N,
relaxing units, independently of the other sub-systems. It is worth mentioning that a structural unit
may belong to a CRR at one moment, then the next moment relaxes with another one. The average

transition probability W (T), is thereby the sum of all possibilities, including the smallest ones. A critical
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limit N is defined as the smallest number of structural units of a sub-system that allows nonnull values

of W(T). W(T) is then expressed as:

[oe]

W(T) = z * Aexp [—Na

Nq=Ng4

Au

] A [N*A“] 1-16
kpT) = AP TNy ]

where A is a new temperature independent constant. The average transition probability W (T)
expresses the faculty of CRRs (with an average N, close to N,) to quickly get enough potential energy

to overcome the energy barrier Au. Thus, W is inversely proportional to the relaxation time .

On the other hand, the AG model postulates that the size of a CRR is related to the configurational

entropy S at macroscopic scale as:

NASE
N, = . 1-17
a SC

In this expression, Ny is the Avogadro's number and s is the critical configurational entropy. The latter
is defined by s; = kg ln(WcN‘;/NA) where WCN;‘/NA is a critical average number of configurations
available to the subsystem that can perform a rearrangement into another configuration. Equations
1-16 and 1-17 can be combined for obtaining:

ScAu
kgTS.

C
T = T €XP [ ] = T €XP [ﬁ]’ 1-18
c

where C is a constant. The AG theory allows to express the relaxation time as a function of
configurational entropy, and to link the kinetic and thermodynamic features of viscous slowing down.
Moreover, the conceptualization of the number of structural units inl a CRR N, can serve as a potential
tool to compare glass forming liquid with each other. The determination of N, is not an easy task since
the configurational entropy cannot be measured experimentally. However, S (T) can be evaluated
from calorimetry measurements from the entropy variation between any temperatures T; and T,:

T; T;

Sc(Ty) — Sc(T) =JT (%) deJT (%) dar, 1-19

by assuming value of the jump between liquid and glass of the specific heat ACp is approximately equal
to K/T, where K is a material property that is independent of temperature. Positing T = T; and Ty =

T, in order to have S (Tx) = 0, the configurational entropy can therefore be deduced form:

1 1
Se(T) =K(——-=). 1-20
(M (TK T)
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These assumptions lead to an equivalence between VFTH law (Equation 1-2) and the AG model, and
indubitably between T, and Tx. The AG model expresses well that the CRR increases with decreasing
temperature, causing both a decrease in configurational entropy and an increase in relaxation times.
Up to the Kauzmann temperature, where (i) the CRR size is equivalent to the sample dimensions, (ii)
S¢ vanishes since the entropy of liquid should have reached that of the crystal and (iii) the relaxation
time becomes infinitely high, freezing all mobility in glasses. According to the AG theory, the large

amplitude motions of a-relaxation are associated with cooperative motion of relaxing units.

3) Energy landscape

Another approach proposed by Angell is to understand why a liquid that has failed to crystallize

suddenly becomes super viscous at the glass transition temperature.

A picture of energy landscape

In such a state, it has been postulated that a glass is, in fact, a liquid that has explored its energy
landscape until it is kinetically confined to a minimum: a basin. The trapping must occur during cooling,
when the relaxation time becomes shorter, allowing the glass to change configuration. This energy
landscape, or potential energy hypersurface, can be expressed by theorical potential energy function
of N particles such as ¢ (7, ..., 1y), where 1; corresponds to the spatial location of each particle. The
energy landscape is therefore convenient to consider the simultaneous interactions with numerous
neighbors, making it like a multidimensional surface with 3N + 1 dimensions.

Transition

Basin / states

| [

Potential energy

Ideal glass

Coordinates
Figure 1-12. Energy landscape of glass forming material. The potential energy is expressed as a function of the

possible configuration coordinates of the particles. Taken from (Debenedetti et al., 2001).

Figure 1-12 shows a schematic representation of possible basins as a function of particle coordinates.
These basins have a wide distribution of energy minima, corresponding to configurational microstates,

with a given number of potential energy minima: the inherent structures. At high temperature, the
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inherent structure energy is virtually temperature-independent, because the system has sufficient
kinetic energy to explore its entire energy landscape, the system is ergodic. However, as the reduced
temperature decreases, the system is unable to overcome the highest energy barrier anymore, and is
therefore forced to explore the much rarer deeper basins. The deeper minima usually being associated
with higher densities. When this occurs, the kinetics of structural relaxation undergo a shift from
exponential to stretched exponential, and the energy activation linked to structural relaxation follows
a super-Arrhenius trend, whereby it rises as the temperature decreases. Increasing depth basins is

accompanied by a reduction in the number of minima (Angell, 1991).

+»+ Strong and fragile energy landscape

Strong glass former has a rather constant activation energy. This steadiness suggests that the process
of main relaxation (such as breaking and reforming Si-O bonds for SiO, as an example) remains as a
function of temperature. For Angell, on the one hand, strong liquids have higher energy barriers to get
out from basin of a coordinate configuration than for fragile liquids, they have therefore smaller
number of minima. On the other hand, fragile glass former shows a different pattern. Its viscosity
doesn't follow Arrhenius behavior, with its activation energy increasing significantly. This indicates a
highly varied energy landscape for these systems. At high temperatures, fragile liquids can easily
rearrange a few molecules over low barriers, butat T = T, it requires the cooperative rearrangement
of many molecules over high barriers. This distinction between strong and fragile behaviors suggests
differences in their landscapes. In every fragile glass forming liquids, there should be few minimum
energy states that are still higher than the energy of crystal. These states determine the minimum
energy that can be achieved over time at a temperature below T;. The system tends to reach
equilibrium at the lowest minima when the temperature approaches the critical temperature Ty, the
configurational entropy S approaches zero. It has been suggested that such ideal glass could only be
obtained at 0 K (Angell and Rao, 1972). A few years ago, Ediger and coworkers have highlighted ultra-
stable glasses prepared by physical vapor deposition (Swallen et al., 2007). Such molecular glasses are
close to the limits of what is possible for amorphous packing arrangements, with high density and low
enthalpy. In addition, vapor-deposited glasses can exhibit greatly enhanced kinetic stability and are

described as stable glasses, i.e., close to ideal glass in terms of energy state (Ediger, 2017).

Strong landscapes may have a single large basin, while fragile ones have many separated large basins.
The rearrangements in fragile systems are complex and likely involve a series of steps rather than
simple transitions. At low temperatures, these rearrangements are rare and persist for an extended

period. The multitude of landscape traps and pathways result in a wide range of relaxation times, as
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seen in the stretched exponential function (see Equation 1-4). This implies that supercooled fragile

liquids are dynamically heterogeneous, with mostly non-diffusing molecules and a few mobile regions.
4) Dynamic heterogeneity

This approach states that in a supercooled liquid, some structural unit groups relax over long distances,
when others are completely frozen. These sub-ensembles are spatially correlated, leading to
correlated movements of these structural units. This heterogeneous dynamic is supported by both
experimental (Bohmer et al., 1996; Cicerone and Ediger, 1996) and computational evidences (Donati
et al., 1999; Berthier, 2011; Jung et al., 2024). The concept of dynamic heterogeneity can be illustrated
by the average relaxation function ®(t) of a supercooled liquid, which exhibits a non-exponential

relaxation (see Figure 1-3 and Equation 1-4).

«»+ Origin of non-exponential relaxation

The notion of dynamic heterogeneity follows from attempts to understand non-exponential relaxation
responses. At the molecular scale, this non-exponential nature has two potential explanations. On the
one hand, homogeneous dynamics can be suggested. It is proposed that supercooled liquids are
intrinsically homogeneous, with each molecule relaxing nearly identically but in a non-exponential
manner. In this case, both local and ensemble-averaged dynamics exhibit the same non-exponential
behavior. On the other hand, heterogeneous dynamics are posited to govern the relaxation function.
In this scenario, different regions of the glass-forming liquid exhibit very different relaxation dynamics.
One region may relax much faster than another due to varying local environments. While the
relaxation of each region may be locally exponential, the overall relaxation function becomes non-
exponential when averaged over these varying timescales. The two explanations, illustrated in Figure
1-13, offer distinct interpretations of non-exponential relaxation, with implications for understanding

the behavior of supercooled liquids.

The two potential interpretations can be articulated differently. The probable density function G (7) is

obtained by taking the inverse Laplace transform of the correlation function:

d(t) = J:OG(T) exp [— (%)] dr. 1-21

The heterogeneous interpretation suggests that G (t) reflects a spatial distribution of relaxation times,
while the homogeneous interpretation suggests that G(t) has no physical interpretation (Ediger,

2000).
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Figure 1-13. Schematic representation of homogenous and heterogeneous scenarios for explaining the non-

exponential nature of glass forming liquids. In homogeneous dynamics, all local contributions are identical to
the average. In heterogeneous dynamics, the same response is obtained by averaging the heterogeneous

relaxation times of individual structural units. Adapted from (Richert, 2002).

Experimental studies have shortened the debate by measuring how long a region remained slow or
fast, i.e., the heterogeneity lifetime, using techniques such as nuclear magnetic resonance (NMR)
(Schmidt-Rohr and Spiess, 1991) or fluorescence recovery after photobleaching experiments (Cicerone
and Ediger, 1993). The NMR and photobleaching experiments, also called dynamic hole-burning
experiments, consist in exciting a wide absorption line by a narrow excitation line. If a "hole" appears
in the absorption spectrum at the excitation frequency, it shows that the absorption line is not
homogeneously broadened, indicating heterogeneous distribution of sub-ensembles in the sample.
These experiments have shown that ergodic systems studied fulfill the conditions where time and
space averages are equivalent. The characteristic time for a slow sub-ensemble to remain slow has
been determined to be comparable to the average relaxation time of the slow sub-ensembles. These
experiments have thus established therefore that the dynamics are heterogeneous. Furthermore, they
have also measured the lifetime of heterogeneities for a system at a given temperature (Schmidt-Rohr

and Spiess, 1991).

R/

«» Spatiotemporal fluctuations

In the supercooled liquid, dynamics occur across different regions that vary in speed, both in terms of
space. Some areas have slow dynamics while others have fast dynamics. Due to the ergodic nature of
supercooled liquids, a slow area will eventually change to a fast state, and conversely. The
heterogeneity lifetime increases faster than the relaxation time of the system by approaching the glass
transition temperature. The range over which particle dynamics are correlated was found to be at most
about ten particle sizes, close to the glass transition temperature T;. Figure 1-14a shows a schematic

view of spatially heterogeneous dynamics near T,. This snapshot is therefore likely to appear very
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different in the next moment. Ediger provides a brief overview, with experiments indicating that the
characteristic size of these regions is approximately 3 nm at Ty, and that the dynamics differ by 1 to 5

orders of magnitude between the fastest and slowest regions near T, (Ediger, 2000).

The crucial advantage of modern molecular simulations is illustrated in Figure 1-14b, which shows a
spatial map of displacements of single particles during the simulation. Beyond the reach of most
experimental techniques, it reveals that dynamics can vary from one particle to another (Hurley and
Harrowell, 1995; Weeks et al., 2000). The presence of spatiotemporal fluctuations in supercooled
liquids reflects indubitably dynamic heterogeneity, as evidenced by NMR studies. Furthermore, the
existence of spatial correlations between these dynamic fluctuations has been demonstrated. These
sub-ensembles spatially correlated lead to correlated movements of structural units, and have been
used to follow the characteristic length scale of these sub-ensembles (or dynamic correlation length),
noted &.
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Figure 1-14. a) Schematic representation of a local picture of regions with spatially heterogenous dynamics
near T, . Regions of particles of the same color are correlated in motion, temperature and density. The regions
occupy an average volume (V) whose characteristic length scale is & (with (V') =~ &3). b) Spatial map of single-
particle displacements in a simulation of a binary mixture of Lennard-Jones particles in two dimensions. The
displacement of particles is represented by the trajectory of arrows, while the structural relaxation time is

represented by the length of the arrows. Taken from (Berthier, 2011).

¢ Correlated movements
Berthier and coworkers have employed a theoretical approach to estimate the number of dynamically

correlated molecules in liquids near the glass transition (Berthier et al., 2007a, 2007b). This approach

28



Chapter 1 - Theoretical framework

is based on the 4-point correlation function C,(t). Such correlation function is not experimentally
accessible for polymers and molecular glasses. This is why the size of dynamic heterogeneities in glassy
systems based on 4-point susceptibility y,(t), which is mathematically linked to C,(t) (Toninelli et al.,
2005), is determined in particular by simulations (Dasgupta et al., 1991; Berthier, 2004; El Masri et al.,
2010) or by experiments on colloidal systems (Cipelletti et al., 2002). An example of a Lennard-Jones

supercooled liquid is presented in Figure 1-15.
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Figure 1-15. a) Self-intermediate scattering function (associated with the relaxation function ®(t)) and b) the
associated 4-point dynamic susceptibility. These graphics are from Monte Carlo simulations of the Lennard-
Jones supercooled liquid for different temperatures (represented in red). The temperatures decrease as the
relaxation occurs at longer times. At each temperature, a maximum of y,(t) is reached near the relaxation

time 7,. Adapted from (Berthier, 2011).

A relationship between 4-point susceptibility and an accessible 3-point dynamic susceptibility has been
find by Berthier et al. (Berthier et al., 2005a). y,(t) is accessible by linking the fluctuation-dissipation
theorem to a 3-point susceptibility, which can be experimentally determined using temperature as
external perturbation (noted yr(t)). x4(t) allows the direct measurement of a correlation volume,

representing the number of structural units N, whose dynamics are correlated over a time scale

€ The 4-point correlation function C, uses two space coordinates multiplied by two-time coordinates. C, is an
estimate of spatiotemporal fluctuations in correlation functions. C, contains information on the spatial extension
of dynamic heterogeneities, unlike the 2-point correlation function (two-time coordinates). The 2-point
correlation function quantifies the change in molecule orientation between a time t0 and t0 + t. Two-point
relaxation functions do not reveal whether the correlation function is intrinsically stretched or not

(homogeneous or heterogeneous scenario mentioned in the section “Origin of non-exponential relaxation”).
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similar to the mean relaxation time of the system. This quantity corresponds to the maximum value of
the 4-point dynamic susceptibility over time, i.e., Nopyr = max()(4 (t)). The number of structural units
with correlated dynamics can therefore be followed as a function of temperature, as shown in Figure
1-15b. In this system, N, (= x4) is found to increase with temperature and seems to be related to

the relaxation time 7, as indicated by the blue dashed line.

Dielectric experiments have been used in order to extract the dielectric susceptibility as a function of
temperature to measure the increasing number of dynamically correlated structural units (Crauste-
Thibierge et al., 2010; Fragiadakis et al., 2011b; Bauer et al., 2013). Using the expression of 3-point
susceptibility y(t) directly, the number of molecules whose dynamics on the time scale of the a-
relaxation are correlated with a local enthalpy fluctuation N, can be expressed by (Dalle-Ferrier

et al., 2007a):

Ny kBTZ
Ncorr,T = M_O ACp

max(xr(t)), 1-22

which can be simplified as (Fragiadakis et al., 2011a):

N, kg ad(t)\
Negyr = M—OA—CPT2 max< 7| 1-23

where N, is Avogadro’s number, M, is the repeat unit molecular weight, kg is the Boltzmann constant,
ACp is the isobaric heat capacity jump at Ty, and ®(¢) is the correlation function of a-relaxation. Since
Equation 1-4 can described ®(t), the stretching parameter Sgy s and the relaxation time 7 allow to

estimate N,,,-- such as (Capaccioli et al., 2008):

N =N kp (,BKWW)Z (alnr)z 124
1T My ACp\ e olnT/’

where e is the Euler’'s number. It is worth noting that ACp, Bxww, and T are considered to be
temperature dependent. Dielectric measurements have allowed N, to be determined for numerous
glass former systems (Dalle-Ferrier et al., 2007a; Capaccioli et al., 2008). N, varies by about 4
decades as the relaxation times change by 6 decades, with the growth of N.,,,- becoming slower as T
approaches. This suggests that N, follows a logarithmic law rather than a power law as temperature
decreases according to the MCT (Gotze, 2008). Dynamics can therefore be expressed by a master curve

of two-regime evolution of N,,,.,- such as an empirical expression (Dalle-Ferrier et al., 2007a):
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NCOTT)Z (NCOTT'>‘P
— A [=corr _corr 1-25
T ( N, exp N, ,

where 4, Ny , Z, and ¥ are indicative constants, that serve to have a universal reference of the sample
being studied. Glass forming systems are more or less remoted from such master curve. Capaccioli et
al. (Capaccioli et al., 2008) proposed a formalism based on the AG theory to have lower dispersion
from the logarithm of the number of possible internal states of a CRR, noted g-rr = NiorrSc/k5.
However, this scaling assumes that there is a connection between the number of dynamically

correlated molecules and the configurational entropy of AG theory.

R/

«» Donth’s approach

Based on the thermal fluctuation approach, Donth develops another method permitting to estimate
the volume I/, or the number of structural units N, of a CRR (Donth, 1982). This approach results from
the concept of CRR introduced by the AG theory. CRRs are independent sub-ensembles with their own
thermodynamic fluctuations. The i™ sub-ensemble has these own relaxation times T;, temperatures
T;, and densities p; as already shown in Figure 1-14a. By considering a larger portion of the system
with multiple CRRs, the internal distributions provide a model with dynamic heterogeneities that
fluctuate in space and time. These dynamic heterogeneities lead to a dispersion of relaxation times.
Donth proposed a view of the relaxation time surrounded by its dispersion zone, as shown in Figure

1-16.
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Figure 1-16. Schematic Arrhenius plot of a-relaxation for a glass former. The thick line corresponds to the
mean relaxation times as a function of temperature, while the dashed lines are the limits of the a-dispersion

zone. The blue and orange Gaussian represent the time and temperature dispersions of the CRR, respectively.

31



Il - Theorical approaches of the glass transition

According to the principle of Time Temperature Superposition (TTS) for glass transition, the mean
temperature fluctuation of a CRR 6T can be expressed as (Donth, 2001):

dT 6T

= 1-26
dlnt 6lnt’

where § In 7 is the mean fluctuation of In T per CRR.

This equivalence allows to express the temperature fluctuation from the standard deviation of a
Gaussian fit for the isochronal Cp'(T) peak from heat capacity spectroscopy. Moreover, Donth used
FDT to connect the spectral density of fluctuations f(w) (where f(w)? = 6T?(w) for density of
temperature fluctuations, with w = 1/7 is the angular pulsation) with the imaginary part of dynamic
temperature modulus K7 (w) such as (Schréter, 2006):
6T?(w) _ ksl 7 (w). 1-27

W

According to the Wiener-Khinchin’s theorem’ and the Kramers-Kronig’s relationé at the pulsation w =

0, the Equation 1-27 can be rewritten as (Donth, 1999):
8T?(w) = kgT[Ky(o0) — K7(0)]. 1-28

The values o and 0 in the modulus function mean that quantities of the real part of dynamic
temperature modulus K are taken far above or below the a-relaxation. The dynamic temperature
modulus is the inverse of the corresponding complex compliance J*(w), where it can be linked to the
complex heat capacity by J*(w) = Cp(w)/T. It assumes that heat capacity at constant pressure or
volume are equivalent (O’Reilly, 1977). Using these relations, the mean squared temperature
fluctuation can be expressed by:

1 1

_ 1-29
CP,glass CP,liquid

)

8T? ~ kpTy

fThe Wiener-Khinchin’s theorem givers the equivalence §T? = ffow ST (w)%dw < oo,

€ The Kramers-Kronig’s relation links real G’ (w) and imaginary G’ (w) terms of the complex function G*(w) being

GH

w—

the Fourier transform of a causal response function. The relation stipulates G’ (w) = %fj; ::,) dw' + G' ().

Such relation can therefore be applied to dielectric susceptibility, dielectric permittivity, complex heat capacity,

dynamic elastic modulus, etc.
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where Cp is the isobaric heat capacity. The temperature fluctuation can then be linked to cooperativity
volume V,, or characteristic cooperative length &, through the specific heat capacity where cp, = Cppl,

where p is the density, leading to (Donth, 1982):
1 1

Cp,glass  Cp,liquid kT2 1-30
p(8T)? Ba:

The relationship between V, and &, as written in Equation 1-30 is a rough estimate. It is worth noting

Vo = (fa)3 =

that a CRR has not universality shape (neither cubic or spherical). According to the observation of
Ediger (Ediger, 2000), the Donth’s approach used on glass forming polymers finds &, = 3 nm (Saiter
et al.,, 2010; Rijal et al., 2015). Recently, &, has been measured on polymers from quasi-elastic neutron
scattering (QENS) and is consistent with that determined by the thermal fluctuation approach

proposed by Donth (Chua et al., 2023).

The number of structural units that rearranges cooperatively can be deduced from the cooperativity
volume with:

_ PVaNy

1-31
o MO )

where N, is the Avogadro’s number and M, is the molar mass of the structural units. Rijal et al. have
compared N, from the Donth’s approach to the number of structural units dynamically correlated with
N_orr for polymers (Rijal et al., 2015). In this study, two trends were highlighted: for low M, (<
100 g. mol™1) the values of N, and N, are similar and, for high M, (> 200 g. mol™1) the value of
N_orr/Ng is close to 10. Furthermore, it evidences that the correlated motions associated with N,

appear on a lower at a time scale than the cooperative motions associated with N,,.

The formalism of the Donth’s approach has been applied for various media, including molecular glasses
(Btazytko et al., 2024), polymers (Zimny et al., 2023), silicate glasses, metallic glasses, liquid crystals
(Hempel et al., 2000), chalcogenide glasses (Saiter et al., 2009), amorphous pharmaceuticals

(Vyazovkin and Dranca, 2007; Wojnarowska et al., 2018), and ionic liquids (Grzybowska et al., 2015).
5) Other theories

+»* The random first-order theory (RFOT)

Random First Order Theory (RFOT) is a theoretical approach that aims to describe the mean behavior
of complex physical systems by considering random fluctuations and using mean-field techniques to
simplify the analysis (Kirkpatrick and Thirumalai, 1987). From the foundation of AG theory and MCT,

the RFOT is essentially based on a mechanism where thermodynamics drives the dynamics. This model
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is characterized by the presence of a "mosaic" of exponentially numerous sub-ensembles of

metastable states at low temperature within the volume V of the system.

The RFOT theory postulates that the rapid increase in the a-relaxation time is primarily due to
activated rearrangements of glassy droplets, known as glassites. These small domains are gradually
formed in the liquid. Domains in which the molecules are arranged in the configuration of an ideal
glass or closely related configurations. Glassites are selected by the amorphous boundary conditions
imposed by interactions with molecules just outside them, it corresponds to a temperature dependent
interface energy Y'(T) (Biroli and Bouchaud, 2012). Thus, the supercooled liquid is a mosaic of small
frozen domains that can move relative to each other, but with strongly correlated molecules making
movement difficult. As the temperature decreases, the configurational entropy S decreases, which
means that the average size of each ideal glass domain increases. Glassites grow progressively in size
&*, also called point-to-set (Montanari and Semerjian, 2006). This growth is induced by the reduction
in configurational entropy. The presence of a glassy length scale £* is expected to manifest itself in the
nonlinear rheological properties of supercooled liquids, particularly becoming more pronounced at

lower temperatures. The relaxation time can be expressed by (Kirkpatrick et al., 1989):

1-32

AoE*Y ]

Ty = Too EXP [ kyT

where 7, is the pre-exponential factor, A, is the activation energy at a temperature above the
crossover temperature T predicted by the MCT, and Y is an exponential factor. Physically, this reflects
that configurational entropy acts as a limiting factor for the growth of glassites that resist shear. As
these regions evolve to facilitate flow, the energy barrier must increase with the glassite size, leading
to a correlation with the AG theory. To allow structural relaxation in this mosaic state, not only the
molecules but also the entire frozen domains must move. The activation energy barrier depends on

the average number of correlated molecules in the frozen domains, since the interfacial energy
depends on the glassite size and the configurational entropy with f*(d_g) =Y /TSq(T), where d is the
dimension of the glassites (basically d = 3) and 8 is another exponential factor (Bouchaud and Biroli,
2004). Equation 1-32 can be rewritten as:

¥
a-o

Ay /Y
_ Lo (_ T 1-33
Ta = Too OXP CkBT(TSC(T)) ’

where c is a numerical constant. In the case of Y = 8 = 3/2, d = 3. Considering that Ay =Y = kT

(Goldbart and Goldenfeld, 1989), Equation 1-33 gives the Equation 1-18 of the AG theory. The RFOT
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theory succeeds in predicting the viscosity divergence law as a function of temperature with the
expression of S-(T) (see Equation 1-20), thus satisfying the Kauzmann’s paradox. RFOT theory
incorporates such a thermodynamic critical point, but universal behavior indicates that supercooled
liquids fall out of equilibrium as they approach the presumed Tyx. However, two drawbacks are
observed in the description of dynamics within RFOT: the stretching of the correlation functions is not
explained, and it is indicated by the observation that the dynamic correlation length £ increases faster
than the point-to-set length £* with decreasing temperature (Charbonneau and Tarjus, 2013). Recent
successes and ongoing work of the RFOT are reviewed by Biroli and Bouchaud (Biroli and Bouchaud,

2023).

¢+ Frustration limited domains (FLD) theory
Kivelson and coworkers developed a theory based on the concept of frustration-limited domains (FLD)

(Kivelson et al., 1995). The FLD theory posits fundamental principles:

- Locally Preferred Structures (LPS): Liquids have a local atomic arrangement that differs from
the crystalline phase. This arrangement minimizes local free energy.

- Geometric frustration: Due to geometric constraints, the LPS cannot extend infinitely
throughout the liquid. This frustration results from the inability of the LPS to fully tile the

medium.

To summarize, the FLD are structure favored in terms of free energy, the LPS, which cannot extend
indefinitely due to their inefficient space filling. Frustration prevents the LPS from fully ordering,
halting a second-order phase transition at a critical point T (similar to the crossover temperature),
thus preventing the phase transition from occurring over large scales. Without frustration, the liquid
would freeze into the LPS at T.. Frustration leads to cooperative behavior on a mesoscopic scale
(Cavagna, 2009). This cooperative behavior results from the growth of the LPS induced by the proximity
to an avoided critical point. The FLD theory provides a coherent explanation for the cooperative
behavior observed in systems with geometric frustration. It clarifies why systems break into domains
and identifies the factors controlling domain growth. The slow relaxation of these frustrated domains
leads to slow relaxation in supercooled liquids. If the range of domain sizes is associated with a range
of relaxation times, this could provide insights into the experimentally observed spatially
heterogeneous dynamics. Considering the FLD theory, the relaxation time can be expressed by (Tarjus
et al., 2005):

E(T)], 1-34

Tqa = T EXP |:kB—T

35



Il - Theorical approaches of the glass transition

with

E forT > Tg,

E(T) = Te — T)‘P 1-35

Ew + BkgT, ( forT <Tg,

c
where E, is the activation energy in the Arrhenius domain, B is a constant and 1) is an exponential
factor constant usually taken to be = 8/3. Experimental evidence for FDL has been observed in
materials showing polyamorphism. It refers to the simultaneous existence of different non-crystalline
phases with the same chemical composition, phases that lack clear long-range order. The concept of
LPS plays a crucial role in explaining polyamorphism. As mentioned earlier, an LPS can be described as
a molecular arrangement that minimizes the local free energy within a specific region of the pressure-
temperature phase diagram. Examples of polyamorphic substances have been reported for water
(H20), silicon dioxide (SiO,), and germanium dioxide (GeQ,) (Tarjus et al., 2003). Under sufficiently high
pressure and low temperature conditions, these substances exhibit the coexistence of multiple
amorphous phases. The theory suggests that frustration limited domains may also be present in non-
polyamorphic systems, although they may not be detected by standard techniques due to factors such
as excessive polydispersivity or unusual symmetry properties. FLD theory provides a comprehensive
framework for understanding the effects of geometric frustration on the behavior of liquids, shedding
light on phenomena such as domain formation and polyamorphism. Relationships with other theories
of the glass transition are reported by Tarjus et al. (Tarjus et al., 2005).

@

«+ Facilitation and kinetically constrained models (KCM)

Finally, another approach is the dynamic facilitation (Fredrickson and Andersen, 1985). It is based on
the free volume theory. Dynamic facilitation stipulates that a relaxed structural unit promotes the
relaxation of one of its neighbors, such as a free volume, which can move but disappears at low
temperature due to geometric constraints. The theory suggests that mobility defects trigger a feedback
mechanism, that clusters mobile and static regions, thus explaining dynamical heterogeneities. At low
temperatures, mobility defects become sparse, suppressing the mobility feedback. Figure 1-17 shows
dynamic facilitation and heterogeneities during molecular dynamics at 7, /7 = 108. This approach

leads to the development of a class of statistical models called kinetically constrained models (KCM).
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Figure 1-17. Two-dimensional molecular dynamic simulations on 10* repulsive spheres. Frames are snapshot
logarithmically spaced between t = 2.10737,, (top left) and t = 0.67, (bottom right) from left to right and top
to bottom. Particle colors are ranging from blue, corresponding to immobile particles, to red, relaxed particles.

Taken from (Guiselin et al., 2022).

In KCM, relaxation is accurately described in terms of the movement of sparse defects. In the
noncooperative Fredrickson-Andersen’s model (Fredrickson and Andersen, 1985), these defects
diffuse, while in more complex models, such as the Kob-Andersen’s lattice gas (Kob and Andersen,
1993), they can undergo cooperative motions. In the East model (Berthier and Garrahan, 2005), local
dynamical rules are defined a manner that precludes the formation of specific arrangements of sites
from occurring according to local configurations, leading to complex relaxation dynamics. As the
temperature decreases, the density of defects decreases, and their dynamics slow down drastically,
leading to a slowing down of the overall relaxation in an activated or possibly super-Arrhenius manner.
Furthermore, space-time representations indicate the emergence of large immobility domains with
broadly distributed spatial and temporal extent as temperature decreases. To summarize, the system
undergoes three distinct phases. At elevated temperatures, the system is characterized by a high
density of defects and a fluid dynamic state. At intermediate temperatures, clusters of highly mobile
defects coexist with isolated immobile defects. At low temperatures, the defects are typically isolated,

and dynamics are constrained. Dynamic facilitation theory posits that dynamical heterogeneities are
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the main feature of glassy systems and can be understood at a purely dynamical level without relying
on thermodynamic or energy landscape descriptions. Therefore, the dynamic facilitation approach is
in strong disagreement with theoretical ideas such as mean field approaches (RFOT, MCT...), AG theory
or Kauzmann's transition T, (Cavagna, 2009). Garrahan et al. provided an overview of the predictions

of dynamic heterogeneity with KCMs (Garrahan et al., 2011).

The theoretical approaches presented earlier have been significantly improved by the advent of
numerical tools over the last few decades. However, due to the complexity of relaxation, most of
simulations based on these theories can only access short scales (in time, space, or by the number of
particles), while in the glassy domain, structural relaxation that occurs below the glass transition
temperature can take geological times over materials comprising billions of atoms. The theoretical
concepts and universal observations of glass show how T}, is impacted by numerous structural factors
that affect the capacity of dynamics to evolve with temperature. However, the dynamics are not only
thermally activated, the impact of structural factors is, for the most part, a means of increasing or
decreasing the free volume that facilitates the movement of macromolecules. Therefore, pressure is

also a crucial factor in characterizing and understanding relaxation dynamics.

lll. Pressure influence on the glass transition

Studies on the effect of pressure on viscosity began about a century ago (Bridgman, 1925). Since then,
numerous techniques have combined pressure vessels with physical measurement techniques to

improve understanding of glass-forming liquids.

1) Experimental observations

R/

+» Thermodynamic observations

PVT data record the specific volume (or density) of a material with pressure and temperature changes.
Additional changes can occur due to various factors like phase transitions or degradation reactions.
PVT measurements help study these phenomena and provide data crucial for material engineering
applications, including compressibility and thermal expansivity. Polymers are particularly sensitive to

pressure.

Two dilatometric techniques have been widely practiced for measuring dimensional changes of
materials, especially when volume changes are significant and pressure needs to be included as a
variable. These techniques are the piston-die and the confining fluid technique (Mark et al., 1986).
With the piston-die technique, the material is confined in a rigid die or cylinder, and pressure is applied

to the sample using a piston. However, there are fundamental and practical problems with this
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method. The main issue is that the state of stress for a solid sample in this setup is not hydrostatic,
leading to nonsensical results. Practical complications include sample sticking to the wall, void
formation, and leakage around the piston, especially with low-viscosity polymer melts (Lei et al., 1988).
The confining fluid technique involves surrounding the material with a confining fluid, such as mercury.
The combined volume change of the sample and confining fluid is measured, and the volume of the
sample is determined by subtracting the volume change of the confining fluid. This technique has the
advantage of maintaining hydrostatic pressure, eliminating the potential friction or leakage problems.
Nevertheless, potential interactions between the confining fluid and sample need to be considered. It
is possible to achieve a high degree of accuracy by taking into account a number of factors, including
as the PVT properties of the confining fluid and appropriate extrapolations when necessary (Zoller et
al.,, 1976). Overall, while both methods have been described in the literature, the confining fluid
technique is preferred for generating PVT data due to its hydrostatic pressure conditions and fewer

practical complications.

Typically, variations in volume with temperature and pressure are shown in Figure 1-18. These PVT
data are among those from Zoller and Walsh's book, where a large number of dilatometric
measurements of polymers using the confining fluid technique are referenced (Zoller and Walsh,
1995). Figure 1-18a and Figure 1-18b show the specific volume as a function of temperature in isobar
conditions for fully amorphous polystyrene (PS) and semi-crystalline polyvinylidene fluoride (PVDF)
respectively. In some cases, glass transition and melt transition can be observed during the same
measurement. In Figure 1-18c, the poly(ethylene naphthenoate) (PENO) the glass transition is marked
by a steepness change, then in supercooled liquid crystallization occurs, densifying the polymers up to

reach the melting temperature. At this point the steepness of the polymers meets again with the liquid.
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Figure 1-18. Isobars of volume variations during heating for a) PS, b) PVDF and c) PENO. The dashed line

represents the supercooled liquid extrapolation of PENO. Data from (Zoller and Walsh, 1995).
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In order to facilitate the evaluation of the PVT data for both liquid and glasses, the empirical Tait’s
equation is particularly suitable for the approximation and extrapolation of non-crystalline polymer
volume (Jain and Simha, 1989). Glass or liquid volume can be expressed as a function of temperature
and pressure with:
V(T,P) =V(T,0)|1—0.0894 * In (1 + L)] 1-36
B(T)
The volume, in mL.g?, is expressed with the pressure, in bar. The volume at atmospheric pressure

V (T, 0) and a pressure coefficient B(T) are given by:

V(T,0) = Ay + A, T + A,T?, 1-37a

B(T) = by exp(—=b1T), 1-37b

where A, (in mL.g?), 4; (inmL.g™.K?), 4, (in mL.g™.K?), by (bar) and b, (in K!) are constants. The Tait’s
equation allows to have smooth values of isobaric thermal expansion a(T,P) and isothermal
compressibility k(T, P) (see Equations 1-8a and 1-8c). Orwoll has reported Tait’s equation parameters

and second derivatives of Gibbs free energy for various polymers (Orwoll, 2007).

In addition to volume measurements, DSC analysis can be extended by performing experiments under
pressure. Pressure is applied directly within the calorimeter chamber using gases such as nitrogen,
helium, or CO,. This technique allows researchers to explore the effects of pressure on the thermal
properties and phase transitions of materials, providing valuable insight into their behavior under
different environmental conditions (Williams and Angell, 1977; Bouthegourd et al., 2014). However,

this method has its limitations, as pressure levels are typically restricted to around 20 MPa.

The thermal properties of PVAc, including thermal conductivity A and specific heat capacity Cp, have
been investigated using a transient hot-wire probe technique (Sandberg and Backstréom, 1980). This
study involved measuring these properties across a temperature range of 270-470 K under pressures
of up to 0.5 GPa as shown in Figure 1-19. The results have demonstrated that the Cp baselines and 1
increased with pressure, both in the liquid and glassy states of the material. This variation was
correlated with that of the thermal expansion coefficient a. Additionally, it was observed that the
change in specific heat capacity near the glass-transition (ACp) temperature decreased as pressure
increased. This suggests that pressure has a notable influence on the thermal behavior of PVAc,

impacting its heat transfer characteristics and thermal stability across different temperature regimes.
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Figure 1-19. Smoothed thermal conductivity A and heat capacity pCp as a function of temperature for PVAc.

The pressure for each isobar is given in bars. Taken from (Sandberg and Backstrom, 1980).

@

%+ Viscosity observation

The viscosity of a liquid, which is a measure of its resistance to flow, increases significantly as it
approaches the glass transition temperature, a phenomenon also induced by raising pressure.
However, measuring viscosity over broad ranges under high pressure poses experimental challenges,
leading to the use of various techniques showing diverse advantages and drawbacks. As shown in
Figure 1-20, the different techniques show most of the time either high pressure or high viscosity

limitations (Cook et al., 1993).

First of all, falling body viscometer made by Bridgman measured viscosities up to 1.2 GPa (Bridgman,
1946). Later, a swinging vane apparatus extended the range up to 3 GPa (Bridgman, 1964). Barnett and
Bosco developed capillary-type viscometers measuring up to 6 GPa, albeit with lower precision
(Barnett and Bosco, 1969). Piermarini et al. introduced a diamond anvil cell for high-pressure viscosity
measurements. Later, work achieving 10% uncertainty with corrections for wall effects (Munro et al.,
1979), using a rolling ball technique to enhance precision and the viscosity range was expanded using
centrifugal force in a diamond anvil cell (King Jr et al., 1992). Koran and Dealy developed a rheometer
for shear-rate dependent viscosity of polymers under shear flow up to 70 MPa (Koran and Dealy,
1999). Quartz-resonator methods measure dynamic viscosity under pressure, but with no control over

strain amplitude (Theobald et al., 2001).
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Figure 1-20. The viscosity and pressure ranges of viscometer techniques. Adapted from (Roland et al., 2005).

+*» Dynamic relaxation observation

Various experimental techniques are used to study molecular motions under high pressure. Dielectric
spectroscopy allows observation of the movement of ionic species and reorientational motions of
dipolar molecules across a wide range of time scales and under different thermodynamic conditions.
It allows for monitoring various processes in a single experiment, with spectra covering a wide range
of frequencies at ambient pressure. Special high-pressure cells are used to control temperature and
pressure during measurements, with pressure exerted either by hydraulic pumps using non-polar
liquids or by direct compression with pistons (Urbanowicz et al., 1995). This technique will be deeper
detailed in the next chapter. Dynamic light scattering is another experimental technique for the study
of molecular motions under high pressure. It is limited to moderate pressures, up to about 200 MPa,
with pressure applied by means of gas and membrane compressor (Fytas et al., 1982). To extend light
scattering measurements to the GPa range, a diamond anvil cell can be used (Oliver et al., 1991).
Numerous techniques are available for investigating dynamic processes within the GHz—THz frequency
range. Among these methods, quasielastic neutron scattering (QENS) stands out as particularly skillful
and effective. It can be carried out as a function of both temperature and pressure. However, there
are few investigations at high pressure due to the difficulty of selecting an appropriate high-pressure
vessel and the limitations of neutron spectrometers in terms of frequency range (Frick and Alba-
Simionesco, 1999). In addition, NMR offers molecular site specificity due to chemical shift and isotopic
labeling. NMR measurements can be conducted at elevated pressures, using either a pressurizing liquid

or gas (Hollander and Prins, 2001).
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2) Pressure/volume influence on mobility

The structural relaxation time and viscosity of a liquid increase significantly when it is compressed at a
constant temperature. This raises the question of which equation is most appropriate to describe the
effect of pressure on the structural relaxation time. While temperature decrease and pressure increase
are not treated as equivalent thermodynamic variables in traditional thermodynamics, they both have
a similar effect from a dynamic point of view: they both lead to a slowing down of molecular
rearrangements. Therefore, pressure and temperature can be considered equivalent thermodynamic
variables, as T~! < P (Floudas et al., 2011). According to the free volume concept, the molecular
mobility is slowed down with an increase in applied pressure at constant temperature. The free volume
ratio should decrease and constrain the mobility. The pressure dependence of the relaxation time for
the segmental relaxation can be described by the pressure VFTH law (Paluch et al., 1996) at constant

temperature:

CP
T(P) = 15 €Xp P —p 1-38
0

where 7, corresponds to the relaxation time at atmospheric pressure and is determined at Py, Py is
the limit pressure where t diverges, and C is a constant. It is worth mentioning that all these
parameters are temperature dependent. This equation is actually equivalent to the Equation 1-12 of
the free volume theory by assuming that local free volume v; < k(V* — vy) = (Py — P) /Py, with K
the isothermal compressibility, V* the volume for rearranging structural unit and v, the occupied
volume of a structural unit (Floudas et al., 2011). An example of evolution of relaxation time for PVAc

is shown in Figure 1-21a.

+»* Glass transition under pressure

When the a-relaxation is slowed down and reaches a time of approximately 100 seconds, the couple
pressure/temperature at this point is considered to be the glass transition pressure, designated as F;
and the glass transition temperature T,. By this way, a supercooled liquid to be transformed into a
glass by cooling down the material or by applying a hydrostatic pressure. The structure of the liquid
remains frozen due to a lack of configurational entropy, which prevents thermal fluctuations, or a lack
of space, which prevents spatial fluctuations. Figure 1-21b shows variations in glass transition as a
function of pressure for PVAc from relaxation time of Figure 1-21a, and Figure 1-21c shows similar

variations for PS by PVT measurements.
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Figure 1-21. a) Dielectric relaxation times of PVAc as a function of pressure for isotherm from 323 K up to
413 K. b) T;(t = 100s) variation with P for PVAc. Lines correspond to Andersson’s functions. Taken from
(Roland and Casalini, 2003a). c) PVT measurement of PS from P, up to 200 MPa. The glass transition is
highlighted by filled black circles. The inset panel shows the T, variation with P, with the Andersson’s function.

Taken from (Roland and Casalini, 2003b).

Overall, the glass transition temperature at T = 100 s increases with the pressure. However, the
higher the pressure, the lower the increase of T, (P). This nonlinear behavior can be approximated by

the Andersson’s empirical model through (Andersson and Andersson, 1998):

S =

Ty(P) = T (1 + %) : 1-39

where Tg0 is the glass transition temperature at atmospheric pressure, I1 and b are adjustable
parameters. This empirical equation allows to depict the reduction of the T, variation with the pressure
increase. It has been shown that this model is a special case of the Avramov’s model when 7 = 100 s
(Avramov, 2000; Floudas et al., 2011). In this latter model, I1 and b are adjustable parameters with
physical link expressed by IT = Cp/(aV,,b), where Cp is the heat capacity, a is the thermal expansion
coefficient and 1}, is the molar volume. The parameter b from the Andersson’s model is revealing of
the T, steepness variation as a function of pressure. It is also noteworthy that Equation 1-39 can
describe the same trend of parameters T, (P) of Equation 1-2 for isobars and Py(T) of Equation 1-38
for isotherms (Paluch et al., 2002a). The equivalence between T, obtained by relaxation time and by
PVT measurement has been shown for many class of glass forming liquids (Theobald et al., 2001; Gitsas

et al., 2004).
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¢ Activation volume

The activation volume, denoted as AV#, is a significant measure in understanding the dynamics of
glass-forming liquids. It represents the difference in volumes occupied by molecules in activated V,
(constant as long as the temperature is unchanged) and non-activated V4 (as the free volume should
decrease with pressure increase) states. Therefore, AV¥ increases with pressure at constant
temperature since Vy4 decreases, as illustrated in Figure 1-22a. This parameter is influenced by both
pressure and temperature, although a linear dependence on pressure is rarely observed in supercooled

liquids. The activation volume, analogous to the activation energy, is defined by (Guggenheim, 1937):

dint
AV#=kBT( ). 1-40
T

ap

Despite its limitations, AV# serves as a common metric for the pressure sensitivity of relaxation times
T, typically comparable to the size of molecular units. Studies have explored the relationship between
apparent activation volume and molecular volume, revealing dependencies on temperature, especially
near the glass transition temperature (Casalini et al., 2003). However, such correlation is especially
observed for system with strong ability to make hydrogen bonds (Kaminski et al., 2012). The activation
volume at the glass transition decreases with increasing pressure, indicating weakened volume effects
on relaxation phenomena at higher pressures, as shown in Figure 1-22b. The activation volume
depends on temperature and remains unaffected by the molecular weight of polymers (Floudas et al.,

1999). Expression of relaxation time using the activation volume takes the form of:

1-41

PAV*#
kgT |

T = Ty exp [
with 7 the relaxation time at atmospheric pressure equivalent to Equation 1-38. In case of secondary
relaxation, this equation can use a constant AV# (Reiser et al., 2004). Nevertheless, for a-relaxation
the increase of AV# with pressure does not allow to use this relation for modeling relaxation times,

such as the activation energy (Paluch et al., 2001).
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Figure 1-22. a) Activation volume AV as a function of pressure for PVAc isotherms ranging from 343 K up to

413 K. Adapted from (Grzybowski et al., 2013). b) AV# at T, scaled at atmospheric pressure T, for polymers

(poly(methylphenylsiloxane) (PMPS) and poly(methyltolylsiloxane) (PTMPS)) and van der Waals liquids (1,1’-

di(4-methoxy-5-methylphenyl)cyclohexane (BMMPC) and 1,1’-bis(p-methoxy-phenyl)cyclohexane (BMPC)).

Taken from (Paluch et al., 2007).

@

<+ Fragility under pressure

The isobaric fragility mp (Equation 1-3) of polymers generally decreases with pressure increase, or at

worst remains constant (Huang et al., 2002). Some complex behavior of fragility has been reported for

small molecules, with strong hydrogen bond, mp increases with pressure before reaching a plateau

(Pawlus et al., 2009). Other H-bonded liquids exhibit a drop in fragility at elevated pressures after have

increase at low pressures (Grzybowska et al., 2006).

Isobaric fragility mp has been correlated with various dynamic properties of the glass or supercooled

liquid. These properties include:

temperature (Bohmer et al., 1993),

the stretching parameter of the relaxation function (Equation 1-4) at the glass transition

- the relative amplitude of the boson peak at the glass transition temperature (Sokolov et al.,

1993),

- the magnitude of the Debye—Waller factor (Roland and Ngai, 1996),

- the temperature dependence of the mean square displacement around T, (Buchenau and

Zorn, 1992),

- the temperature dependence of the configurational entropy (Ito et al., 1999),

- the ratio between elastic and inelastic intensities measured by inelastic X-ray scattering

(Scopigno et al., 2003),
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- the Poisson ratio (Novikov and Sokolov, 2004),
- the temperature dependence of the high-frequency shear modulus of the liquid and fragility,

according to the shoving model (Dyre et al., 2006).

Paluch and coworkers have shown a relation between isobaric fragility mp and activation volume at

the glass transition (Paluch et al., 2001). The activation volume can therefore be determined with:
dT,
# — 9 -
AV (Tg) = mPkB Fln 10. 1-42

The ratio dTy/dP is the steepness of T, (P), also called the pressure coefficient. This parameter

decreases with increasing pressure according to Equation 1-39.

Isochoric fragility my,, analogous to the isobaric fragility mp, is obtained by taking the derivative at
constant specific volume rather than at constant pressure in Equation 1-3. By considering constant
specific volume for my,, only temperature variation is considered, without any thermal expansivity. A
relation between mp and my, has been firstly identified via the chain rule of differentiation leading to
(Niss et al., 2007):

a
mp = my (1 - a_), 1-43
T

where a is the isobaric thermal expansivity and «a, is the isochrone thermal expansivity, i.e., the
expansivity along a line of constant a-relaxation time. It is suggested that the value of mp exceeds that
of my. It is generally acknowledged that « is positive, then a; is lower than 0. The negative value of a;
is derived from the empirical phenomenon that the volume of the liquid consistently decreases during
a heating along an isochrone. Another expression of mp as a function of my, has been developed by
taking account two contributions: mp is dependent on its thermal contribution, embodied by m, and
its volumetric contribution (Hong et al., 2008):
AVF a

—_— 1-44
my + In10 kg k'

mp=

where «a is the isobaric thermal expansivity and k is the isothermal compressibility of the supercooled
liquid at Ty. The second term on the right-hand side of the equation represents the volume
contribution to fragility, also known as (mp-my,).

The ratio between my, and m; is equivalent to that of activation energy of the relaxation process at
constant volume Ey, and at constant pressure Ep. This ratio serves as anindicator of the predominance

on molecular dynamics between thermal activation process or intermolecular free volume diffusion

(Floudas et al., 2006). Floudas and coworkers have linked this ratio to the molar volume for glass
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forming liquids, as shown in Figure 1-23: the relationship between activation energy ratios Ey, /Ep and
their repeat unit volume or molecular volume follows a linear dependence.
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Figure 1-23. The ratio between activation energy at constant volume and at constant pressure Ey, /Ep (noted
Qy/Qp here) plotted against either the volume of the repeat unit (for polymers) or the volume of the molecule

(for glass-forming liquids). Taken from (Floudas et al., 2011).

Additionally, the dynamics of these materials are closely linked to static properties such as packing
efficiency and repeat unit volume, and this correlation may extend to other variables like the Kuhn

length (Floudas et al., 2006).

++ Cooperativity

According to the AG theory, measurement of characteristic length scale of dynamic heterogeneities &
has been performed under pressure. Hong et al. have extracted ¢ from the ratio between the
transversal sound velocity and frequencies of boson peak where an excess density of vibrational states
is observed (~1 THz) with depolarized light scattering (Hong et al., 2011a). They reported a decrease
of & at the glass transition temperature with pressure increase, as shown in Figure 1-24a. Same
behavior has been observed for molecular glasses using dynamic susceptibility (Grzybowski et al.,

2012).

Hong et al. also identified a correlation between & and the activation volume AV*. Figure 1-24b
presents experimental data for & and AV# at the glass transition temperature across various media,
including polymers with different molecular weights. Strikingly, the & derived from boson peak spectra

consistently aligns with the activation volume calculated for structural relaxation at 7. Furthermore,
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the trendline indicates that, on average, AVH# = 0.0353, independently on chemical composition,
molecular weight, or external pressure. This suggests that the structural relaxation sensitivity to
density is determined by the volume of cooperativity. Notably, materials with hydrogen bonding
systems exhibit the smallest characteristic length scale among those examined, potentially explaining

their limited structural relaxation sensitivity to pressure, manifested by small AV# (Hong et al., 2011b,

2009).
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Figure 1-24. a) Variations of normalized characteristic length scale of dynamic heterogeneities & with pressure
for poly(methyl phenyl siloxane) (PMPS), PS, polyisoprene (PIP), polyisobutylene (PIB), cumene, ortho-
terphenyl (OTP) and glycerol. The solid line presents the dependence suggested from simulations. b) & as a
function of AV# in logarithmic scales. Solid squares shown different systems at Ty (Patm)- Taken from (Hong et

al., 2011a).

3) Theorical model

The models presented earlier, which aim to capture the relaxation time as a function of temperature,
frequently neglect the influence of pressure. Since the molecular mobility seems to be governed by
both temperature and pressure (or volume), it is fundamental to include their two contributions in the
approach for predicting relaxation dynamics.

@

% Thermodynamic scaling

The thermodynamic scaling has been derived from simulations of the glass transition with Leonard-
Jones (LJ) potential. These simulations allow to express relaxation times of van der Waals liquids as a
function of T~V ~* with a proportionality between the repulsive and attractive parts of LJ particles
and the interspecies distance (Télle, 2001). This relation has been successfully applied to superimposed

relaxation times for isotherms of ortho-terphenyl (OTP) measured by dynamic light scattering as a
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function of T~V %25 (Dreyfus et al., 2003). These observations led to the expression of relaxation

times in terms of a function J such as:
1-45

=TV,

where Y is a scaling exponent. | and y are material dependent and allow to superimpose isothermal
and isobaric relaxation time measurements on a single master curve, as illustrated in Figure 1-25a.

According to the LJ potential, y is an indicator of softness of the intermolecular repulsive potential.
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Figure 1-25. a) Dielectric relaxation times as a function of 1000/TVY for polymers. Taken from (Casalini and

Roland, 2004a). b) logw(Tg) as a function of logw(l{q) for phenylphthalein-dimethylether (PDE) from

dielectric (filled squares) and PVT measurement (empty circles). The steepness corresponds to y. The inset

panel is the PVT measurement of PDE. Taken from (Paluch et al., 2007).

Since the T~V ™7 scaled the relaxation times, a couple of temperature and pressure at a constant T
leads to T, 'V, ¥ = I, where I, is a constant. Thus, scanning isochrones in temperature and volume
allows for the determination of y from the expression log,y(T;) = A; — ylog,o(V;). The scaling
exponent y corresponds to the steepness of this function, such methods is illustrated with Figure

1-25b. It is worth mentioning that for T = 100 s, i.e., at the glass transition, the function takes the

form of:
log10(Ty) = log10(1/Ty) — Y10g10(Vy), 1-46
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with I, is a constant, equal to Tg‘lVg_y. Figure 1-25b shows that ¥ can be obtained through relaxation
time and PVT measurements. The scaling exponent y, which seems to influence the volume
dependence of relaxation times, has been linked to the ratio Ey, /Ep at the glass transition. The relation
at atmospheric pressure is expressed with (Casalini and Roland, 2004b):

E, 1

—_—=— 1-47
Ep  1+alyy

By comparing numerous glass forming liquids, it evidences that the aT, = 0.182 + 0.009 at

atmospheric pressure (Casalini and Roland, 2004b). Figure 1-26 shows values for various glass forming

liquids whose draw a trend for y dependence of the ratio Ey, /Ep.
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Figure 1-26. The ratio E,, /Ep plotted against the scaling exponent y for 20 glass forming liquids. Taken from
(Roland et al., 2005).

Another approach to use the thermodynamic scaling is to posit that the activation energy E(T, p),
which is dependent on both temperature and density, can be scaled with density using (Alba-
Simionesco and Tarjus, 2006):

1-48a

Tq(p, T) = To, €XP [@F <@>] )

1-48b

F <€(p)> _E@®T)
T e(p) ’

where 7, is the exponential prefactor, e(p) is an effective interaction energy that depends on the
density, F(X) is a scaling function and E (p, T) an effective activation energy. e(p) is assumed to reflect

the minimal cooperativity of the molecules with their first neighbors (Niss and Alba-Simionesco, 2006).
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By considering that e(p) is proportional to p¥, the previous method for scaling can be applied. Another
relation, assuming that e(p) is proportional to p — p* with p* a material constant, has been used for
improving some thermodynamic scaling (Alba-Simionesco and Tarjus, 2006). This formalism
demonstrates, through experiments on the organic glass-former OTP and the polymer polyvinyl methyl
ether (PVME), as well as numerical simulations conducted on a LJ potential, that the activation energy
E(T,p), can be effectively scaled with density. Moreover, the use of inverse method of the
thermodynamic scaling offers to extrapolate relaxation times of supercooled liquids such as the Time

Temperature Superposition.

% Avramov’s model

Avramov proposed an entropic model to describe structural relaxation times as a function of
temperature and pressure (Avramov, 2000). This model suggests that the cooperative motion driving
structural relaxation is thermally activated, with a derived relationship between relaxation time and

system entropy:

E —2(5-5
T e &P [ - EXp( (ZR r)] 149
T

where E .« is the maximum value of the activation energy, g, is the dispersion of the reference state
having entropy S,, and Z is the degeneracy of the system, i.e., it indicates the quantity of possible
pathways for the localized relaxation of a segment within a polymer, which depends on the short-
range order. However, the Avramov’s model focuses on the total entropy, whereas the AG model is
concerned with configurational entropy (see Equation 1-18). Based on thermodynamic considerations,
the following connection emerges (Paluch and Roland, 2003):

T a P a/b
T = To, €XP [30 (%) (1 + ﬁ) ], 1-50

with a = 2Cp/ZR and b = Cp/(aVy,IT), where « is the volume expansion coefficient at ambient
pressure, Cp the specific heat capacity, V;,, the molar volume of structural unit and Il is a constant. The
parameters b and Il are identical to those in the Andersson’s function (Equation 1-39). In addition to
the description of both temperature and pressure dependencies simultaneously, the Avramov’s model
parameters in Equation 1-50 are linked to measurable thermodynamic properties. Such method is
shown in Figure 1-27. The experimental data align with the Avramov’s model. Casalini and Roland have
discussed how the scaling properties can be derived from the temperature and the volume

dependences of the entropy. By using the Avramov’s model, they derived the expression T =
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Too exp[(A/TVV)¢] for relaxation time dependence according to the function / of Equation 1-45
(Roland et al., 2006).

loglx (s))

0

310
Figure 1-27. Relaxation time as a function of temperature and pressure for poly[(phenyl glycidyl ether)-co-
formaldehyde] (PPG). The points are experimental data while the wire surface is the Avramov’s model. Taken

from (Paluch et al., 2000).

4) Aging under pressure

Recently, the structural relaxation under pressure has been investigated. In these studies, the media
are vitrified by the application of pressure, at a constant temperature, before proceeding to the
physical aging. These studies use the principle that T;, which depends on pressure, represents an
isomorphic state point, i.e., structure and dynamics in properly reduced units are invariant (Dyre,
2014). Cross T, to any common state point (with the same T and P) is anticipated to yield same
behavior. Consequently, the density and physical aging of an isomorphic material are anticipated to

remain unaffected by pressure during the vitrification process.

@

++» Densification under pressure

A first approach of physical aging under pressure consists in comparing PVT measurement during
heating at low pressure (= 10 MPa) after having vitrified the system at low pressure, named
conventional glass (CG), or high pressure (up to 200 MPa), called pressure densified glass (PDG).
Following pressure release, the glass formed at 200 MPa exhibits a specific volume that is equal to or
less than that of the extrapolated liquid, contingent upon temperature. This contrasts with the glass
formed under low pressure, which is less dense. Densification under pressure also extends the breadth

of the glass transition towards lower temperatures, indicating a more disordered structure (Casalini
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and Roland, 2017). At the maximum vitrification pressure, the glass exhibits higher density compared

to those formed at the lowest pressure. Upon the release of pressure, the volume expands, yet the

material retains a significantly higher density than typical glass, i.e., the relative volume change § > 0

with (Holt et al., 2019):

_ ) — V()
VL(PL) — Vu(Py)

where 1}, is the volume in the CG formation, Vy; is the volume in the PDG formation, and P, and Py are

1-51

)

the low and high pressures respectively. Within vitrification pressure range (25-200 MPa), § can vary
by up to 29%, according to the literature on polymers (Weitz and Wunderlich, 1974; Schmidt and
Maurer, 2000). The ability of polymers to change density under pressure contradicts their adherence

to thermodynamics scaling principles (Casalini and Roland, 2017).

+* Pressure scanning volumetry

Another approach to aging under pressure has been developed by Sonaglioni et al. (Sonaglioni et al.,
2022). When a material is isothermally pressurized, its molten state transitions into glass, and upon
depressurization, the formed glass reverts back to a liquid state. This transition exhibits an hysteresis
in the thermodynamic jump of —(dV /dP) against P, similar to the thermal hysteresis seen in Cp as

a function of temperature, as visible in Figure 1-28a.
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Figure 1-28. Normalized PSV scans simulated for atactic poly(propylene) at constant temperature. The
polymer glass samples were formed by pressurizing the melt at rp ¢, as shown by the blue line, and the glass
was depressurized also at rp gec. The parameters A and AV#/R used are equivalent to that of Equation 1-41
with A = 7,. The parameters f§ and x are from the TNM. The varied parameters are a) aging pressure P4,

and b) aging time t,. Taken from (Sonaglioni et al., 2023).
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Named pressure scanning volumetry (PSV) by analogy with DSC, this method employs the Tool-
Narayanaswamy-Moynihan (TNM) model (Tool, 1946; Narayanaswamy, 1971; Moynihan et al., 1976)
and activation volume for the structural relaxation time AV# to explore the influence of aging pressure
Page, aging time t,, and pressurizing rate on aging characteristics in PSV scans (Sonaglioni et al., 2023).
In PSV, the glass transition pressure F; and fictive pressure P¢ are rather used than their analogous

glass transition T and fictive temperature T (Tool, 1946).

Depressurizing scans show a post-F, feature emerging for Fpg, > 40 MPa, diminishing as F,g.
increases as shown in Figure 1-28a. This feature partially overlaps the overshoot peak, distorting it at
lower P4 and nearly vanishing at higher values. This trend becomes more pronounced as the post-F
feature shifts to higher pressures and decreases in height. In Figure 1-28b, a small post-F; feature

appears at t, = 10° s, broadening and increasing in height with increasing P, ., overlapping with the

ge’
overshoot feature as a shoulder on its high-pressure side. As t, increases from 10° up to 10! s, the
peak initially shifts towards higher pressures, then towards lower pressures. PSV uncovers a post-F;

feature during depressurization of aged polymers, increasing with longer t, and lower P, ., ultimately

ge’
merging with the overshoot peak. PSV also reveals that faster depressurization rates push the
overshoot peak to higher pressures and shows that decreasing the ratio of depressurization to
pressurization rates sharpens and heightens the overshoot peak. Finally, PSV highlights that memory

effects in volume and fictive pressure only occur with a distribution of relaxation times.

PSV offers two main benefits. Firstly, simultaneous measurements of isothermal volume changes and
—(dV /dP) as pressure varies in a single sample run yield direct pressure dependence of volume. In
contrast, isobaric change in the heat flow rate is measured in a DSC study, which is then converted into
a Cp scan and its integral to obtain the enthalpy as a function of temperature. Secondly, the DSC does
not provide insight into volume fluctuations with pressure, which is a key factor for current
technologies. DSC measurements require smaller sample sizes and simpler handling than PSV.
Furthermore, the enthalpy determination carries a relatively higher error compared to volume

determination in PSV (Sonaglioni et al., 2022).
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This chapter aimed to expose the main characteristics of the glass transition, as well as the theoretical
and experimental approaches that have been used to enhance the This chapter sought to elucidate
the principal attributes of the glass transition, as well as the theoretical and experimental
methodologies that have been employed to augment the comprehension of this phenomenon. Among
the various families of glass-forming liquids, amorphous polymers exhibit remarkable characteristics
that allow to link their structure to changes in segmental mobility, leading to variations in glass
transition temperature according to their chemistry. Finally, pressure is a primary tool for identifying
the influence of chemical structure on the volume and molecular mobility of glasses, particularly
polymeric glasses. The work presented in the next chapters focuses on the use of pressure through
amorphous polymers, which exhibit different molecular interactions due to chemical structure in order

to improve the understanding of the glass transition phenomenon.
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Symbols

A

A, B
ar(T)
G, G
Ca(t)
Cp
Cp(w)
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List of abbreviations and symbols

Constant (from Adam & Gibbs model)
Constants (from adapted VFTH law)
Shift factor (from WLF law)

Constants (from WLF law)

4-point correlation function

Isobaric specific heat

Complex heat capacity

Self-diffusion coefficient

Steepness parameter (from VFTH law)

Effective density dependent
interaction energy

Effective activation energy
Activation energy

Isobaric activation energy
Isochoric activation energy
Frequency

Scaling function

Gibbs free energy

Spatial distribution of relaxation times
Enthalpy

Thermodynamic scaling function
Complex compliance
T-independent material property

Compression modulus
Specific constant of polymer

Boltzmann constant

Dynamic temperature modulus
Repeat unit molecular weight
Number-average molecular weight
Isobaric fragility

Isochoric fragility

Constant

Avogadro’s number

Number of structural units dynamically
correlated

Deborah number
Number of structural units of a CRR

Pressure

Divergent pressure (from pressure VFTH
law)

Aging pressure

Fictive pressure

Glass transition pressure

Cooling rate

Prigogine—Defay ratio

Spatial location of particle

Entropy

Configurational entropy

Critical configurational entropy
Temperature

Time

Reference temperature (from WLF law)
Observation time

Vogel temperature (from VFTH law)
Aging temperature

Aging time

Critical temperature (from MCT)
Crossover temperature

Fictive temperature

Glass transition temperature

T, at atmospheric pressure
Kauzmann temperature

Specific volume

Occupied volume of molecules or atoms
Equilibrium specific volume

Free volume

Specific volume at T,

Mean molecular volume
Cooperativity volume

Critical average number of
configurations

Constant
Degeneracy of the system
Isobaric thermal expansion

Isochrone thermal expansion
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IBKWW

ACp
AH
AH,,
6T
AVH#
Aa
Ap

OCRR

To

Teo

@(t)
Xa(t)
xr ()

Stretching exponent (from KWW
function)

Steepness factor (from MCT)

Overlap factor (from free volume theory)
Scaling exponent

Specific volume deviation from
equilibrium

Activation energy

Isobaric heat capacity jump at T
Enthalpy recovery

Total enthalpy recovery
Temperature fluctuation
Activation volume

Isobaric thermal expansion jump at T,
Energy barrier (from AG theory)
Viscosity

Free volume excess

Isothermal compressibility

Characteristic length scale of dynamic
heterogeneities

Characteristic length scale of CRR
Constant (from Andersson’s model)
Number of possible internal states
Relaxation time

(T, Patm)

Pre-exponential factor for T — oo
Relaxation time of a-relaxation
Relaxation function

4-point susceptibility

3-point susceptibility

Constant

Exponential factor

Angular pulsation (= 2xf)

Abbreviations

AG
CG
CRR
DMA
DSC
FDT

Adam and Gibbs

Conventional glass

Cooperative Rearranging Region
Dynamic Mechanical Analysis
Differential Scanning Calorimetry

Fluctuation Dissipation Theorem

FOPT
FSC

IGB
KWW

MCT
NMR
PALS

PDG
PSV
PVT
QENS
SAP
SOPT
TNM
TTS
VFTH
WLF

First Order Phase Transition
Fast Scanning Calorimetry
Johari-Goldstein S-relaxation
Kohlrausch—Williams—Watts
Leonard-Jones

Mode coupling theory
Nuclear magnetic resonance

Positron Annihilation Lifetime
Spectroscopy

Pressure densified glass

Pressure scanning volumetry
Pression-Volume-Temperature
Quasielastic neutron scattering
Slow Arrhenius Process

Second Order Phase Transition
Tool-Narayanaswamy-Moynihan
Time Temperature Superposition
Vogel-Fulcher-Tamman-Hesse

Williams-Landel-Ferry

Polymer abbreviations

PAN
PB

PC
PDE
PDMS
PE
PEEK
PEF
PENO
PEO
PET

P

PIB
PLA
PMMA
PP

PS
PVC
PVME

Polyacrylonitrile
1,4-polybutadiene

Polycarbonate
Phenylphthalein-dimethylether
Poly(dimethyl siloxane)
Polyethylene
Polyetheretherketone
Poly(ethylene furandicarboxylate)
Poly(ethylene naphthenoate)
Poly(ethylene oxide)

Polyethylene terephthalate
1,4-polyisoprene

Polyisobutylene

Poly(lactide acid)

Atactic poly(methyl methacrylate)
Polypropylene

Atactic polystyrene

Poly(vinyl chloride)

Polyvinyl methyl ether
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Antoine de Saint-Exupéry once wrote “My drawing
was not a picture of a hat (top of the figure). It was
a picture of a boa constrictor digesting an elephant.
But since the grown-ups were not able to
understand it, | made another drawing: | drew the
inside of the boa constrictor, so that the grown-ups
could see it clearly (middle of the figure). They
always need to have things explained.” Personally, |
see distinctly two relaxation processes (bottom of

the figure). Adapted from (Saint-Exupéry, 1995).
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Chapter 2.  Materials and methods

The materials section introduces the polymer samples which are studied in this work. This includes
details of the sample suppliers, their preparation and their main physical characteristics. The next
sections provide a description of the experimental techniques conducted in this study. The
experimental set-up, theoretical principles and analytical techniques used for data interpretation are
presented together with their specifications and calibration procedures. Furthermore, this chapter
outlines the methods and theoretical assumptions used for determining come material parameters.

Overall, this chapter serves as a foundation for the other chapters.
I. Polymers

Polymers represent a class of glasses characterized by long chains of repeating units, which exhibit a
wide range of properties depending on their molecular architecture. In this context, factors such as
chain flexibility, molecular weight, cross-linking, and chemical composition play a significant role in

intra and intermolecular interactions that govern the glass transition.

The main chain rigidity influences the segmental mobility of polymers. The first source of polymer
backbone chain rigidity is the variation of torsion angles ¢; represented in Figure 2-1. Rigid chains tend
to remain more aligned and ordered at high temperatures, limiting polymer segmental motions and
increasing material viscosity. Rigid chains require more energy to move and rearrange. This leads to a

glass transition at higher temperature than those of more flexible chains.

Uu(o)

Figure 2-1. Schematic view of few atoms in a backbone chain of polymer. These atoms are linked by covalent
bonds between each other. a) The dihedral angle 6; is defined as the angle between the vectors A,_;A, and

AA,;1 in the plan A;_;A;A;,41. The variations of the potential energy as a function of 8 show only one

minimum. b) The torsion angle ¢; is defined by the rotation of the projection of vectors A;A,,; and A,_,A,_4

on the plane of the normal vector A,_; A,. In the case of -CH»- groups, the potential energy of the torsion angle
U(p) can have three minima. The lowest minimum corresponds to a trans configuration, while the others

correspond to gauche configurations.
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The flexibility of a chain can be estimated using the Kuhn length. This is defined as the ratio between
the mean-square end-to-end distance and the contour length (R?), which is the length of the chain

when it is fully extended L, namely the contour length (Hu, 2013).

n
R=)7

—\ i=1

Figure 2-2. Schematic view of few atoms in a backbone chain of polymer where the end-to-end distance R is
shown by the blue arrows, and the contour length L is the sum of all segments r. The Kuhn length is equal to

b = (R?)/L.

The Kuhn length b is observed to increase with chain rigidity (Fetters et al., 2007). It is generally
observed that the higher the chain rigidity of a polymer, and therefore its Kuhn length, the higher the

glass transition temperature T;. Table 2-1 presents the Kuhn lengths b and T for some polymers.

Table 2-1. Kuhn length b and glass transition temperature Ty for usual polymers (Bishop et al., 1985; Rubinstein

and Colby, 2003; Everaers et al., 2020).

Polymer Structure b [A] T, [K]
1,4-Polyisoprene (PI) -(CH2CH=CHCH(CHs3))- 8.2 200
1,4-Polybutadiene (PB) -(CH2CH=CHCH2)- 9.6 200
Poly(oxymethylene) (POM) -(CH20)- 10 180
Polypropylene (PP) -(CH2CH2(CH3))- 11 260
Poly(ethylene oxide) (PEO) -(CH2CH20)- 11 220
Poly(dimethyl siloxane) (PDMS) -(OSi(CHs)2)- 13 120
Polyethylene (PE) -(CH2CH)- 14 190
Polyethylene terephthalate (PET) -((CH2).0COCsH4COO0)- 15 340
Atactic poly(methyl methacrylate) (PMMA) -(CH2C(CH3)(COOCHS3))- 17 370
Atactic polystyrene (PS) -(CH2CHCeHs)- 18 370
Polyetheretherketone (PEEK) -(CsH40CsH40OCsH4CO)- 108 410

Increasing chain stiffness through longer rigid units in the backbone or bulky side groups can raise T
significantly by increasing potential barriers to rotation (U(8) and U(¢)). This also results in an

increase in Kuhn length b. Steric barriers to rotation are heightened when additional side groups are
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introduced on alternate chain backbone atoms. Introducing phenyl rings into the backbone also
increases Ty, as it requires a longer chain segment to undergo molecular displacement. However, b is
not directly correlated with the values of Tj. Indeed, other polymer features have influence on the

chain mobility.

The presence of side group on the main chain has a huge influence on segmental mobility, through
different physical phenomena. The rigidity of side groups can introduce steric hindrance. Larger groups
can further hinder the movement of polymer segments, resulting in an increase in T;,. The more rigid
the side group, the higher T;. Polarity can be introduced to polymer chains through side groups, which
impacts intermolecular interactions and segmental mobility. The presence of polar side groups can
strengthen interactions such as hydrogen bonds, resulting in stronger intermolecular forces and a
higher Ty. The intensity of interactions between adjacent polymer chain segments determines the
thermal energy required to create holes large enough for a diffusive jump of a chain segment. Thus,
higher polymer polarity is associated with a higher Ty, with the perpendicular components of dipole
units having the most significant effect. When comparing substituent groups of comparable size,

increasing polarity, which enhances intermolecular interactions, tends to raise Tj.

The different materials studied are all amorphous thermoplastic polymers. On the one hand,
poly(lactide acid) PLA, poly(ethylene terephthalate glycol) PETg and poly(vinyl acetate) PVAc have been
chosen for their relative molecular backbone stiffness which varies gradually, leading to different glass
transition temperatures T;. On the other hand, the poly(ethylene-vinyl acetate) EVA series allows to
vary the ratio of polar side groups along the chain. This also induces a variation in T;. The material sets
have been chosen for their controlled differences in intra and intermolecular interactions, and to
investigate how the chemical structure influence the molecular mobility, and therefore the glass

transition.
1) Poly(lactide acid) PLA

Poly(lactide acid) PLA is a biosourced and biodegradable polyester. For this purpose, it is widely used
for packaging or 3D printing. PLA, with a repeating unit shown in Figure 2-3, is obtained by
transforming lactic acid produced from the fermentation of sugars from corn, beet, tapioca and sugar
cane. Lactic acid is a chiral compound with two enantiomers: D and L- lactide. The PLA was purchased
from Nature Works in the form of pellets grade 4042D composed of 95.7 % of L-lactide and 4.3 % of
D-lactide. This isomer ratio allows to avoid fast polymer crystallization. The average molecular weight
of PLA is My, = 188 000 g.mol™! with a molar mass of the repeating unit of My = 72 g. mol™. The

density of PLA at ambient conditions, i.e., room temperature and atmospheric pressure, is p =

64



Chapter 2 - Materials and methods

1.25 g.cm™3. The PLA pellets were dried for 24 hours at 60 °C before thermo-processing experiments.
The pellets were thermo-molded at 200 °C under a mass of 1.5 tons during 5 minutes in a manual
hydraulic press from Specac. Templates with thickness ranging from 100 pm up to 500 um were used
to form PLA films. Samples were directly cooled down in water in order to avoid crystallization. Its
calorimetric glass transition temperature is found at Ty = 333 K at a cooling rate of g~ = 10 K. min~!

(Delpouve et al., 2014).

n

Figure 2-3. Repeating unit of PLA.

2) Poly(ethylene terephthalate glycol) PETg

Poly(ethylene terephthalate glycol) PETg is a linear thermoplastic co-polymer. It belongs to the
terephthalate family. It has very similar physical properties to the poly(ethylene terephthalate) PET,
but has a slower ability to crystallize. PETg is therefore used for textile fibers, plastic bottles and 3D
printing. This polyester can be obtained by reaction between terephthalic acid and ethylene glycol.
The PETg is a co-polymer composed of cyclohexanedimethanol, ethylene glycol, and terephthalic acid
with a molar ratio of ~1:2: 3. The repeating unit is shown in Figure 2-4. The PETg was provided by
Eastman Chemical Company directly in film form with thickness of 500 um. PETg has an average
molecular weight of My, = 26 000 g.mol™! with a molar mass of the repeating unit of M, =
218 g. mol™1. PETg has a density at ambient conditions of p = 1.27 g.cm™3. The PETg samples were
dried at 60 °C for 24 hours. The calorimetric glass transition temperature of PETg is found at Ty =

349 K at a cooling rate of g~ = 10 K. min™? (Rijal et al., 2015).

o o] 0]

; ( ) < O
0 0- (CH,), 0 O—CHZOCHZ
X y

Figure 2-4. Repeating unit of PETg with ratio of x =2/3 and y =1/3.

3) Poly(vinyl acetate) PVAc

Poly(vinyl acetate) PVAc belongs to the polyvinyl ester family. PVAc is especially used as an adhesive

or varnish. PVAc, with repeating unit shown in Figure 2-5, is obtained by polymerizing vinyl acetate.
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This is produced by reacting acetic acid with acetylene, or ethylene in the presence of active oxygen.
The PVAc powder was acquired from Aldrich Chemical Company. The average molecular weight of
PVAc is My, = 500 000 g.mol~! with a molar mass of the repeating unit of M, = 86 g. mol™1. The
density of PVAc at ambient conditions is p = 1.19 g.cm™3. The PVAc were dried for 24 hours at 50 °C
before thermo-processing experiments. The powder was thermo-molded at 120 °C under a mass of
1.5 tons during 5 minutes in a manual hydraulic press (from Specac). Templates with thickness ranging
from 100 pm up to 500 um were used to form PVAc films. Samples were cooled down at ambient air.
Its calorimetric glass transition temperature is found at T; = 313K at a cooling rate of ¢~ =

10 K. min~! (Rijal et al., 2015).

0]

H,C 0

|
+CH2—CH+
n

Figure 2-5. Repeating unit of PVAc.

4) Poly(ethylene-vinyl acetate) EVA

Poly(ethylene-co-vinyl acetate) (EVA) are copolymers with different vinyl acetate ratio (VAc), ranging
from PVAc (with 100 wt. % VAc) to polyethylene PE (0 wt. % VAc). EVA are used as adhesives or foam

rubber. The repeating unit is shown in Figure 2-6.
0
0

CH,— CH CH,— CH,
X y

H,C

Figure 2-6. Repeating unit of EVA with the ratio x corresponding to wt. % VAc.

EVA with 80 and 60 wt. % VAc are studied in this work, they were provided in the form of pellets. EVA
containing 80 wt. % of VAc groups (Levapren® 800) were obtained from Lanxess Company. EVA p
containing 60 wt. % of VAc groups (Levapren® 600) were obtained from Bayer Company. For sake of
clarity, EVA80 and EVA60 stand for Levapren® 800 and 600 respectively in the rest of the manuscript.

The pellets were dried in an oven at 40 °C during 12 hours. The samples were thermo-molded at 80 °C.
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An average thickness of polymer films is 500 pm. The amount of 60 wt. % and 80 wt. % of VAc in EVA60
and EVA8O0 respectively are sufficient to keep the systems fully amorphous (Kummali et al., 2013). The
molar masses M, of structural units is calculated by using the molar mass and the molar ratio x of the
VAc group (Mya. = 86 g. mol™1) and the molar mass of the ethylene group (mgy, = 28 g.mol™?1) as
follows: Mg gyax = Myac(X) + Mgy (1 — x). Physical characteristics of EVA80 and EVA60 are
presented in Table 2-2 (Puente et al., 2015).

Table 2-2. Values of average molecular weight M,,,, molar mass of the repeating unit M,,, glass transition

temperature T, and density at ambient conditions p of EVA80 and EVA60.

Sample My, [g. mol™1] M, [g. mol™1] T, [K] p[gcm™3]
EVAS80 270 000 60.8 276 1.11
EVA60 250000 47 248 1.04

Il. Calorimetric Experimental techniques

For probing dynamic and thermodynamic properties of the samples, different experimental techniques
have been used. They can be distinguished in two classes: calorimetric and dielectric techniques. The

functioning of these techniques is described below.
1) Differential scanning calorimetry DSC

Differential scanning calorimetry (DSC) is a thermal analysis technique used to study thermal events
such as crystallization, glass transition, melting, or oxidation, as well as physical aging. During these
physical transitions, heat is either absorbed (endothermic) or released (exothermic). The fundamental
principle of DSC involves quantifying the difference in heat required to increase the temperature of a
sample compared to a reference material. The DSC instrument measures the associated heat flow as
a function of time and temperature, providing insights into the material behavior. There are two main
types of DSC: heat flow and power-compensated DSC. In this work, heat flow DSC has been conducted,
which experiments use typically samples weighing few milligrams. For heat flow DSC, a sample and a
reference (an empty pan) are placed in the same oven as shown in Figure 2-7, the difference in heat-
flow between the sample, the reference and the exterior is analyzed during the same temperature
program (maintained under isothermal conditions, or subjected to heating or cooling ramps during

which the temperature increases or decreases linearly).
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O @ Heating coll
Reference pan : /%_ Sample pan
® P Sample
Reference ® ® Sample
thermocouple ® ® thermocouple

Figure 2-7. Schematic view of a heat flow DSC.

Therefore, a linear temperature ramp applied to the sample and the reference is expressed by
T =T; + q.t, inwhich T is the temperature at the time ¢, T; the initial temperature and g the scanning
rate. The heat flow @ resulting in the heat transfer Q is expressed as follow (Schick, 2009):

dQ dT

e 4 2-1
dt — Pdt

d =

where Cp is the heat capacity at constant pressure. When the temperature ramp is applied, heat is
transferred to the sample Qs and to the reference Q. Thermal events in the sample result in a
difference between sample Ts and reference Ty temperatures recorded by the thermocouples. The

resulting heat flow can be simplified by a thermal equivalent of the Ohm’s law:

AT

(D:QS_QR_Rr 22

where AT = T — Tr and R is the thermal resistance between the oven and the empty pan. The
measurements are performed with the Q100 heat-flow DSC based on Tzero technology from TA
Instruments. Calibration is required, and consists of three steps. A first calibration is made for obtaining
the base line with an empty oven. For this purpose, a constant heating ramp is performed without
sample and pan. The next step involves mass calibration. A constant heating ramp is conducted using
sapphire disks, with different but well-known masses, positioned directly on the sample and reference
platforms. The third calibration is the temperature and heat flow calibration, which is performed using
a minimum of one standard as Indium, aligning with its known melting temperature T,, = 156.6 °C
and its associated enthalpy 4H,,, = 28.6].g™ 1. The indium is positioned in a pan on the sample side,
while an empty pan is placed on the reference side. This calibration process needs to be repeated if
the scanning rate is modified. To ensure optimal signal-to-noise ratio, sample masses are around

1

10 mg. A scanning rate of 10 K. min™" is selected to enhance the resolution of thermal events under
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investigation. All experiments are conducted under a nitrogen atmosphere with a flow rate of

50 mL.min~ 1.

2) Modulated temperature differential scanning calorimetry MT-DSC

During heating and cooling, the samples are subjected to thermally activated events such as glass
transition, melting and crystallization as mentioned earlier. Some of these thermal events occur over
partially or completely overlapping temperature ranges. Overlapping events cannot be distinguished
by conventional DSC. Heat flow @ measured from standard DSC can be expressed by (Reading et al.,
1993):
cI>=d—Q=CPq+f(t,T), 2-3
dt

where f(t,T) denotes the portion of heat-flow associated with kinetic or non-reversing events,
referred to as non-reversing heat-flow @ . Conversely, the segment linked to thermodynamic events,
known as the reversing heat flow ®p, is expressed as the product of the heat capacity and the scanning
rate Cpq. In modulated temperature differential scanning calorimetry (MT-DSC) experiments, the
classical linear temperature ramp is altered by a small perturbation, typically a sinusoidal wave
(Reading and Hourston, 2006). A Fourier transform is used to deconvolute the sample response to the
perturbation from its response to the original heating ramp. The sinusoidal temperature modulation

is added to the underlying linear heating ramp, determining the temperature such as:
T =T; + qt + Asin(wt), 2-4

where A is the amplitude of the sinusoidal oscillation, w is the angular frequency corresponding to a

period p = 21 /w. Such sinusoidal heating ramp is shown in Figure 2-8.

—— T=Txqt
—— T = T#qt+A sin(wt)

Temperature

Time
Figure 2-8. Schematic illustration of a temperature ramp with sinusoidal modulation (in red) compared to a

classical linear ramp (in black). The parameters defining temperature modulation are shown in this figure.
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The modulated heat-flow @ is then expressed by:

d
d = d_f = Cp(q + Aw cos(wt)), 275

where Cp is the complex heat capacity. Thermodynamic events are related to the rapid vibrational and
translational motions of molecules in the sample, which can quickly adjust to small changes in
temperature. In contrast, kinetic events cannot follow these temperature changes and do not affect
the modulated part of the heat-flow. The reversing heat flow ® and non-reversing heat flow ®yg can

then be estimated with:

CI)R = C;q’ 2-6a

Dyr = P — Py = CpAw cos(wt). 2-6b

Furthermore, there is an experimental phase lag ¢ between the overall response of the calorimeter,
which is the total heat flux, and the heating modulation. Considering this phase lag, two components
can be distinguished from the complex heat capacity Cp: the reversing heat capacity C; (in-phase
component associated with ®g) and the non-reversing heat capacity Cy' (out-of-phase component

associated with ®yg). These two components are calculated from:

Cp = |Cp|cos(yp), 2-7a
Cp = |Cp|sin(e). 2-7b

MT-DSC measurements are performed with the Q100 heat flow DSC. Calibration before measurement
includes a supplementary step in comparison to a calibration performed for classical DSC
measurements. This additional step serves to calibrate the heat capacity. A standard as sapphire is
used, since it undergoes no transition in the temperature range swept for sample analysis. Moreover,
the heat capacity of sapphire as a function of temperature is stable and well known. Any change in
experimental conditions (modulation amplitude, modulation period or scanning rate) requires a new
calibration. From the calibration curve, a calibration factor K¢, is calculated by comparing
experimental and theoretical values of sapphire heat capacity. The calibration factor is obtained at
each temperature, averaged over the temperature range selected for measurement, and used to

correct the sample apparent heat capacity. The correction factor can be calculated with:

= —(CPS'“‘>, 2-8
(Cpg exp)
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where (Cp . ) and (CPSexp> are the average theoretical and experimental sapphire heat capacities

respectively.

MT-DSC measurements can be performed with three different temperature modulation modes: heat
only (Aw < q), heat-iso (successive isotherms with g = 0) and heat cool (Aw > q). Figure 2-9 shows
the temperature and heating rate signals of the different heating modes. It is recommended that the
heat only mode be employed to investigate the coupling of different thermal events, such as glass
transition and cold-crystallization, or crystallization and melting. The heat-iso mode is recommended
for the investigation of melting. The heat cool mode is recommended for the investigation of the glass

transition and physical aging.

< 26
o
=) 24 +
© Linear ramp
8 22 —— Heat only
e —— Heat cool
liJ 204 — Heat-iso
Time
a)
Time
b)

Figure 2-9. Schematic illustration of a) the temperature and b) the heating rate for the different heating ramps
achievable in MT-DSC. In this case, the mean heating rate for the different modes is 2 K. min~?, as shown with
the linear ramp in black. The heat only mode (in red) has a modulation amplitude and a period of A =
+ 0.318 K, p = 90 s. In this mode, the heating rate is strictly greater than 0. The heat cool mode (in blue) has
A =1 1Kandp = 60 s. During the measurement, the scanning rate alternates between heating and cooling,
even if its mean scanning rate is positive. The heat-iso mode has A = £ 0.318 K and p =60, and it is

characterized by a heating rate that approaches 0 at the lowest point.

Thus, the samples are analyzed using the heat-cool mode with a period of p = 60 seconds, an

1

amplitude of A =41K, and with a heating rate ¢ = 0.5 K.min™". Moreover, an additional

computational correction is applied to the reversing heat capacity C; and the non-reversing heat
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capacity Cp signals in order to remove the contribution to the phase lag due to the apparatus. This
correction is achieved by an homemade software. MT-DSC experiments use a nitrogen atmosphere
with a flow rate of 50 mL.min~!. Furthermore, the samples are placed in Tzero pans from TA
Instruments, which facilitate thermal conduction and ensure more accurate results than those
obtained with standard pans. For optimal signal acquisition, sample masses are typically approximately

10 mg.

Ill. Dielectric experimental techniques

1) Theory of dielectric relaxation

As mentioned earlier, broadband dielectric spectroscopy (BDS) is a highly useful tool for studying
molecular mobility in glassy liquids, as it allows the measurement of relaxation times across a wide
range of temperatures and frequencies (10~° up to 10! Hz) (Kremer and Schonhals, 2003). During
dielectric measurements, an alternating electric current generated by applying controlled voltage Us
is applied to a non-conductive material containing dipoles. This results in a symmetrical distribution of
positive and negative charges, known as electric polarization P. Therefore, dielectric materials such as
polymers can be simplified as capacitors. The increase in capacitance is related to the ability of the
material to store energy under an external field. From a macroscopic point of view, the polarization of
a dielectric material is related to the electric field. The capacitance of such capacitor is given by the
relation:

C = eﬁ, 2-9

e

where ¢ is the relative dielectric permittivity, & is the dielectric permittivity of vacuum, S and e are
the surface and the thickness of the capacitor respectively. It is worth mentioning that ¢&,S/e

corresponds to the equivalent capacitance C, of a planar capacitor in vacuum.

Type B

Type C

.w

a) b) c)

Figure 2-10. Schematic representation of a polymer of type A (dipoles oriented parallel to the backbone chain),

type B (dipoles oriented perpendicular to the backbone chain), type C (dipoles localized on flexible side groups

or on a flexible molecule at the end of the backbone chain). From (Kahouli, 2016).
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Electric polarization P arises from two main processes, known as induced polarization P,, and
orientational polarization P, (Grzybowska et al., 2016). Induced polarization P, involves electronic
polarization F,, and atomic polarization P,. Orientational polarization P,,, is the direct consequence of
the rotational movements of permanent dipoles when an external electric field is applied to the
sample. Polymers are referenced as three types due to the nature of their permanent dipoles within

the molecular chain as shown in Figure 2-10.

0> 9 99,0 o
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a) b)
Figure 2-11. Dipole orientations of a dielectric material in absence a) and presence b) of an external electric

field E. c) Evolution of electric polarization P(t) over time due an applied external impulse of the electric field

E(t).

In a system of freely floating dipoles, there are no restoring forces tending to impose a preferential
direction on dipole vectors. Instead, the random influence of thermal agitation is the only factor
influencing the orientation of the dipoles. Consequently, polarization is zero. In the absence of an
electric field (E = 0), the dipoles are randomly oriented due to the thermal agitation as shown in
Figure 2-11a. Conversely, when an electric field E is applied to a system where dipoles are initially
randomly oriented, a preferential direction is imposed on the dipoles, resulting ininduced and oriented
polarization as shown in Figure 2-11b. Electric polarization P over time can be calculated from (Kremer

and Schénhals, 2003):

t dE(t'
P(t) =P, + Sof e(t—t) d(t, )dt’. 2-10

—oo
The evolution of polarization P(t) according to the external electric field E(t) is shown in Figure 2-11c.
The contribution of the induced polarization P, is visible at the mean time than the rising edge of E (t),
while the orientational polarization P,.(t) starting to increase logarithmically until reach a plateau. If
a stationary periodic disturbance E(t,w) = Eexp(—iwt) (where w is the angular frequency) is

applied to the system instead of the pulse shown in Figure 2-11c, then polarization is expressed as:
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P(t,w) = gy(e"(w) — 1E(t, w), 2-11

where €* is the complex dielectric function. Therefore, dielectric permittivity € and capacitance C have
a complex response if the applied electric field is alternating, given complex permittivity £* and
complex capacitance C* respectively. € and C* are frequency dependent and tend to &, and C, at
infinite frequencies. The complex dielectric function £* includes a real part £’ (w), namely the dielectric
storage, proportional to the energy stored reversibly in the system per period, and an imaginary part,
the dielectric loss £''(w), proportional to the energy dissipated per period. Typical dielectric spectra
of dielectric storage £’ and loss €'’ for frequency sweep at given temperature and pressure are shown
in Figure 2-12. If the electric field E is alternated too quickly, i.e., wt > T,ax, the dipoles don't have
time to orient themselves in the direction of E. As a result, no energy is stored or dissipated. The

dielectric storage &'(w) is then equivalent to &, = lim &'(w). The real permittivity in the high
wW— 00

frequency g4, corresponds to its analogous induced polarization P.,. If E is alternated too slowly, wt «
Tmax, the dipoles, once oriented, won't store any more energy; they reach their maximal polarization.

In this case, the dielectric storage €' (w) is then equivalent to the static permittivity &g = lirr}) &' (w).
w—

Dielectric storage €'
Dielectric loss €"

fmax = ll/znfmax
10" 10° 10" 10> 10° 10* 10° 10°
Frequency [Hz]

Figure 2-12. Schematic evolution of the real £’ (in blue) and the imaginary & (in red) permittivities as a

function of frequency for a Debye relaxation.

Finally, if it is alternated in a way equivalent to the relaxation time 7,4, it is under these conditions
that the material have a maximum of energy dissipated in the reorientation of its dipoles. The response
of a dielectric material whose relaxation is of the Debye type (i.e. symmetrical and unstretched) can

then be expressed as (Debye, 1929):
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AV
* = <! — i = & + —_ 2'12
g(w)=¢(w)—ie"(w)=¢ T+ ity

where the dielectric strength Ae¢ is the difference between the dielectric constant measured at low &,
and high &g frequencies, and 1, the relaxation times (for Debye relaxation tp = T,,%). A€ gives the
magnitude of the dielectric loss of the relaxation process. The dielectric strength of a material can be
linked to the density of relaxing dipoles through the Onsager-Kirkwood-Fréhlich relation (Onsager,

1936; Kirkwood, 1940; Frohlich, 1986).
2) Broadband dielectric spectroscopy BDS

In dielectric or impedance measurements, a cell containing the sample is subjected to a voltage Us of
a fixed frequency f = w/2m. This voltage induces a current I of the same frequency in the sample
cell. There is typically a phase lag between the current and voltage, denoted by the phase angle ¢ such

as:
Us(t) = U, cos(wt), 2-13a

I5(t) = I, cos(wt + ). 2-13b
I can be measured in output by measuring the voltage U, of an analyzer in parallel with a resistor R,

as shown in Figure 2-13a.

Sample Sample Electrode

Capacitor Connectors X
Is :

~ Sample
Mounting Screw

Isolation
| Housing Screw

Critical ‘

. Electrical _ Upper Cell Electrode
R U @UZ Connections ~|L_- Disposable Electrodes
S| — Sample Material

" Lower Cell Electrode

Generator
®
S

Figure 2-13. a) Scheme of equivalent circuit for the dielectric spectrometer analyzer. Adapted from (Kremer
and Schonhals, 2003). b) Assembly of external electrodes in the BDS sample cell. Taken from (Novocontrol

Technologies, 2017).

By varying the frequency of the sine wave voltage Uy, the complex impedance Zg can be determined

by using the voltage divider principle:

2-14

L O (U;(w) 1))

L \U)
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where the complex sample current I5(w) is given by I§(w) = I'(w) + il"" (w) = Iy(cos(wt + @) +

i sin(wt + ¢)), and the complex sample voltage Us (w) is only composed of a real part.
The sample can also be considered as a complex sample capacity C* according to:

(@) = ———. 2-15
wZs(w)

Thus, the dielectric function can be derived by measuring the complex impedance Zg(w) of the sample
with:
C(w) i

- , 2-16
Co wZi(w)Cy

e(w) =

where C, is the equivalent capacitance of a planar capacitor in vacuum (see Equation 2-9). Complex
dielectric permittivity is studied using Novocontrol broadband dielectric Alpha-A frequency analyzer.
The complex dielectric permittivity was measured in the frequency range from 101 up to 10° Hz at
atmospheric pressure P,iy,. Accurate temperature control was implemented using a Novocontrol
guatro cryosystem that was equipped with a two-electrode circuit as shown in Figure 2-13b. Samples
are placed between parallel gold-plated electrodes with 30 mm of diameter. Dielectric spectra are
collected over a wide temperature range from —150 up to 100 °C with appropriate successive steps

and a temperature stability of 0.2 °C. The samples are kept in a nitrogen atmosphere.
3) Analysis of dielectric spectra

According to the Equation 2-12, dielectric spectra can be approximated using the Debye function.
However, this function cannot capture the full complexity of the dielectric loss peak shape. Usually,
the half width of loss peaks is up to six decades wider than what can be predicted by Equation 2-12,
and furthermore, their shapes exhibit asymmetry with a high-frequency tail. This phenomenonis called
non-Debye relaxation behavior. A more appropriate model function is the Havriliak-Negami (HN)

function (Havriliak and Negami, 1967):

Ae

+ : 2-17
(1 + (iwTyy)®un)Bun

(W) = &y

where 7y is the Havriliak-Negami relaxation time and ayy and Sy are the symmetric and the

asymmetric broadening parameters (0 < ayy , Buny < 1), respectively.

The influence of ayy and By on the dielectric storage and dielectric loss is shown in Figure 2-14. It is
worth noting that special cases where Sy = 1 or ayy = 1 correspond to the function Cole-Cole (Cole
and Cole, 1941) and Cole-Davidson functions (Davidson and Cole, 1951) respectively. The case of

ayy = Byn = 1 corresponds to the Debye function. Figure 2-14d shows clearly that when Sy # 1,
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the Havriliak-Negami relaxation time deviates from the t,,,,. Therefore, the relaxation time

corresponding to the position of the maximal loss can be determined with broadening parameters

such as:
1 1
. — [sin aAgNT ]_amv [sin aHNﬁHNTf]“HN 2-18
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2.0
w w _
(] o 1.871 a=1
()] ()]
o ©
% % 1.6 =1
5 R =08
o 3 ——B=06
a Q 124 —p=04
——B=0.2
1.0
10°® 10 10" 10" 10° 10°
f[HZ]
b)
101 101
_B =
—p=0.8
" 10°4 w 10° —B=O6 a=1
)] ()]
(2] (72]
o o
(&) (&)
E 1075 E 1075
[&] [&]
@ @
9] 9]
3 3
102+ 102+
10-3 T U T T T T T T T 10-3 T T T T T T T T T
10°° 103 10" 10" 10° 10° 10°® 103 10" 10" 10° 10°
fIHz] f [Hz]
c) d)

Figure 2-14. Havriliak-Negami function of dielectric storage for fixed a) ayy = 1 and b) S5 = 1 and dielectric
loss for fixed c) ayy = 1 and d) Syy = 1. For sake of clarity, As = 1, £, = 1 and Tty = 1/2m. Adapted from

(Kremer and Schonhals, 2003).

In most of dielectric measurements of polymers, the dielectric loss needs an additional contribution to
fit the spectra. Indeed, the fluctuation of mobile charge carriers exhibits a slope decreasing inversely

proportional to the frequency such as:
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O
-2 2-19

8” ,
we

where g is the ohmic conduction and g is the dielectric permittivity of vacuum.
4) Broadband dielectric spectroscopy High Pressure HP-BDS

The High Pressure BDS (HP-BDS), which its setup is shown in Figure 2-15a, can provide the opportunity
to consider the volumetric effects on the relaxation time changes, independently of temperature
variations. The dielectric measurement works similarly as for classical BDS but the sample isimmerged
in a mixture of octane and silicone oil inside the pressure chamber. For that purpose, a sample cell has
been designed for ensure impermeability as shown in Figure 2-15b.

1] | 5]

_ | | il Impedance
Heat-regulating Samplecell |1 analyzer

Tightening screw
Input electrode
Sample

22277777

il Pressure l

\
Pump _—| Chamber PC o ///}ﬁ////////%
3 ]

Output electrode

Support (Teflon)

| 6 | Thermocouple |

c)

Figure 2-15. a) Experimental setup of the HP-BDS. b) Assembly of external electrodes in the HP-BDS sample
cell. c) Photo of the experimental setup with the pump (2), the pressure chamber (3), and the thermocouple

(6). d) Photo of the experimental setup with the thermostatic bath (1) and the Alpha-A frequency analyzer (5).

The samples were placed between two circular stainless-steel electrodes with a diameter of 15 mm.
The electrodes were placed in a Teflon support, wrapped with a layer of Teflon tape, and sealed with

polyisoprene layer. These sealing layers are essential to ensure to have a clean dielectric signal. Figure
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2-16 depicts the signals from two samples, one of which exhibited a compromised seal and the other

a well-sealed condition.

10°
“ 1074
—eo— Insufficient sealing
—e— Good sealing
10-2 MR | ML | MELELRALLL | MELELRALLL | MR | MR | T
10" 10° 10" 10> 10° 10* 10° 10°

f [Hz]
Figure 2-16. Dielectric loss peaks of PLA samples at T = 535 K and P = 25 MPa. The dielectric response at
low frequencies is poor when the sealing is insufficient (in red) while a good sealing provides a order signal (in

blue).

The dielectric loss shows clearly a degradation of the signal at low frequencies for the bad sealing while
the good seal exhibits a clean response. The pressure is applied to the oil in the chamber by a piston,
the pressure is therefore hydrostatic. The high-pressure pump U111l provided by UNIPRESS
EQUIPMENT is the device for applying pressure up to 600 MPa shown in Figure 2-15c. The pressure is
measured using a Nova Swiss tensiometer with a resolution of +0.1 MPa. The temperature is
controlled by a thermostatic bath from Huber from —10 °C up to 120 °C (see Figure 2-15d), and

measured by means of a thermocouple with an accuracy of 0.1 °C.

IV. Determination of experimental parameters

The experimental deviations of the HP-BDS on the HN parameters should be considered through the
uncertainties of the parameters. Therefore, a metrological study has been carried out to estimate the
influence of the experimental setup. Moreover, in order to extract experimental parameters such as
the cooperativity volume, both experimental and computational procedures must be followed. These
procedures condition the experimental protocol that must be adopted to obtain the desired physical

quantities.
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1) Metrological aspects of HP-BDS

The sealing of the sample cell is very important in order to avoid the contamination of the oil. This may
occur either due to oil penetration into the sample or due to the parasitic polarity of the oil. A
metrological study has been carried out to quantify the uncertainties due to the sealing system on the
EVA80 sample. It has been chosen because its a-relaxation peak is in the middle of the BDS frequency
range at 20 °C. The average values of the HN parameters of EVA80 are determined at ambient
temperature for each successive addition of the sealing assembly layers, namely the Teflon support,
the polyisoprene (PI) layer, and immediately and one hour after immerging the sample cell in oil. The
uncertainties of HN parameters (see Equation 2-17) are shown in Table 2-3. Six different samples have
been analyzed. The uncertainties are then calculated by comparing the HN parameters in classical BDS
and after one hour in oil with the sealing assembly. It is worth mentioning than uncertainty values may

be overestimated due to a change in temperature between these two measurements conditions.

Table 2-3. Average values at each successive step and uncertainties (Ax) of HN parameters: the relaxation
time 7, the dielectric strength Ae, the symmetric and the asymmetric broadening parameters ayy and S,

for EVA80. The temperature corresponds to the ambient conditions during measurements.

Steps T [°C] Log1o(7) [s] Ae ayn Bun
Classical BDS 20.1 -33 4.49 0.76 0.52
Teflon layer 20.1 —-3.4 4.49 0.77 0.52
Pl layer 20.1 —-3.4 4.49 0.77 0.52
oil 19.5 -2.9 4.64 0.78 0.48
1hin Oil 19.5 -2.9 4.64 0.78 0.48

BDS HP Ax - +0.6 +0.8 +0.07 +0.15

14 14
3
o _E
& ;w
o =
5 &
g 0.1- S 0.1 o
- — Ambiant air (T=20.1 °C) 2 —— Ambiant air (T=20.1°C)
Teflon layer (T=20.2 °C) ~ Teflon layer (T=20.2 °C)
— Pl layer (T=20.1°C) —— Pl layer (T=20.1°C)
—— Oilimmersion  (T=19.4 °C) —— Oilimmersion  (T=19.4 °C)
——1himmesion  (T=19.5°C) —— Thimmesion  (T=19.5°C)
001 T T T T T T 001 T T T T T T
10" 10° 10" 102 10® 10* 105 108 10° 102 10" 10° 10" 102 10® 10*
f[Hz] fif

max
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a) b)
Figure 2-17. a) Log-log plot of the dielectric loss as a function of frequency and b) the dielectric loss normalized

to the peak maximum as a function of the normalized frequency for the different steps of measurements.

To observe the deviation of a-relaxation peaks for different steps from qualitative view, dielectric loss
peaks for EVA80 is shown in Figure 2-17a. The superposition in Figure 2-17b is made by normalizing
the frequency and the dielectric loss by the values at the peak maximum. There is a slight shape
deviation at low frequency due to the conductivity contribution shifting with temperature in air and

oil, otherwise the peaks remain relatively similar regardless of the measurement conditions.

In addition, Fourier-transform infrared (FTIR) spectroscopy has been conducted on samples before and
after immersion in the pressure chamber to validate that no oil has penetrated the materials. FTIR
spectroscopy provides information on the chemical structure of organic molecules. The vibrational
frequencies of different chemical bonds are identified through characteristic absorption peaks. Then,
FTIR spectra were collected at room temperature in attenuated total reflectance mode on a Thermo
Scientific Nicolet iS10 spectrometer equipped with a diamond crystal. Absorbance spectra were
obtained by collecting 16 scans with a resolution of 4 cm™2. Prior to the acquisition of the sample
spectrum, a blank scan was recorded in order to correct for the presence of atmospheric CO; and H,O0.
Figure 2-18 shows the FTIR spectra of PVAc before and after immersion of PVAc samples in the
pressure chamber at 200 MPa during a week. The absence of any additional peaks indicates that the

sealing is effective and prevents oil penetration of the samples.

Absorbance

A J

—— Blank PVAc sample
Bulk PVAc after immersion at 200 MPa
—— Edge PVAc after immersion at 200 MPa

4000 3500 3000 2500 2000 1500 1000
Wave number [cm™']
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Figure 2-18. FTIR spectra of PVAc before immerge the sample in the HP-BDS (in black), and center (in red) and
edge (in blue) of a PVAc sample after being immerged in the pressure chamber at 200 MPa during one week.

All the spectra were normalized with respect to the -C-O- bond peak (1225 cm?).

2) Cooperativity volume

As introduced in the previous chapter, the cooperativity volume, or CRR volume, at the average
dynamic glass transition temperature T, is expressed with (Donth, 1982, 1984):

1 1 ]
_ CP,glass CP,liquid

“ p(8T)?

kgTZ,

where Cp is the specific heat capacity at constant pressure, kg is the Boltzmann’s constant, T,, is the
dynamic glass transition temperature, p is the density, and 8T the mean square temperature
fluctuation associated with T,. The values of 8T, T, and Cp are usually determined from MT-DSC
analyses. Theses parameters are extracted from the reversing heat capacity Cp and the non-reversing

heat capacity Cp' of the complex heat capacity Cp as shown in Figure 2-19.

T 0.035
1.9 |
-0.030
1.8
— -0.025 __
fe)) 1.7 1 A\
T 0.020
X 1 -0.020 ¢
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a i -0.015 —
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Figure 2-19. The solid lines represent the real part Cp’ (in red) and the imaginary part Cp"' (in blue) of the
complex heat capacity for PVAc as the function of temperature obtained by MT-DSC. The blue short dot line
is the Gaussian fit allowing to determine 8T and T,. The red dashed lines are the extrapolated baselines of the

specific heat capacities of the glass and the liquid-like state for PVAc.

6T and T, are obtained from a Gaussian fit approximating the peak on the non-reversing heat capacity

Cp signal, expressed by:
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(T
Cy(T) = ) 2-21
p(T) = exp[ ZGT

orV2m
where A is the Gaussian peak area and o is the standard deviation. It has been shown that the average
temperature fluctuation 8T corresponds to or. T, corresponds to the maximum of the Gaussian fit.
The specific heat capacities Cp of glass and liquid are obtained by extrapolating the liquid-like and

glassy Cp values at T,.

In the extended Donth’s approach, T, and 6T are determined by approximating the isochronal curves
of the dielectric loss '’ with a Gaussian fit using the same expression as Equation 2-21 (Saiter et al.,
2010). The isochronal curves shown in Figure 2-20 are deduced from the a-relaxation, without any
contribution from the conductivity or from the f-relaxation. The use of MT-DSC measurements
presented in Figure 2-19 allows to extended Cp of glass and liquid. This combined use of BDS and MT-
DSC techniques allows to determine cooperativity volume V,, on a wide range of temperature and

frequency down to the calorimetric glass transition temperature Tj.
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Figure 2-20. Isochronal spectra of the imaginary part of the complex permittivity ¢’ as a function of

temperature and frequency for PVAc. The black filled curve corresponds to a frequency of 134 Hz. The short

dot line is its Gaussian fit to calculate the mean temperature fluctuation 6T from the standard deviation.

This chapter introduces the experimental framework used for the investigation of glass transition and
molecular mobility in amorphous polymers, which are presented in the next chapters. These chapters

aim to expose the results and provide a discussion of the phenomena involved
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List of abbreviations and symbols

Symbols

A Amplitude of the sinusoidal oscillation
of temperature ramp

Gaussian peak area

C Capacitance
c* Complex capacitance
Co Capacitance of a planar capacitor in
vacuum
Cp Isobaric heat capacity
Cp Reversing heat capacity
cy Non-reversing heat capacity
Cp Complex heat capacity
E Electric field
e Sample thickness
f Frequency
Is Induced sample current
I3 Complex sample current
Kep Calibration factor
kg Boltzmann’s constant
M, Molar mass of the repeating unit
My, Average molecular weight
P Period
P Pressure
P Electric polarization
P, Induced polarization
P, Atomic polarization
P, Electronic polarization
P, Orientational polarization
q Scanning rate
Q Heat transfer
q- Cooling rate
R Thermal resistance
Ohmic resistance
S Sample surface
T Temperature
t Time
T, Glass transition temperature
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wt. %

BHN

Tmax

Initial temperature during a
temperature ramp

Melting temperature

Reference temperature

Sample temperature

Dynamic glass transition temperature
Voltage applied to the sample

Cooperativity volume

Percentage of weight
Complex impedance

Symmetric broadening parameter

Asymmetric broadening parameter

Melting enthalpy

Temperature fluctuation
Uncertainty of the x parameter
Dielectric strength

relative dielectric permittivity
Dielectric storage

Dielectric loss

Complex dielectric function
Dielectric permittivity of vacuum
Real permittivity in the high frequency
Static permittivity

Density

Ohmic conduction

Standard deviation

Debye relaxation times
Relaxation time

Phase shift (calorimetry)

Phase angle (BDS)

Heat flow

Non-reversing heat flow
Reversing heat flow

Angular frequency
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Abbreviations

BDS
DSC
FTIR
HN
HP-BDS

MT-DSC

Broadband Dielectric Spectroscopy
Differential Scanning Calorimetry
Fourier-transform infrared
Havriliak-Negami

Broadband Dielectric Spectroscopy High
Pressure

Modulated temperature differential
scanning calorimetry

Polymer abbreviations

PB
PMMA
PS
PDMS
PEO
PETg
EVA
PLA
POM
PVAC
PEEK
PE
PET
P

PP

1,4-Polybutadiene

Atactic poly(methyl methacrylate)
Atactic polystyrene

Poly(dimethyl siloxane)
Poly(ethylene oxide)
Poly(ethylene terephthalate glycol)
Poly(ethylene-vinyl acetate)
Poly(lactide acid)
Poly(oxymethylene)

Poly(vinyl acetate)
Polyetheretherketone
Polyethylene

Polyethylene terephthalate
Polyisoprene

Polypropylene
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Chapter 3. Volumetric and thermal contributions of the isobaric fragility

The experimental part of the study on the influence of the chemical structure of amorphous polymers
on molecular mobility are now presented. As detailed in the material and methods section, the
poly(lactide acid) PLA, the poly(ethylene terephthalate glycol) PETg and the poly(vinyl acetate) PVAc
have been employed in this work. PETg shows a rigid backbone chain, whereas PVAc has a flexible one.
PLA is situated between PETg and PVAc in terms of rigidity. This flexibility difference is reflected
proportionally with their glass transition temperature difference, yet PLA shows a high isobaric
fragility, approaching that of PETg. As the PVAc has been particularly studied in high pressure BDS
(White and Lipson, 2017), it has allowed for the assessment of the results and the extension of the

study to PETg and PLA samples.
I.  Uncorrelation between isobaric fragility and cooperativity

Although isobaric fragility mp is an indicator of the molecular mobility at the glass transition
temperature T, it is not clearly correlated with the glass transition concepts, such as cooperativity and

free volume approaches.
1) Highlight from various glass formers.

As presented in Chapter 2, the glass transition temperature Ty and V,, (cooperativity volume at the
dynamic glass transition temperature T,) can be determined from MT-DSC measurements. Figures 3-
1a, 3-1b and 3-1c represent the reversing heat capacity Cp and the non-reversing heat capacity Cp
signals for PETg, PLA and PVAc respectively. Accordingly, Donth's approach (see Equation 2-20, p. 82)
allows for the calculation of /, through the use of the Boltzmann’s constant kg, the density p, and
parameters from MT-DSC analysis, including the specific heat capacity at constant pressure Cp, the
dynamic glass transition temperature T, and the mean square temperature fluctuation 8T associated
with the glass transition. The temperature corresponding to the maximum of each peak is identified
as T,. The values of the parameters derived from the MT-DSC analysis and V,, for the three polymers
are presented in Table 3-1. Simultaneously, the isobaric fragility mp and the glass transition
temperature Ty can be estimated by determining the relaxation time from dielectric measurements.
As presented in Chapter 2, BDS allows to extend the measurement of the a-relaxation, which is the

dielectric manifestation of the glass transition, in the liquid.
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Figure 3-1. Reversing heat capacity C; (black line) and the non-reversing heat capacity Cp (colored line)

signals measured by MT-DSC as a function of temperature in the vicinity of the glass transition for a) PETg, b)

PLA, and c) PVAc. The dotted colored lines represent a Gaussian fit of C;'. The polymers have been analyzed

using the heat-cool mode with a period of p = 60 seconds, an amplitude of A = +1 K, and with a heating

rate ¢ = 0.5 K. min"1. The dielectric storage (black lines) and loss (colored lines) have been recorded by BDS

as a function of frequency for a) PETg from 353 K up to 373 K, b) PLA from 326 K up to 353 K, and c) PVAc
from 317 Kup to 353 K.

89



| - Uncorrelation between isobaric fragility and cooperativity

Thus, Figures 3-1d, 3-1e and 3-1f shows dielectric storage and loss from BDS analysis at atmospheric
pressure for PETg, PLA and PVAc respectively. The three polymers exhibit a conductivity contribution
at low frequency. Moreover, none of the materials under consideration exhibit an abrupt decline in of
the intensity of the dielectric loss peak or in low frequency dielectric storage during the measurements.
If such a decrease occurs during heating, it indicates a structural change in the material that hinders
dipole orientation, such as cold crystallization. It is reasonable to assume that samples remain
amorphous throughout the measurement. As mentioned in Chapter 2, the dielectric signals can be
approximated with the Havriliak-Negami function (HN) and a conductivity contribution with:

0y Ae

+ + 3-1
wey (1 + (iwtyy)®HN)PuN

e'(w) =¢"(w)+ie"(w) =—i

SOOI

where g is the ohmic conduction, g, is the dielectric permittivity of vacuum, &, is the permittivity at
high frequency, Ae is the dielectric strength, Ty is the relaxation time and ayy and Syy are the
symmetric and the asymmetric broadening parameters. Thus, the HN fits allow for the extraction of
the relaxation time 7,,,, (see Equation 2-18, p. 77) of dielectric spectra for each temperature. Figure
3-2 presents the evolution of relaxation time 7,4, as a function of temperature inverse 1000/T. This

representation corresponds to an Arrhenius diagram.
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Figure 3-2. Temperature dependence of the a-relaxation time T for PETg (red circles), PLA (blue circles) and
PVAc (green circles) at atmospheric pressure. The squares represent the glass transition temperature
determined from MT-DSC analysis for T = p/2m. The lines are VFTH fits, and the dashed gray lines correspond

to isochrone for 7 = 100 s, i.e., to the glass transition temperature T,, and for t = p/2m withp = 60 s.
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The relaxation times are therefore extrapolated with a VFTH law (see Equation 1-1, p. 7). By this way,

the temperature associated with a relaxation time of 100 s is deduced from the VFTH law parameters:

DT,
Tg = TO + lW . 3-2
n(3)
This allows to calculated isobaric fragility with:
DT,
mp =log(e) Ty—————. 3-3
(Tg - TO)

The glass transition temperature T, and isobaric fragility mp have been determined using the BDS
analysis and are listed in Table 3-1. A slight difference is observed between the glass transition
temperatures obtained by MT-DSC and BDS measurements. However, both techniques allow for the
consistent identification of T, values in accordance with the backbone flexibility. Additionally, the
cooperativity volume V,, of PLA is higher than that of PETg. It is also noteworthy that the isobaric
fragility of PLA is closer to that of PETg than to that of PVAc, while the glass transition temperature of
PLA is more in the middle of that of PETg and PVAc.
Table 3-1. MT-DSC and BDS results for PETg, PLA and PVAc: the temperature fluctuation 8T, the difference

between specific heat capacity inverse of the glass and the liquid, density p, dynamic glass transition from

MT-DSC Ty mr-psc, cooperativity volume V,, Ty at T = 100 s from BDS and isobaric fragility mp.

Polymer 6T [K]  A(1/Cp) p[gmol'] Tymrosc[K] V, [nm3]  Tyeos [K] mp

PETg 2.6 0.156 1.27 351 30.6 345 158
PLA 2.4 0.275 1.25 331 40.6 326 145
PVAc 3.4 0.193 1.19 313 19.5 303 76

Some studies have demonstrated that there is no direct correlation between cooperativity volume and
mp for several glass-forming liquids by glass transition investigation using NMR (Tracht et al., 1998;
Qiu and Ediger, 2003), dielectric spectroscopy (Araujo et al., 2018b; Crauste-Thibierge et al., 2010;
Puente et al., 2015), Raman and Brillouin scattering (Hong et al.,, 2009), photon correlation
spectroscopy (Dalle-Ferrier et al., 2007b), and molecular dynamic simulations (Berthier et al., 2005b,
2007a). Although there is a rough tendency for the evolution of the isobaric fragility mp as a function
of the glass transition for polymers, no precise correlation has been established. Qin and McKenna
have proposed a large correlation zone to capture the trend, as shown in Figure 3-3 (Qin and McKenna,
2006). It is noteworthy that PETg, PLA, and PVAc fall within the range defined by the zone, despite the

fragilities of PETg and PLA appearing to be at the upper limit of the acceptable range.
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Figure 3-3. The isobaric fragility m, as a function of the glass transition temperature T, for different polymers.
The values of PETg, PLA and PVAc are indicated in red, blue and green respectively. The line and the gray
correlation zone correspond to a linear regression made by Qin and McKenna, which yielded the following
equation: mp = 0.28(£0.067)T; + 9(£20). Values are taken from Qin and McKenna (2006), Hong et al.
(2009) and Rijal et al. (2015).

As explained in Chapter 1, one possible reason of the decorrelation between mp and the glass
transition is associated with the hypothesis of two distinct contributions of the isobaric fragility: the
thermal and the volumetric contributions. Hong et al. proposed an expression of mp by considering
both contributions (Hong et al., 2011a):

AV#

_— 3-4
my + In10kg

mp=

In this equation, the first term represents the thermal contribution (isochoric fragility m;,), while the
second term denotes the volumetric contribution, also noted (mp —my). AV# is the activation
volume, kg is the Boltzmann’s constant, a is the thermal volume expansivity and k is the
compressibility. These two contributions have been determined in previous studies as factors
influencing mp variations in relation to the chemical structure of polymers (Delpouve et al., 2014;

Araujo et al., 2018a, 2018b, 2019).
2) Interest of pressure

Most of time, studies using the two contributions of the isobaric fragility have estimated them at
atmospheric pressure, discussing the structural dependence of the contributions. The thermal
contribution is associated with intramolecular interactions, while the volumetric one is linked to
intermolecular interactions, which are in turn associated with the CRR size (Hempel et al., 2000; Bauer

et al., 2013; Puente et al., 2015).
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Chapter 3 - Volumetric and thermal contributions of the isobaric fragility

Since the density changes during a cooling at constant pressure, these contributions require the study
of glass forming liquids in isobaric or isochoric conditions (Casalini and Roland, 2005; Niss and Alba-
Simionesco, 2006). The use of the BDS under controlled atmosphere enables the application of a
complementary pressure control to the classical thermal control (Paluch et al., 1999; Capaccioli et al.,
2004). This approach allows for the modification of pressure at a constant temperature, reducing the
available space for structural unit movements, and thus hindering relaxation. In particular, it enables
the calculation of activation volume and isochoric fragility my, (Roland et al., 2005; Niss et al., 2007).

Activation volume is defined by:

dlnt
AVH = kT 3-5

while the isochoric fragility my, is obtained by counterbalancing the thermal expansion by compressing

the system in order to maintain a constant volume.

Figure 3-4 shows the different ways for calculating the isochoric fragility m;, and activation volume
AV# from isobaric, isothermal or isochoric measurements. The activation volume is typically derived

through the application of Equation 3-5 to the isothermal measurements of relaxation time.

However, as presented in Equation 1-42 (p. 47), AV# can be calculated from isobaric fragility and
pressure dependence of glass transition temperature. Both can be derived from isobaric

measurements of relaxation times.

Isochoric fragility my, is defined by the relaxation times variation with temperature at T, for constant
volume. Thus, this value can be deduced by knowing the specific volume variation as a function of
temperature and pressure, which is given by the Tait’s equation (Equation 1-36 p. 40), and the

relaxation times variation as a function of temperature and pressure.

Otherwise, my, (or thermal contribution of mp) can be estimated by subtracting the volumetric
contribution to mp. Volumetric contribution (mp — my,) is determined by considering the ratio a/k
at the glass transition temperature in a range from 1 up to 2 MPa/K for polymers (Hong et al., 2011a).
The HP-BDS enables the experimental determination of the thermal (my) and the volumetric (mp —

my ) contributions to the isobaric fragility mp.

Moreover, the cooperativity volume can also be determined through the extended Donth’s approach
applied to dielectric spectra and compared with the activation volume as proposed by the hypothesis

that the volumetric contribution (mp — my/) is related to cooperative interactions.
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Figure 3-4. Schematic representation of different approaches for calculating the activation volume AV# and

the isochoric fragility my,.

A notable difference in isobaric fragility is observed for PETg, PLA and PETg, which does not appear to
be directly correlated to glass transition temperature or V/,. The experimental determination of

thermal and volumetric contributions of the isobaric fragility may provide insight into this difference.

Il. Pressure and temperature dependences on the segmental relaxation

The study examines the effects of temperature and pressure on relaxation time variations, in order to

follow the different paths of Figure 3-4.
1) Temperature and pressure dependences of relaxation time

As mentioned in the Chapter 2, the segmental relaxation time is extracted from the dielectric storage
and loss spectra. The typical dielectric spectra are shown in Figure 3-5. The dielectric storage and loss
are plotted as a function of frequency and pressure for an isotherm. The higher the pressure, the more

the dielectric relaxation spectra shift to lower frequencies.

The dielectric spectra can be fitted with the HN function to extract the relaxation. It should be noted
that measurements at temperatures around and above 370 K for PETg and 350 K for PLA must be
recorded quickly before isothermal crystallization of the sample can occur. In these temperature

ranges, the pressure steps are then increased in order to accelerate the measurements.
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Figure 3-5. Dielectric storage (black lines) and loss (colored lines) for a) PETg, b) PLA, and c) PVAc samples as
a function of the frequency and the pressure at T = 369 K, T = 349 K and T = 341 K, respectively. The
dielectric spectra show isobaric measurements from 10 MPa up to 60 MPa, 80 MPa and 150 MPa for PETg,

PLA and PVAc respectively.

The segmental relaxation time as a function of the pressure is plotted for PETg (Figure 3-6a), PLA
(Figure 3-6b) and PVAc (Figure 3-6¢) under isothermal conditions. Each point corresponds to the

relaxation times Ty found by HN fitting of the complex permittivity.

The higher the temperature, the more the segmental relaxation is seen over a wide pressure range.
According to the free volume concept, the molecular mobility slows down with increasing the applied

pressure at constant temperature. The free volume ratio should decrease and limit the mobility.

The pressure dependence of the relaxation time for the segmental relaxation can be described by the
pressure VFTH law (Corezzi et al., 1999; Johari, 1973; Paluch et al., 1996) at constant temperature (see
Equation 1-38, p. 43). The parameters of the pressure VFTH law for isothermal measurements are

given in Table A-1 in Appendix. For the three polymers, the pressure VFTH fits show a nonlinear
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pressure dependence of the segmental relaxation time (Casalini et al., 2004; Paluch et al., 1998).
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Figure 3-6. Pressure dependence of the isothermal a-relaxation time for a) PETg, b) PLA and c) PVAc. The black
lines are the pressure VFTH fits for each isotherm. The dashed gray lines correspond to the isochrone T =

100 s, i.e., the glass transition pressure P, analogous to the glass transition temperature T.

From the classical VFTH law, the temperature dependence of the segmental relaxation times at
constant pressure can be derived. Figure 3-7 shows the isobaric evolution of the relaxation time
extrapolated from the pressure VFTH law (the law parameters are given in Table A-2 in Appendix). The
isobaric curves range from P,i, up to 70 MPa for PETg (Figure 3-7a), up to 100 MPa for PLA (Figure
3-7b) and up to 130 MPa for PVAc (Figure 3-7c). For the three polymers, the super-Arrhenius behavior

of the segmental relaxation is well observed for each isobaric measurement.
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The decrease in temperature and the increase in pressure have similar effects on the molecular
mobility. In both cases the relaxation time is slowed down. When this slowing process reaches the a-
relaxation time of 100 s, the pressure/temperature couple at this point is considered as the glass
transition pressure F; and the glass transition temperature Tj,. In this way, a supercooled liquid can be
transformed into a glass by cooling down the material or by applying a hydrostatic pressure. The
structure of the liquid remains "frozen", either because the system does not have enough
configurational entropy to undergo thermal fluctuations, or because it does not have enough space to

undergo spatial fluctuations.
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Figure 3-7. Temperature dependence of the isobaric a-relaxation time t for a) PETg, b) PLA and c) PVAc. Black

lines are VFTH fits of each isobar. The dashed black lines correspond to the VFTH fit at P,,. The dashed gray

lines correspond to the isochrone T = 100 s, i.e., the glass transition temperature T;.
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2) Pressure dependence on glass transition

In Figure 3-8, the glass transition temperatures T of the three polymers determined by BDS analysis
are plotted as a function of pressure. Overall, the glass transition temperature at T = 100 s increases
with pressure. This corresponds to the equivalent glass transition determined by MT-DSC
measurements (Puente et al., 2015). The T values are in agreement with the literature (Roland et al.,

2005), where dTg/dP is found between 0.1 and 0.4 K. MPa~1. However, the higher the pressure, the

smaller the increase in Ty (P).
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320
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Figure 3-8. Glass transition temperature as a function of pressure for PETg in red, PLA in blue and PVAc in

green. The lines correspond to the approximation of the experimental data with the Andersson’s fit function.

This nonlinear behavior can be approximated by the Andersson’s empirical model through the

Equation 3-6 (Andersson and Andersson, 1998):
1

T,(P) = T? (1 + %)b . 3-6
Here Tg0 is the glass transition temperature at atmospheric pressure, I1 and b are adjustable
parameters. They are given in Table 3-2. This empirical equation allows to describe the reduction of
the variation of T, with the increase of the pressure. It has been shown that this model is a special case
of the Avramov’s model when 7 = 100 s (Avramov, 2000; Floudas et al., 2011). In the latter model, I1
and b are adjustable parameters with physical connection expressed by I1 = Cp /(a7 V;,b), where Cp
is the heat capacity, ar is the thermal volume expansivity and 1}, is the molar volume. The parameter
b from the Andersson’s model is informative about the variation of T slope as a function of pressure.
It indicates that for PETg (b = 11.2), the value of dT;/dP decreases more than for PLA (b = 7), and

PVAc (b = 5.5), as the pressure increases.
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Table 3-2. Fit parameters (T2, b, I1), their uncertainties and the R-squared of the Andersson’s model (Equation

3-6) for PETg, PLA and PVAc.

Polymer ) ATY b Ab 1 ATl R?
PETg 348 0.29 11.2 1.5 80 4.7 0.99943
PLA 330 0.28 7.0 1.4 177 9.9 0.99898
PVAc 304 0.04 5.5 0.2 213 1.8 0.99997

3) Pressure dependence on isochoric fragility

Figure 3-9a shows the effect of pressure on the isobaric fragility mp (see Equation 1-3, p. 7). On one
hand, PETg and PLA show a high fragility at P,:y,, which then decreases as the pressure increases. This
behavior was expected from previous studies (Paluch et al., 2007; Roland and Casalini, 2005). On other
hand, PVAc has a relatively low isobaric fragility for a polymer and the influence of pressure on mp
seems to be very low. Most of the time, it has been shown that the isobaric fragility of polymers
decreases with pressure, however poly(ethyl acrylate) PEA, poly(butadiene) PBD and PVAc have
dmp/dP = 0 (Huang et al., 2002). It is noteworthy that these three polymers have low mp and Ty
values at atmospheric pressure (PEA and PBD have isobaric fragilities of 83 and 67 and glass transition
temperature of 252 K and 208 K, respectively) and quite flexible backbone chain. Such behavior
seems to be difficult to relate directly to the chemical structure of the repeating unit (see Chapter 2)
because PLA has a very high isobaric fragility, close to that of PETg, despite a backbone stiffness

intermediate between those of PETg and PVAc and a glass transition temperature lower than that of

PETE.
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Figure 3-9. a) Isobaric fragility mp as a function of the pressure. b) Isobaric fragility normalized to the isobaric

fragility at P,y as a function of the pressure (PETg in red, PLA in blue and PVAc in green).
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Figure 3-9b shows the isobaric fragility mp normalized to the value at P,;,,. It clearly shows that the
isobaric fragility decrease of PLA and PETg is significant compared to the mp stability of PVAc. This plot
allows to observe that the PLA isobaric fragility seems to be less affected by the pressure increase than
the PETg isobaric fragility. In the case of PVAc, the stability of the isobaric fragility with increasing glass
transition temperature indicates that the isobaric activation energy of the segmental relaxation
process also increases with pressure. Again, isobaric fragility and glass transition are not correlated as
a function of pressure. Investigation of the volumetric contribution of the isobaric fragility, and more

specifically the activation volume, may explain this uncorrelation.
lll. Correlation between activation volume and cooperativity volume

As introduced in Chapter 1, Sokolov and coworkers (Hong et al., 2009, 2011a) identified an empirical
correlation between the activation volume AV # and the cooperativity volume V. Considering that AVH#
is the main parameter influencing the volumetric contribution (mp — my,) of the isobaric fragility mp,

this could be the reason for the uncorrelation between mp and V.
1) Activation volume

«» Activation volume from isotherms

On the one hand, in the classical definition of the activation volume (see Equation 3-5), AV# must be

calculated from the VFTH pressure parameters of the isothermal measurements (see Figure 3-6) with:

AV# = kpT ¢ 3-7
= kg e

«» Activation volume from isobars

On the other hand, the activation volume AV# at T, can be determined from Equation 1-42 (p. 47). In
this equation, the glass transition temperature dependence of pressure is obtained by using the
parameters of the Andersson’s model such as:
Ty ig
dp Py’ i
b (1+73)

where I and b are adjustable parameters. AV# calculated from Equation 1-42 is obtained from the

isobaric measurements of Figure 3-7. Activation volume determined this manner is noted AV#(P, Tg).

++» Comparison between activation volume from isobars and isotherms

Figure 3-10 guarantees that both manners for calculating AV# are consistent with each other. The

variations of the activation volumes at T, are similar to those reported by Roland and Casalini for
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PVAc, with activation volumes ranging from 0.217 up to 0.333 nm? for temperatures from 390 down

to 340 K (Roland and Casalini, 2003a).
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Figure 3-10. Activation volume AV# at the glass transition temperature T, calculated from isothermal
measurements and classical definition of AV# (Equations 3-5 et 3-7) in empty blue circles, and from isobaric

measurements and Equation 1-42 (p. 47) in empty red circles for PVAc.

2) Cooperativity volume

The higher the pressure, the smaller the free and activation volumes. Thus, the distance between
macromolecules is distorted. Thereby, the parameter (mp — my) has been directly related to the
intermolecular interactions (Araujo et al., 2018b). In literature, cooperativity has been related to the
intermolecular interactions (Ngai and Roland, 1993a; Nakanishi and Nozaki, 2011; Grigoras and
Grigoras, 2011; Monnier et al., 2015). Then, it seems interesting to follow the cooperativity as a
function of pressure and to connect it to the activation volume included in the expression of
(mp —my) (see Equation 3-4) in order to better understand the influence of interactions on the
molecular mobility under pressure. Some studies have already suggested such relationship (Berthier,
2004; Zhang and Douglas, 2013), and defined an empirical relation of AV# =~ (2 — 5%)V,, for polymers
(Hong et al., 2011a; Araujo et al., 2018b). By combining MT-DSC and BDS, the extended Donth’s
approach proposed by Saiter et al. (Saiter et al., 2013, 2010) allows the determination of the
cooperativity volume V,,. The specific heat capacity is obtained from the MT-DSC analysis (see Figure
3-1), by extrapolating the liquid and glassy heat capacities at T,. These values obtained from heat
capacity measurements at atmospheric pressure can be used on a wide range of pressures, as

observed in the literature (Sandberg and Backstrom, 1980).
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++ Two methods for determined activation volume

Figure 3-11 shows the temperature dependence of the activation volume calculated by two methods.
In this figure, the first method gives the empty squares. The activation volumes at the glass transition
are determined from isobaric measurements of relaxation time and Equation 1-42 (p. 47) mentioned

earlier, namely AV#(P, T;).

24717
227 b PETg AP yrosc) PLA
c20] | "
18] | o
<16 ‘

g 1474V¥(P 4yr.ps0)
% 129 % \

Activation volume AV# [nm?]

©C 0 Q0 Q0 QO 2 =2=saash
O N A O OO N M O 0 O
1 1 1 1 1 1 1 1 1

Z 1.0 1 \ \
S 0.8 " y o
'§ 0.6 N \% AV#(P!gDRS)
§ 04+ i ERRP = 50MPa ot P = 50MPz
8.5_ _;L\} AV#(P’gDR ............
345 350 355 360 365 370 375 380 325 330 335 340 345 350 355 360
Temperature T [K] Temperature T [K]
a) b)
0.9
&E‘O.S- \‘\ AVH(P,V , ur.psc) PVAc
£074 7
2061 T,
[0] 0 5 \Fl\ \[]\ 9/2'§7
E S ‘\\\ ‘\\ DDD 00,57/
— i \ \ D
S 04 \
c
i) 0.31 .V Bps)
g 0.2 Patm
<01-
0.0

300 310 320 330 340 350 360
Temperature T, [K]
c)
Figure 3-11. Activation volume AV* as a function of the temperature T,, for a) PETg, b) PLA and c) PVAc. The
colored squares (O) are the activation volumes AV#(P, Tg) calculated from the Equation 1-42 (p. 47) and
isobaric measurements at T = 100 s. The red filled star (%) corresponds to AV# = 0,04 X V, from MT-DSC
measurements at Py,,. The empty symbols are associated with AV# =~ 0,04 x V,, determined from BDS
analyses at P, (red empty stars), 10 MPa (blue circles), 20 MPa (yellow triangles), 30 MPa (green
hexagons), 40 MPa (orange diamonds) and 50 MPa (gray pentagons). The dashed lines represent the

extrapolation of AV# by this latter method at P,,,,,, transposed for the high pressure.
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The second method uses AV# ~ (0.04 + 0.01) x V, (see Equation 2-20, p. 82 for V, calculation). This
activation volume can be written as AV#(P,V,). On the one hand, AV#(P,V,) is derived from
cooperativity volume from MT-DSC measurements at Py¢,,. This value is in Table 3-3 and is shown as
red filled star in Figure 3-11. On the other hand, 4V#(P,V,) can be determined from the extended
Donth’s approach. AV#(P,V,,) are determined for pressure range from the atmospheric pressure up

to 50 MPa and plotted in Figure 3-11 as empty symbols.

+« Comparison of activation volume and cooperativity at P 44

An extrapolation of these data seems to reach relatively the true activation volume at the conventional
glass transition AV#(P, Tg). At higher temperatures, the cooperativity volume should converge at the
crossover temperature T* to a value close to the volume of a relaxing unit, i.e., the case where the
number N, of structural units in the cooperativity volume is about 1. These values are listed in Table
3-3. It also lists the values of activation volumes at atmospheric pressure obtained by HP-BDS

measurements or in the relation to the cooperativity volume calculated by MT-DSC analysis.

Table 3-3. Values of activation volume and cooperativity volume calculation: activation volume Va(T*) and
cooperativity volume AV#(T*) when the temperature tends to the crossover temperature T*, activation
volume AV,?atm up—pgp Calculated from the relaxation time variations with the pressure measured by HP-BDS,
activation volume AV,?atm wr—psc from the relationship between AV# and V,, where V, Pgtm MT—DSC 1S

calculated by the Donth’s approach with MT-DSC measurements, and the number N, of structural unitsin V.

Va (T*) AVH(T™) AvH# (P' Tg) AVl;Ztm MT-DS¢  Va Pgem MT—DSC Ng,

Polymer
[nm?] [nm?] [nm?] [nm?] [nm?] [-]
PETg 0.28 8.6 x 1073 2.19 1.19 30.6 104
PLA 0.10 2.9 x 1073 1.43 1.57 40.6 414
PVAc 0.12 48x1073 0.57 0.57 19.5 167

The activation volume values at P,;,, calculated from MT-DSC analyses are in perfect agreement with
those obtained from BDS measurements for PVAc. Nevertheless, the values calculated by the two
approaches for PLA and PETg are significantly different, although both values could have been obtained
by extrapolating the activation volume associated with AV# ~ 0,04 x V, determined from BDS

analyses at Py,
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++» Comparison of activation volume and cooperativity volume with other polymers

In Figure 3-12, PETg, PLA and PVAc are with other polymers in the correlation between activation
volume AV*# and cooperativity volume V. It is worth mentioning that the gray area fits well for other
families of glass formers, including covalent and ionic glasses, molecular glasses and hydrogen bonding

glasses (Hong et al., 2011b).
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Figure 3-12. Cooperativity volume V, as a function of the activation volume AV¥ for different polymers.
Values for PETg, PLA and PVAc are shown in red, blue and green respectively. The gray area corresponds to
the acceptable range of the empirical relationship AV# = [0.02~0.05] X V. Values are taken from Hong et

al. (2011a).

Having observed the relationship between AV# and V,, this comforts their respective interconnectivity
with intramolecular interactions. Thus, the volumetric contribution (mp — my,) of the isobaric fragility,
which depends mainly on AV#, could provide explanation on the relationship between isobaric fragility

and cooperativity.

IV. Estimation of the contributions of the isobaric fragility

1) Thermal and volumetric contributions

The separated contributions of isobaric fragility can therefore be calculated from Equation 3-4. The
ratio a/x is assumed to be around 1.5 MPa/K for polymers (Hong et al.,, 2011a). The thermal
contribution is then derived from the difference between the isobaric fragility and its volumetric
contribution. The isobaric fragility and its two contributions are plotted as a function of pressure for
PETg, PVAc and PLA (see Figure 3-13). Since the decrease in (mp — my ) is steeper than the increase
in my, it causes a decrease in mp for PETg and PLA, while these two contributions cancel each other

for PVAc, leading to the invariance of mp with pressure. By rising the pressure, the two contributions
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of the isobaric fragility have two different behaviors. This difference between the volumetric (mp —

my,) and thermal my, contributions is expected for polymers (Huang et al., 2002) since the activation

volume at the glass transition decreases when the pressure rises. The volumetric contribution (mp —

my,) does not favor the structural units to relax as the pressure increases. On the other hand, in order

to have a molecular mobility that allows relaxation fast enough to reach the glass transition, there

must be an energy gain to compensate for the deficit of activation volume at Tj. It can be assumed

that the thermal contribution of mp increases with pressure to provide sufficient energy. Nevertheless,

the isochoric fragility seems to converge to an asymptotic value at high pressure. This effect can be

directly related to the asymptotic behavior of the glass transition at high temperature (Paluch et al.,

2003; Roland et al., 2005; Roland and Casalini, 2003a).
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Figure 3-13. Isobaric fragility mp, its volumetric (mp — my,) and thermal m; contributions as a function of

pressure for a) PETg, b) PLA, and c) PVAc.
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2) Isochoric fragility from Donth definition

In the method based on Equation 3-4, the thermal contribution is derived from the difference between
the isobaric fragility mp and its volumetric contribution. Another way to determine the thermal
contribution my is to use the Angell's definition of fragility. The variation of relaxation time in isochoric
conditions as a function of temperature is then required for the experimental calculation of my,.

@

+» Pressure and temperature dependence on the specific volume

During pressure or temperature scans, the specific volume variation can be measured by PVT
apparatus as shown in Figure 3-14 (Zoller et al., 1976). As explained in the Chapter 1, the temperature
or pressure dependence of the volume undergoes a change in steepness at the glass transition. The
pressure dependence of the glass transition temperature, as determined by HP-BDS for PVAc, appears
to be consistent with the change in volume steepness observed in PVT measurements. Only PVAc is
presented here because it is the only one that does not undergo structural changes such as
crystallization during the PVT measurement, which would have affected the observation of the change
of volume steepness at Tj. Since the BDS measurement measures the relaxation time above the glass
transition temperature, only the specific volume of the supercooled liquid is considered when
determining the parameters of the Tait’s equation, i.e., volume at higher temperature and pressure
than the red line in Figure 3-14. The PVT data for PLA and PVAc are obtained from the literature
(McKinney and Simha, 1974; Zoller and Walsh, 1995).
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Figure 3-14. Specific volume as a function of temperature and pressure for PVAc. The red line corresponds to

0
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the glass transition temperature variation from the Andersson’s model. Data are taken from (Zoller and Walsh,

1995).
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+»+ Tait’s equation parameters

The volume of the supercooled liquid can then be expressed as a function of pressure and
temperature. For this purpose, the empirical Tait's equation (Equation 1-36, p. 40) allows the
approximation of the PVT data and the definition of the volume above T, independent of pressure and
temperature (Jain and Simha, 1989). The Tait’s equation for PETg has been derived from the density
at ambient temperature and the second derivatives of the free energy, i.e., the thermal volume

expansivity a and the compressibility k. The parameters of the Tait’s equation are given in Table 3-4.

Table 3-4. Parameters of the Tait’s equation (Equation 1-36, p. 40) for PETg, PLA and PVAc.

Ag Ay A, bo b,
Polymer
[mL.g™1] [mL.g71.K™1!] [mL.g"1L.K™?] [bar] [K™1]
PETg 7.86 x 1071 6.80 x 107° 9.39 x 1077 9.00 x 103 6.00 x 1073
PLA 7.94 x 1071 1.15x 10™* 1.36 x 107° 4,12 x 103 5.90 x 1073
PVAc 8.28 x 107! 5.31x 1074 5.17 x 10~7 2.43 x 10* 494 x 1073

From the VFTH pressure fits (see Figure 3-6) and the PVT data given by Tait’s equation, the relaxation
time for constant volume is defined and approximated by the VFTH law as shown in Figure 3-15. A
striking difference between the isochores and the measurement at atmospheric pressure is the

difference in steepness, although the relaxation time still exhibits a super-Arrhenius behavior.

Log,(z[s])
Log([s])

PETg PLA

3 X' X Pam O 0.789mig" Patm O 07850 mLg"
x X" 0 0790 mlg? A 0.791 mlg”’ 0.7875mL.g’ A 0.7900 mL.g"
4 > X Vv 0792mlg’ & 0.793mlg! 0.7925mL.g’ ¢ 0.7950 mL.g"
T < 079 mlg’ > 0795mlg’ 0.7975mL.g"’ > 0.8000 mL.g"

5 -7 O 0.796 mlg’ 0.8025 mL.g"'

2.60 2.65 2.70 2.75 2.80 2.85 2.90 2.95 3.00 3.05 3.10
1000/T [K™] 1000/T [K™]
a) b)
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Logo([s])
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5 . . o,8|45 mL.g" *. 0,85 mL.g"!
2.8 2.9 3.0 3.1 3.2 3.3
1000/T [K™]
c)

Figure 3-15. Temperature dependence of the isochoric a-relaxation time 7 for a) PETg, b) PLA and c) PVAc.
Black lines are VFTH fits of each isobar. The dashed black lines correspond to the VFTH fit at P,,. The dashed

gray lines correspond to isochrone T = 100 s.

@

% Thermodynamic scaling

From the PVT data and the evolution of the relaxation time with temperature and pressure, it is also
possible to proceed to a thermodynamic scaling (Alba-Simionesco et al., 2004; Casalini and Roland,
2004a, 2004b, 2005). It consists in expressing the relaxation time as a function of T~V Y, where y is
the scaling exponent corresponding to a material constant. y is obtained from the expression:

log(Tg) =A- ylog(l/;,) (Paluch et al., 2007).

The thermodynamic scaling for PETg, PVAc and PLA is shown in Figure 3-16. It can be observed that
the consistency of the scaling is much better for PVAc than for PLA and PETg. Paluch et al. have already
shown that such scaling does not work for some H-bonded liquids such as dipropylene glycol (DPG)
(Paluch et al., 2007). They explain this by a strong influence of thermodynamic conditions over the
degree of H-bonding. Here, it can be hypothesized that for PLA and PETg, the difficulty in achieving
good scaling can be due to the large decrease in the isobaric fragility with pressure, as shown in Figure
3-9. The scaling exponent can be used to express mp as a function of my, according to mp = my (1 +

aTyy) where a is the thermal volume expansivity (Casalini and Roland, 2004b).
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Figure 3-16. Relaxation times of the isothermal measurements as a function of inverse product of
temperature and specific volume to the power of the scaling exponent y for a) PETg (wherey = 5.975; Ay =
0.178), b) PLA (wherey = 2.737; Ay = 0.042) and c) PVAc (wherey = 2.477; Ay = 0.029). Red dashed lines

are only guides for the eyes. The dashed gray lines correspond to the isochrone T = 100 s.

«+» Comparison of the two methods

The isochoric fragilities my, derived from the isochoric expression of the relaxation times are plotted
in Figure 3-17 as an empty circle as a function of the density at the glass transition normalized to the
density at ambient temperature and atmospheric pressure. my, values from Angell’s definition of the
isochoric fragility are also plotted in Figure 3-17 as filled circles. The isochoric fragility values obtained

with the two methods agree well, the same increase in my, is observed.
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Figure 3-17. Isochoric fragility as a function of the density at the glass transition normalized to the density at
atmospheric pressure and ambient temperature. The fragility of PETg (red), PLA (blue) and PVAc (green) is
calculated both according to the Angell’s definition applied to the isochoric relaxation times deduced by Tait’s
equation (empty circles) and from the difference between the isobaric fragility and the volumetric

contribution (filled circles).

V. Molecular mobility influence of isobaric fragility contributions

Therefore, the activation volume AV# is related to the intensity of cooperative interactions. It also
allows the determination of the volumetric contribution to the isobaric fragility. By comparing the
values of AV# with the volumetric contributions for different polymers, it is possible to identify the

relative contribution to these quantities of molecular mobility in polymeric glass formers.

1) Contributions of isobaric fragility under pressure

@

% Intermolecular interactions

Figure 3-18a shows the variations of AV ¥ as a function of the pressure. Since this study has emphasized
the direct correlation between activation volume and cooperativity size, PETg is the most cooperative
at Py, (AV# = 2.18 nm?), then PLA has intermediate cooperativity (AV# = 1.44 nm?3), and PVAc has
the lowest cooperativity (AV# = 0.64 nm?3). These values are of the same order of magnitude as those
obtained by Rijal et al. (2015). The slope of the activation volume seems to decrease at high pressure.
The fit of the one-phase exponential decay function, which allows to extrapolate the activation volume

at high pressure, is expressed by:

P

AV* = AVY + Ae P, 39
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where AV, is the asymptotic value of the activation volume at very high pressure, 4 is the amplitude
from AV#(P = 0) up to AV,¥. Thus AV{LO) =A— AV} and Py, is a pressure at which the activation
volume AV#(P) has reached 63% of the amplitude from AV{;ZO) down to AV?. The fit parameters are
given in Table 2-3. For pressures around 5 X Py, they correspond to pressures at which the activation
volumes AV#(P) have reached 99% of the amplitude. It can be assumed that the values of AV,# for the
three polymers are almost reached at this point. In the worst case, PVAc has the highest values of Py,
then it can be considered that at P = 5 X Py,pyac = 530 MPa, the activation volume AV# should have
converged down to AVZ?.

Table 3-5. Fit parameters (AV,%, A, Py,), their uncertainties and the R-squared of the one-phase exponential

decay function (Equation 3-9) for PETg, PLA and PVAc.

Polymer AV [nm?] +AV#[nm3 A[nm3] +A4[m’] Py [MPa] =Py, [MPa] R?
PETg 0.36 0.013 1.824 0.009 52 0.8 0.99997
PLA 0.35 0.069 1.090 0.025 81 2.8 0.98892
PVAc 0.36 0.052 0.280 0.004 106 3.1 0.99298

Therefore, regardless of the sample, the variations of AV# show an asymptotic behavior at high
pressure, toward a value of 0.35 nm?, corresponding to a cooperativity volume of about 7~17.5 nm?3
from the relation AV¥* ~ (2 — 5%)V,. Figure 3-18b plots the activation volume at T, (AV#) normalized
to that at Py (AV#Patm) as a function of the pressure. PETg, which has the highest cooperativity,
seems to be the most sensitive to the pressure. Conversely, PVAc is the one with the lowest variation
as a function of pressure. Figure 3-18c shows the evolution of the volumetric contribution (mp — my,)
with pressure, and Figure 3-18d shows this contribution normalized to (mp — my)p,, . As with AV#,

the more cooperative the polymer, the stronger the decrease in (mp — my,).
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atmospheric pressure.
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¢ Intramolecular interactions

Figures 3-18e and 3-18f show the thermal contribution m;, and this contribution normalized tomy, p_
as a function of pressure, respectively. PLA shows a high isochoric fragility at P,y and does not seem
to vary much with pressure. In contrast, my increases drastically before reaching a plateau for PETg,

and my, seems to increase slightly for PVAc, with values two times smaller than in the case of PLA.
2) Interpretation with the intra and intermolecular interactions

Thus, Figure 3-18 shows that the higher the volumetric contribution (mp — my,), the activation volume
and thus cooperativity, the stronger the decrease as a function of pressure. Since cooperativity is
related to intermolecular interactions (Nakanishi and Nozaki, 2011; Ngai and Roland, 1993a), the
volumetric contribution is an indicator of the intensity of these interactions. As the pressure increases,
these intermolecular interactions are reduced, and then the cooperativity decreases (Araujo et al.,
2019, 2018a; Hong et al., 2011a; Puente et al., 2015). However, Dudowicz et al. and Kunal et al. suggest
that the thermal contribution associated with the isochoric fragility my is related to the backbone
flexibility and thus to intramolecular interactions (Dudowicz et al., 2005a, 2006; Kunal et al., 2008).
The question raised earlier about the high mp value at atmospheric pressure for PLA, seems to find
part of the answer thanks to the calculation of the thermal contribution. Its isochoric fragility at P,
is 86. In contrast, PETg and PVAc have values of 54 and 41, respectively. The value of thermal
contribution my of the isobaric fragility at P,¢,, does not seem to be related only to the backbone
flexibility for PLA. This contribution may rather be related to the packing efficiency of the polymers
(Kunal et al., 2008; Dudowicz et al., 2005b).

As shown previously in Figure 3-13, the thermal contribution increases with the pressure up to a
certain pressure. It can be suggested that the convergence of this contribution to a maximum could be
explained by a minimum activation volume, where an increase in pressure is no longer sufficient to
modify the volume. At this point, the thermal contribution, which allows molecular mobility, provides
sufficient energy above the glass transition to allow rearrangements to proceed, and should not

increase further.

Some studies have shown an increase in the isobaric fragility with pressure in non-polymeric glass
forming liquids (Pawlus et al., 2009; Hu et al., 2017; Phan et al., 2020; Assouli et al., 2023). In metallic
glasses, the structural network has metallic bonds that have a very different interatomic interactions
(Rouxel et al., 2008). Nevertheless, Roland et al. found that for normal liquids without a strong H-bond,
the isobaric fragility should decrease with increasing pressure (Casalini and Roland, 2005; Roland et

al., 2005). As shown previously in Figure 3-11, the activation volume at low temperature appears to
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decrease more rapidly with increasing pressure. The red filled star corresponding to the activation
volume at T and P,y corresponds to N, = 167. Since the activation volume at Ty (P) decreases with
pressure, the cooperativity volume should, in the worst case, reach the value of a volume equivalent
to N, = 1. In other words, at extremely high pressure, the volumetric contribution (mp —my) can
decrease until it reaches the same volumetric contribution as a relaxing unit. In this case, the isochoric
fragility should be nearly equal to the isobaric fragility. At this point, mp should reach a value around

60~90 (Ding et al., 2004).

VI. Conclusion

The segmental relaxation has been studied for PETg, PLA and PVAc. The relaxation time has been
expressed as a function of temperature, pressure and also specific volumes, using BDS under pressure.
Then, the molecular mobility at T, and in the liquid of three thermoplastic polymers has been explored
by separating the isobaric fragility mp into its thermal m;, and volumetric (mp — my,) contributions.
The activation volume AV# is the critical parameter allowing to calculate the volumetric contribution
(mp — my). The connection between the cooperativity volume V,, defined by the Donth’s Model, and
AV# calculated from the isobaric measurement, is validated and lengthened above the glass transition
thanks to the extended Donth’s approach. The cooperativity seems to correlate better with the
volumetric contribution of mp, than with the isobaric fragility itself. Moreover, although the similarity
of PLA and PETg at atmospheric pressure in terms of mp, this study has shown that PLA and PETg
isochoric fragilities m, present variations drastically different with pressure. Furthermore, this work
allows to correlate the fragility values at atmospheric pressure with the evolution of the thermal and
volumetric contributions. Thus, the high isobaric fragility values for PLA at atmospheric pressure can
be related to the magnitude of the thermal contribution, which is related to the stiffness of the
backbone and the packing efficiency. Nevertheless, the volumetric contribution (mp — my,) associated
with the interchain interactions decreases significantly with increasing pressure for PLA, PETg and
PVAc. Isobaric fragility mp seems to converge to values 60~90. It can be postulated that at high
pressure, the glass transition temperature is of such importance that the volume contributions reach

a universal value, independent of the chemical structure of the polymers.
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List of abbreviations and symbols

Symbols

A Amplitude

b, 11 Constants (from Andersson’s model)
Cp Isobaric heat capacity

Ch Reversing heat capacity

Cy Non-reversing heat capacity

D Steepness parameter

f Frequency

kg Boltzmann’s constant

M, Molar mass of the repeating unit
My, Average molecular weight

mp Isobaric fragility

mp —my Volumetric contribution of mp

my Isochoric fragility
Thermal contribution of mp
P Pressure
Patm Atmospheric pressure
B Glass transition pressure
T Temperature
Ty, Glass transition temperature
Tg0 T, at atmospheric pressure
To Vogel temperature
T, Dynamic glass transition temperature
v, Cooperativity volume
a Isobaric thermal expansion
ayn Symmetric broadening parameter
Bun Asymmetric broadening parameter
4 Scaling exponent
6T Temperature fluctuation
Ax Uncertainty of the x parameter
Ag Dielectric strength
£ relative dielectric permittivity
g’ Dielectric storage
e Dielectric loss
e* Complex dielectric function
& Dielectric permittivity of vacuum
p Density
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List of abbreviations and symbols

K Isothermal compressibility

0y Ohmic conduction

& Characteristic length scale of CRR
Tmax Relaxation time

Too Pre-exponential factor for T — oo
To (T, Patm)

w Angular frequency

Abbreviations

BDS Broadband Dielectric Spectroscopy

CRR Cooperative Rearranging Region

HP-BDS Broadband Dielectric Spectroscopy
High Pressure

DSC Differential Scanning Calorimetry

NMR Nuclear magnetic resonance

MT-DSC Modulated temperature differential
scanning calorimetry

HN Havriliak-Negami

VFTH Vogel-Fulcher-Tamman-Hesse

Polymer abbreviations

PBMA Poly(n-butyl methacrylate)
PC Polycarbonate

PDMS Poly(dimethyl siloxane)

PE Polyethylene

PEA Poly(ethyle acrylate)

PEMA Poly(ethyl methacrylate)
PESb Poly(ethylene sebacate)
PET Polyethylene terephthalate
PETg Poly(ethylene terephthalate glycol)
PHMA Poly(hexyl methacrylate)

PI 1,4-cis-polyisoprene

PIB Polyisobutylene

PLA Poly(lactide acid)

PMA Poly(methyl acrylate)
PMMA Poly(methyl methacrylate)
PMPS Poly(methyl phenylsiloxane)
POE Poly(oxyethylene)

PP Polypropylene

PpenMA Poly(n-pentyl methacrylate)
PPG Poly(propyleneglycol)
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PPO Polypropylene oxide

PprMA Poly(n-propyl methacrylate)
PS Polystyrene

PSF Polysulfone

PTMO Polytetramethylene oxide
PVACc Poly(vinyl acetate)

PVC Poly(vinyl chloride)

PVME Poly(vinyl methyl ether)
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Chapter 4.  Role of VAc group on dielectric relaxation, fragility and
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Chapter 4.  Role of VAc group on dielectric relaxation, fragility
and cooperativity

Polymers have relatively different chemical structures, making difficult to accurately interpret the
separated roles of backbone stiffness, lateral side groups, polarity or molecular weight. In this chapter,
the molecular mobility at the glass transition of poly(vinyl acetate) (PVAc) and poly(ethylene-co-vinyl
acetate) (EVA) amorphous sample series has been investigated. As introduced in chapter 2, in this
series, the ratio of VAc side group varies from 100 wt. % for PVAc down to 60 wt. % for EVAG0. In this
way, the backbone chain remains same in the whole series while density of polar side group varies.
The temperature and pressure dependencies of the intermolecular interactions are investigated
through time-temperature-pressure superpositions, and from the relaxation time dispersion of the
segmental relaxation. The difference in the intermolecular interactions due to the lateral group ratio
of vinyl acetate (VAc), was then estimated from the activation volume and related to the cooperative
behavior. The method presented in Chapter 3 for determining the volumetric and thermal

contributions to the isobaric fragility is applied to the PVAc/EVA series.
I.  Uncorrelation between fragility and glass transition

1) The EVA series

Molecular mobility is primarily analyzed by variation of relaxation time variations with temperature.
Therefore, dielectric measurements have been performed on the EVA80 and EVA60 as shown in Figure

3-1.
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Figure 4-1. The dielectric storage (black lines) and loss (colored lines) have been recorded by BDS as a function

T
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of frequency for a) EVA80 from 277 K up to 333 K and b) EVA60 from 250 K up to 298 K.
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The spectra are dielectric storage and loss from BDS analysis at atmospheric pressure. PVAc
measurements are presented in Chapter 3. The samples show a clear segmental relaxation with a peak
shape that is not obscured by the conductivity. The spectra can be fitted with the Havriliak-Negami
function (HN), as shown in Figure 4-2. Examples of the contribution of conductivity, @ and (-

relaxations are given for the dielectric loss of EVA80 and EVA60 at 291 K and 262 K, respectively.
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Figure 4-2. The contribution of conductivity (dashed lines), a-relaxation (dotted lines), and -relaxation (dash-
dotted lines) to the dielectric loss for a) EVA80 and b) EVA60 at 291 K and 262 K, respectively. Filled lines

correspond to the Havriliak-Negami fits of the data shown by empty squares.

Thus, the relaxation time of the polymer segmental relaxation can be approximated by the VFTH.
Relaxation time is taken as 7,4, (see Equation 2-18, p. 77). The temperature dependence of the
relaxation time of the samples is shown in Figure 3-3a with the corresponding VFTH laws. The glass
transition temperature Ty can be obtained by extrapolating the law to a relaxation time of 100 s
(Delbreilh et al., 2009). Both T, and mp values are plotted as the function of the VAc ratio in Figure
3-3b. The values are also presented in Table 3-1. As previously observed by Puente et al., the glass
transition decreases whereas the isobaric fragility remains fairly constant. The invariance of mp has
been attributed to the constant backbone stiffness present in EVA regardless of the VAc ratio (Puente
et al., 2015), while the variation of the glass transition is explained by the role of steric hindrance and
the polarity of the side group (Kummali et al., 2013). In addition, Puente et al. observed that the

cooperativity at the glass transition increases with the VAc ratio (Puente et al., 2015).

As presented in Chapter 2, the number of structural units per CRR, N,, and the CRR volume V,, can be
determined either by MT-DSC measurement using the Donth’s approach or by BDS measurement using

an extended Donth’s approach proposed by Saiter et al. (see Equations 2-20 and 2-21, p. 82).
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Figure 4-3. a) Temperature dependence of the relaxation time for PVAc (green), EVA80 (blue) and EVA60 (brown).
The lines represent the VFTH fits. The filled squares correspond to T, determined by MT-DSC analysis with a
period of modulation of p = 60 s. The dashed lines correspond to the isochrone T = 100 s, i.e., to the glass
transition temperature Ty, and 7 = p/2m. b) T, and mp as a function of the VAc ratio at atmospheric pressure.
Straight and dashed lines correspond to the glass transition temperature and isobaric fragility variations as a

function of VAc ratio, respectively, according to Kummali et al. (2013) and Puente et al. (2015).

Some values have been extracted from MT-DSC measurements and are shown in Figure 4-4, which
represents the reversing heat capacity Cp and the non-reversing heat capacity Cp signals for EVA80

and EVA60. The values of I/, and N, obtained this way are given in Table 3-1.
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Figure 4-4. Reversing heat capacity Cp (black line) and the non-reversing heat capacity C;' (colored line) signals

measured by MT-DSC as a function of temperature for a) EVA80 and b) EVA60. The dotted colored lines represent
a Gaussian fit of Cp'. The polymers have been analyzed in the heat-cool mode with a period of p = 60 seconds,

an amplitude of A = +1 K, and with a heating rate of g = 0.5 K. min™1.
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Using the extended Donth’s approach, T, and 6T are determined from BDS measurements, which are
presented in Figure 3-1. The specific heat capacities in glassy and liquid states are determined by
extrapolating the baselines of the liquid and the glass at T, . Figure 4-5 shows the variations of N, as

the function of the inverse of temperature normalized to Tg(r =1005s).
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Figure 4-5. N, as a function of Ty /T, where T, = T(t = 100 s). The dashed lines represent the linear

extrapolation of the data to visualize N, at T = Tj,.

N, at the glass transition temperature can be extrapolated from its temperature dependence
(represented by the dashed lines in Figure 4-5). The values are given in Table 3-1. The cooperativity at
the glass transition temperature seems to be correlated with the ratio of polar groups in the
macromolecular chain, since EVA60 has fewer relaxing units in a CRR than EVA80 and PVAc. Similar
results on cooperativity have been reported when intermolecular interactions are reduced through

temperature increase (Saiter et al., 2010).

Table 4-1. MT-DSC and BDS results for PVAc, EVA80 and EVAG60: the temperature fluctuation 8T, the
difference between the inverse of specific heat capacity of the glass and the liquid, the dynamic
glass transition T,mr-0sc and the number of relaxing structural units per CRR N mr-psc from MT-DSC,

the cooperativity volume V,, Ty at 7 = 100 s and Nyeps from BDS and the isobaric fragility mp.

6T A(1/Cp) Ty mt-Dsc Va Ny mr-psc N 8s Tg BDS mp
Polymer 1 3
[K] [K.g.]7"] K] [nm~] at Ty at Ty [K]
PVAc 3.4 0.193 313 19.5 167 218 303 76
EVA80 3.3 0.275 276 21.0 230 152 267 74
EVA60 3.6 0.241 248 14.8 197 99 243 73
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The T, obtained by MT-DSC and BDS for the PVAc/EVA series are consistent with the ratio of VAc and
appear to be relatively equivalent. However, the values of I, and N, obtained by MT-DSC do not agree
with that determined by BDS. V, and N, obtained by BDS are more consistent with those from
literature, i.e., the higher the VAc ratio, the higher the I/, and N, (Rijal et al., 2016). Furthermore, the
uncorrelation between mp and T} is observed. A method for verifying the assumptions surrounding
the different roles of chemical structure on mp, T, and Vf, uses the pressure as a tool to isolate
intermolecular interactions related to steric hindrance and side group polarity from intramolecular

interactions more related to the backbone stiffness.
2) Highlight from various systems

Uncorrelation between T, mp and V, is already reported in literature. Similar studies focus on varying
only one structural parameter to analyze the variations in glass transition temperature T, and isobaric
fragility mp. Figure 4-6 shows some observations from these studies. Figure 4-6a clearly shows that
variations of glass transition T, do not correlate with variations of mp and I, while the initial polymer
system is relatively within the acceptable range defined by Qin and McKenna as shown in Figure 4-6b
(the correlation zone is defined from the trend of mp and T, variations for several glass formers, as

mentioned in Chapter 3).

Among the systems in Figure 4-6a, three PLA series are shown, i.e., series in which one structural
parameter is varied. One of them is PLA series with different plasticizer ratio as shown by blue filled
circles. In this series, glass transition and isobaric fragility decrease as the plasticizer ratio increases.
Plasticizers can facilitate molecular motions by increasing the free volume in the polymer. The addition
of plasticizer to polymers affects the intermolecular interactions while the intramolecular interactions

related to the backbone stiffness remain fairly constant (Araujo et al., 2019).

Another series shown in Figure 4-6a by blue filled triangles is the crystallized PLA series (Delpouve et
al., 2011). A large decrease in isobaric fragility is observed while the glass transition increases by a few
degrees. Semi-crystalline polymers are composed of a crystalline phase, an amorphous phase, and tie
molecules in both phases (also called the rigid amorphous fraction RAF). The presence of crystalline
regions limits the mobility of polymer chains in the amorphous regions, especially in RAF. As a result,
the glass transition temperature of semi-crystalline polymers tends to be higher than that of fully

amorphous polymers (Bourdet et al., 2023).
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Figure 4-6. a) The isobaric fragility variation Am, as a function of the glass transition temperature difference
ATy, for various polymers whose structural changes imply mp and T value variations. The axes intersect at the
origin and are graduated in units of 10. The EVA series have a variation in the ratio of side groups. Three PLA
series have variations in the ratio of plasticizers, isomerism, and the manner of sample crystallization. The PEF,
PET and PDAI series have a variation in the number of methylene units in their backbone chain, and PIB and
PS series have a variation in molecular weight. The PMMA series have a variation crosslinking ratio. b) Isobaric
fragility m, as a function of T, for polymers whose structure is unchanged. The line and grey area correspond
to the linear regression presented in Chapter 3. Details of the values shown and references are given in Table

A-3 in Appendix.

Two different isomeric effects are shown in Figure 4-6a: the PLA series, where the ratio of D and L
isomers is varied, (empty blue triangles) (Varol et al., 2020) and the poly(ethylene furandicarboxylate)
PEF 2,5/2,4 series (filled yellow diamonds) (Bourdet et al., 2018). Both have isobaric fragility variation
by varying isomerism, but the PLA series keeps T, constant while that of PEF 2,5/2,4 changes.
Isomerism can also alter the glass transition, but in different manners, depending on the type of the
isomerism involved: stereochemical or constitutional. Polymers with isomeric variation can exhibit
differences in chain flexibility, polarity or steric hindrance (Ngai and Roland, 1993b). In general, the
influence of isomerism on the glass transition temperature depends on the ability of the structure to
facilitate molecular mobility. Stereochemical variations in tacticity have a measurable effect on the T,.
This discrepancy can be attributed to additional steric repulsion during rotation caused by asymmetric
double side groups on alternate chain backbone atoms. Consequently, extended planar zig-zag
arrangements of the chains are not feasible, resulting in distinct helical shapes with varying stiffness
(Chat et al., 2021). The class of constitutional isomerism can be divided into positional isomerism,
skeletal isomerism and functional isomerism. An example of positional isomerism is the PEF 2,5/2,4

series. A comparison between poly(ethylene 2,5-furandicarboxylate) (2,5-PEF) and poly(ethylene 2,4-
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furandicarboxylate) (2,4-PEF) suggests that the properties of PEF series can be significantly influenced
by the location of the carbonyl group on the furan ring. 2,5-PEF exhibits a greater polarity, resulting in

a higher Ty compared to 2,4-PEF (Bourdet et al., 2018).

In Figure 4-6a, the PIB (Dalle-Ferrier et al., 2010) and PS series (Santangelo and Roland, 1998) are
plotted by pink hexagons and brown stars, respectively. In these series, the molecular weight is
reduced. Both series show a decrease in glass transition temperature as the molecular weight
decreases, while they have opposite variations in isobaric fragility. In fact, when the polymer chains
are long enough, they form stable entanglements that restrict flow. The critical molecular weight
required for stable entanglement depends on chain flexibility. Thus, low molecular weight polymers
are less entangled and see their T; decrease as a function of temperature according to the empirical

Fox-Flory equation (Fox and Flory, 1954) Ty, (My,) = Ty() — K/M,,.

Crosslinking has the opposite effect on the glass transition temperature as molecular weight reduction,
as shown by the PMMA series (purple cross) in Figure 4-6a. By increasing the number of crosslinking
nodes in the network, the mobility of the chains is hindered and the glass transition and isobaric

fragility are increased (Alves et al., 2004).

Finally, the PET (green triangles), PEF (yellow triangles) (Fosse et al., 2022) and poly(di-n-alkylitaconate)
(PDAI) (turquoise pentagons) (Genix and Lauprétre, 2005) series shown in Figure 4-6a contain different
methylene units in their backbone. They all exhibit a decrease in glass transition temperature and
isobaric fragility as the number of methylene units increases. As introduced in Chapter 2, the stiffness
of the backbone chain can influence T, and mp. In the case of PET, PEF and PDAI series, the lower the
number of methylene units in the backbone, the more flexible the backbone chain. T, and mp can also
be influenced by the length and relative rigidities of the side groups. Polymers with a flexible backbone
have a T, that generally increases monotonically with side group length, with greater growth observed
for species containing stiffer side groups (Dudowicz et al., 2005a). Kunal et al. proposed to compare
the isobaric fragility of polymers by their relative flexibility between the backbone chain and side
groups (Kunal et al., 2008). Polymers with flexible backbones tend to be less fragile. Polymers with rigid
backbones containing aromatic rings tend to be fragile due to inefficient chain packing. The term
packing efficiency describes the order in which chains are grouped within the polymer (Dudowicz et
al., 2005b). The relative flexibility of backbone and side group units, rather than individual flexibility,
controls polymer fragility. Fragility increases when either the side groups or the backbone become

relatively stiffer.
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This study aims to understand why the isobaric fragility remains unchanged as a function of wt% VAc,
while the glass transition and V,, vary significantly. To this purpose, pressure can be used as a tool to
understand this uncorrelation. Segmental relaxation can therefore be observed under different
conditions, including isothermal, isobaric, and isochronal conditions. Analysis of the segmental
relaxation spectra in these configurations can provide insight into the dispersion of the characteristic

relaxation times.

Il. Intermolecular interactions in the PVAc/EVA series

1) Dispersion of dielectric relaxation

The dispersion is directly related to the dielectric spectrum shape of the segmental relaxation (Ngai,
2000). In the literature, wide or narrow dispersion of relaxation times is associated with dipole mobility
within due to intermolecular interactions. For example, variation of the dispersion is reported for
changes in steric constraints related to rigid or flexible side groups (Ngai and Roland, 1993b), for
variations in hydrogen bond concentration (Ngai et al., 2005), or for changes in the supramolecular

organization of molecules (Heczko et al., 2021).

The dielectric spectrum can be analyzed with HN function (Equation 2-17, p. 76). The symmetric ayy
and asymmetric Sy broadening parameters are determined from 0.1 MPa up to 200 MPa. The ayy
and Byy parameters are plotted in Figures 4-7a, 4-7b and 4-7c, for PVAc, EVA80 and EVA60,
respectively. The ayy values increase slowly as the temperature increases, and increase strongly with
the VAc ratio indicating that the segmental relaxation becom es narrower in both cases. Moreover, the
symmetrical broadening parameters appear to remain constant as the dipole ratio increases.
Equivalence between broadening parameters with HN function from frequency domain, and
dispersion of segmental relaxation of Kohlrausch-Williams—Watts (KWW) function (Equation 1-4, p.
10) from time domain has been found, leading to the following approximation (Alegria et al., 1995;

Alvarez et al., 1991):

Bxww = (aHNﬁHN)O'SB- 4-1

The stretching parameter Sxyww, linked to the dispersion of the relaxation times, is reported to be
related to intermolecular interactions through dielectric strength and steric hindrance provoked by
side groups in polymers (Ngai and Roland, 1993b; Paluch et al., 2016). Despite differences in models
using distribution of relaxation times for prediction of dynamic heterogeneities, there is a shared

understanding that the dispersion does not fully govern structural relaxation dynamics (Ngai et al.,
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2005; Roland et al., 2003; Romanini et al., 2017). It is often treated independently, whether in time or
frequency. The dispersion and the structural relaxation time are determined separately, with Sxyw
possibly remaining constant for different temperature and pressure combinations due to
compensating effects on molecular mobility. However, the dispersion may vary as it depends on
factors like specific volume, configurational entropy, and static structure factor (Ngai et al., 2005). The
heterogeneous dynamics suggest that relaxation processes involve multiple independent relaxations,
while the growing heterogeneity length scale is the cause of the drastic relaxation time increase with
the system cooling. Therefore, a change in the heterogeneity characteristic length scale would typically
alter the spectral shape of relaxation, and independent relaxation modes could deviate from time-

temperature-pressure superposition (Niss and Hecksher, 2018).

As mentioned in Chapter 1, the stretching parameter Bxyw is present in approaches to predict the
relaxation dynamics. It has been used for explaining the super-Arrhenius behaviors of relaxation time
in the coupling model (Ngai, 2023). Moreover, Bxuw can be used as the contribution of the correlation
function in the experimental calculation of the number of dynamically correlated units N,,- according
to the dynamical heterogeneities (Berthier et al., 2005a; Capaccioli et al., 2008; Dalle-Ferrier et al.,

2007a).

Figures 4-7d, 4-7e and 4-7f show the variations of Sxyu from 0.1 MPa up to 200 MPa as a function
of the temperature for PVAc, EVA80 and EVAG60, respectively. The stretching parameter Sxyw
increases with temperature, and the temperature dependence of Bgyw seems to be shifted to higher
temperature when pressure increases. This reflects the fact that polymer structure needs to be further

compressed during heating to keep same dispersion of relaxation times.
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Figure 4-7. Isobaric temperature variations of the symmetric ay, (blue symbols) and asymmetric Sy (red
symbols) broadening parameters from the segmental relaxation for a) PVAc, b) EVA80 and c) EVA60, and the
stretching parameter Sy for d) PVAc, e) EVA80 and f) EVAG0 in the same conditions. Blue and red dashed
lines correspond to mean values of ayy and Byy values, respectively. Symbols for Sgyy values are differently

colored for each pressure.

Studying the role of intermolecular interactions can be biased by multiple contributions due to
pressure, temperature or volume. The dispersion of relaxation time can be interpreted following
isovalues, i.e., isotherms, isobars, isochores and isochrones. The latter correspond to a constant
average relaxation time. Figure 3-5 illustrates the evolution of theses configurations as a function of

temperature and pressure.
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Pressure

Glass transition
- - - - Isochrones
Isochores

Temperature
Figure 4-8. Schema of the temperature/pressure dependence of isochrones (blue dashed lines) and isochores
(orange lines). The blue thicker line corresponds to the glass transition for a given cooling rate. The glassy state
is at higher pressure or lower temperature from this line, the liquid state is at the opposite side. Vertical and
horizontal dashed lines correspond to isotherms and isobars respectively. Adapted from (Niss and Hecksher,

2018).

As shown in Figure 4-9, the superposition of dielectric spectra offers a clear overview of the dispersion
variations through isovalues. It consists of superimposing spectra by scaling to the maximum of
dielectric loss (&qx) and its associated frequency (fax = 1/27T) of segmental relaxation peak. By
this way, a master curve of the segmental relaxation is created, centered at f/fqax = 1 with an

12

amplitude of € /emax

= 1. The dispersion is associated to Bxyw values. The numerical Fourier
transforms of the KWW function for the lowest and highest values of temperature and/or pressure are
superimposed in the master curves. Bxy s Variations are also plotted as a function of temperature

and/or pressure depending on the isovalues.
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Figure 4-9. Log-log plot of the dielectric loss normalized to the peak maximum as a function of the normalized
frequency for PVAc a) in isothermal conditions (341 K) from 0.1 MPa up to 110 MPa and b) in isochronal
conditions (10 Hz), for EVA80 c) in isothermal conditions (319 K) from 0.1 MPa up to 200 MPa and d) in
isochronal conditions (250 Hz), and for EVA60 a) in isothermal conditions (279 K) from 0.1 MPa up to 200 MPa,
b) in isochronal conditions (40 Hz). The conductivity contribution has been removed from the spectra. The

corresponding Bxww values are plotted as a function of pressure, temperature or both in the insets.

Figures 4-9a, 4-9b and 4-9c present the pressure superposition of dielectric loss spectra for PVAc,
EVA80 and EVA60, respectively. As mentioned earlier, pressure increases the relaxation time
dispersion since Sgyw values decrease (see inset in Figures 4-9a, 4-9b and 4-9c). In the case of
isochronal superposition, temperature and pressure vary by keeping 7 constant. According to the
literature (Hensel-Bielowka et al., 2004; Niss and Hecksher, 2018; Tolle et al., 1998), isochronal
superposition does not exhibit any dispersion variations with pressure and temperature. It is a

common feature of glass forming liquids when any secondary relaxations and excess wings occurred
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close to the segmental relaxation. Figures 4-9d, 4-9e and 4-9f show the isochronal superposition of
dielectric spectra with f,,4, close to 10 Hz for PVAc, 250 Hz for EVA80 and 40 Hz for EVAG0,
respectively. The frequency is chosen for clearly observing the a-peak. As shown in the inset in Figure
4-9d, the superposition shows a stability of Sk with pressure and temperature when the data are
compared under isochronal conditions. As already observed in literature (Ngai et al., 2005), invariance
of the a-peak shape is noticed for PVAc. Such behavior is observed for EVA80 and EVAG60 in the in
Figures 4-9e and 4-9f.

In a similar way than pressure superposition, for temperature superposition, the isobaric spectra are
measured at different temperatures. Figure 4-10a shows the temperature superposition of dielectric
loss spectra at 100 MPa. Temperature has an opposite effect on dispersion than pressure, i.e., Bxww
values increase with temperature, as shown in the inset in Figure 4-10a. Finally, the last isovalue is the
isochore, which can be obtained by using different temperature and pressure combinations for a same
specific volume. From PVT data of PVAc (taking from (Zoller and Walsh, 1995)), the evolution of

dispersion under constant specific volume is achievable.
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Figure 4-10. Log-log plot of the dielectric loss normalized to the peak maximum as a function of the
normalized frequency for PVAc. a) Isobaric conditions (100 MPa) from 333 K up to 349 K. The
corresponding Sxww Vvalues are plotted as a function of temperature in the inset. b) Isochoric
conditions (0.84 mL.g™1). Bxww values are given as a function of temperature and pressure in the

inset. The conductivity contribution has been removed from the spectra.

As illustrated in Figure 4-10b, the specific volume superposition has been achieved for a V = 0.84
g.mol™%, for pressure varying from 30 MPa up to 60 MPa and coupled temperature varying from

319 Kup to 341 K. The inset in Figure 4-10b shows that a larger dispersion of relaxation times at high
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pressure/temperature is observed for the same specific volume. The influence of temperature on

Bxww predominates over that of pressure in isochoric conditions.

As mentioned earlier, a dispersion variation of segmental relaxation is attributed to a change of
intermolecular interactions, which are related to cooperativity. The decrease in Sk With decreasing
temperature or increasing pressure is qualitatively consistent with an increase in cooperativity with
increasing relaxation time. Then, a stability of Sy in isochronal condition should lead to a constant

cooperativity volume whatever the pressure and temperature for a given relaxation time.
2) Role of dipolar side group in interactions

The isobaric master curves at 100 MPa for PVAc, EVA80, EVA60 are presented in Figure 4-11a. Only
100 MPa isobar is presented for sake of clarity. The numerical Fourier transforms of the KWW used to
fit the master curves are shown as dashed lines for each sample. Deviations from the KWW function
are observed at high and low frequency ranges of the segmental relaxation. The low frequency
deviations are due to the ohmic conduction related to the mobile charge carriers. The high frequency
deviations arise from the involvement of non-cooperative and localized molecular mobility
corresponding to the -relaxation (Ngai and Paluch, 2004). Figure 4-11b shows the variations of Sy u

at various temperatures for PVAc, EVA80, EVA60 at 100 MPa calculated from Equation 3-4.
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Figure 4-11. a) Log-log plot of the dielectric loss normalized to the peak maximum as a function of the normalized
frequency at various temperatures for PVAc, EVA80, EVA60 at 100 MPa. An average Sxyw is given for each
sample with uncertainty of + 0.01. b) Variations of the stretching parameter B, at various temperatures for

PVAc, EVA80, EVA60 at 100 MPa. The dielectric strength Ae to the HN fit is plotted in the inset.

The Bxww value shifts to higher values with temperature and VAc ratio increases, from 0.47 for EVA60

up to 0.54 for PVAc. The difference between these two Sk values is significant. Indeed, in the case
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of a polymer whose chemical structure is modified for increasing intermolecular interactions, same
Bxww variations have been reported (Ngai and Roland, 1993a). Such an increase can be explained by
a lower dispersion of the relaxation time due to an increase in the ratio of dipoles (Richert, 2002).
These observations are consistent with those showing that intermolecular interactions, and therefore

cooperativity, become more important with increasing VAc content (Puente et al., 2015).

Previous studies have noticed coupled effects of intermolecular interaction decrease and dispersion
increase. As an example, the addition of plasticizer, which increases the free volume, reduces the
intermolecular interactions, while the Sk stretching parameters decreases (Araujo et al., 2018b).
In the case of semi-crystalline polymers, the crystalline phase hinders the amorphous phase, increasing
dispersion while cooperativity decreases (Ngai and Roland, 1993b; Delpouve et al., 2011; Hamonic et
al., 2014; Esposito et al., 2016). Nevertheless, some glass forming liquids show opposite behavior, such
as colloidal suspension of soft spherical particles (Mattsson et al., 2009; Ngai, 2011). The dielectric
strength A¢ is rather an indicator of such interactions according to the Debye theory of dielectric
relaxation generalized by Kirkwood and Frohlich (Kirkwood, 1940). Thus, A¢ of the a-relaxation process
depends on parameters that influence interactions: the mean dipole moment u, the dipole density
N/V of the process, and the Kirkwood correlation factor gg. This factor considers short range
intermolecular interactions related to the static correlation between the dipoles. Dielectric strength is

therefore expressed with the following equation:

A = 1 u?> N
£ T3, KTV

4-2

where g, is the dielectric permittivity of vacuum. As expressed in Equation 4-2 and shown in the inset
in Figure 4-11b, the dielectric strength is inversely proportional to the temperature. The A¢ variations
and the Bxww increase are attributed to the reduction of intermolecular interactions due to the
temperature (Nozaki and Mashimo, 1987; Yin et al.,, 2012; Déjardin et al.,, 2022). Schénhals has
associated the increase of intermolecular interactions between dipoles with temperature decrease, to

the cooperative character of the molecular motion, i.e., the lower the temperature, the stronger the

cooperative interactions (Schonhals, 2001).

However, increase of intermolecular interactions is associated with increase of Sy values for
structural hindrances, as already mentioned. Therefore, variations of the intermolecular interactions
due to structural changes have an opposite influence on the stretching parameter than variations due
to temperature change. In the case of EVA/PVAc, Bxww increases as a function of VAc ratio, as well as

intermolecular interactions. Paluch et al. have shown a correlation between Ag and Bgww for
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molecular glass formers (Paluch et al., 2016). This correlation is attributed to the nature of
intermolecular interactions through dipole-dipole interactions. As mentioned by Paluch et al., since
these interactions should be more harmonic when A¢ is stronger, the dispersion of the relaxation times
is narrower (Paluch et al., 2016). This observation is in agreement with the effect of intermolecular
interactions on the dispersion of relaxation times (Reinsberg et al., 2002; Ngai, 2007) and cooperativity

mentioned in literature (Bauer et al., 2013; Hempel et al., 2000).

lll. Intermolecular interaction and cooperativity

1) Isobaric cooperativity

Using the extended Donth’s approach, cooperativity volume is determined in isobaric conditions from
Equation 2-20 (p. 82) used in Chapter 3. Figure 3-6 shows the evolution of cooperativity volume V,, as
a function of the relaxation time for pressure from Py, up to 50 MPa. Relaxation time seems to
govern the evolution of the cooperativity for a given chemical structure, varying with pressure and
temperature along a master curve. This observation meets the steadiness of Sk in isochronal
conditions, i.e., the dispersion is unchanged at constant relaxation time whatever the temperature and

pressure in supercooled liquids for PVAc (Ngai et al., 2005).

100 —
O Isobar (8T) P =0.1 MPa 1y
O Isobar (8T) P =10 MPa I
-~ O lsobar(8T)P=20MPa ~ ~~~ ~ /-~ -
O Isobar (5T) P = 30 MPa L
_ Isobar (5T) P = 40 MPa S
C"’E Isobar (8T) P = 50 MPa i’ |
<. 10- :
3 I
> |
I
o I
"""""" 1
|
!
1 T T I
2

4 2 0
Logo(t [s])

Figure 4-12. Cooperativity volume as a function of the relaxation time for isobaric measurements, from P,
up to 50 MPa. The black dashed line corresponds to the extrapolated function of cooperativity volume from
the extrapolation of parameters of Equation 2-20 (p. 82). Dashed grey lines corresponds to relaxation time of

100 s and cooperativity volume of 42,9 nm3.

The extrapolation of cooperativity volume leads to an approximated cooperativity volume of 40 nm?

at T = 100 s. This value agrees with the characteristic heterogeneity length of &, = }/V,, ~ 3 nm at

the glass transition temperature (Saiter et al., 2010).
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The extended Donth’s approach have limits in pressure with the HP-BDS setup. Since the temperature
cannot heat at temperature higher than 393 K, the higher the pressure, the fewer the temperature

range between the glass transition and the maximal temperature reachable by the HP-BDS.
2) Cooperativity from pressure fluctuation

Conversely, when the temperature of isothermal measurement rises, the pressure range for
performing dielectric measurement becomes larger. Determining the cooperativity volume from
isothermal measurements could solve the limitation encounters with isobaric measurements. Donth
also proposed a formula for determining the CRR volume I, from pressure fluctuations such as (Donth,

2001):

1_1]
4-3

_ KT,glass KT,liquid
“ (6P)?

kyT,

where Kt giass and K7 jiquiq are the isothermal compressibilities of glass and liquid, 6P is the pressure
fluctuation, kg is the Boltzmann’s constant and T is the temperature. In the original equation, Donth
uses the adiabatic compressibility, i.e., at constant entropy. Here, it is assumed that this quantity is
almost equal to the isothermal compressibility. Pressure fluctuations 6P are determined by
approximating the isochronal curves of dielectric loss &'’ by a Gaussian fit (Equation 2-21, p. 83). For
this purpose, the isobaric measurements used in Chapter 3 (see Figure 3-5¢, p. 95) for a unique
temperature are expressed in isochronal manner. Figure 4-13a represents the isochronal curves of
dielectric loss €’ normalized to the peak maximum for PVAc ranging from 100 mHz up to 300 Hz. As
the method based on thermal fluctuations, the pressure fluctuation corresponds to the standard

deviation of the Gaussian fit.

Figure 4-13b shows evolution of pressure fluctuations for several isotherms. The pressure fluctuations
decrease with a rise in pressure. Analogically to the thermal fluctuation, when the relaxation time
dispersions are supposed to became extremely larger approaching the glass transition, pressure and
thermal fluctuations decrease drastically. It is noteworthy that the pressure reachable at 345K is

getting close to 200 MPa.
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Figure 4-13. a) Isochronal spectra of the imaginary part of the complex permittivity "’ normalized to the peak
maximum as a function of pressure and frequency for PVAc. The black filled curve corresponds to a frequency
of 4 Hz. The short dot line is its Gaussian fit to calculate the mean pressure fluctuation §P from the standard
deviation. b) Mean pressure fluctuation 8P as a function of pressure. Pressure fluctuation 6P are determined

for isothermal measurement from 333 K up to 345 K.

The isothermal compressibility k7 is determined from the extrapolation of PVT measurements of PVAc,

_ 1<6V>
r="y\apr),

The volumes of glass and liquid must be extrapolated for large temperature and pressure. The Tait’s

according to the expression:

4-4

equation allows such extrapolation, by using the PVT data shown in Figure 3-14 (p. 106). Parameters
of the Tait’s equation for PVAc liquid and glass are referenced in Table 3-4. Since PVT data of EVA80
and EVA60 have not yet been measured in the literature, their volume variations are not estimated.
Therefore, only the cooperativity volume determined with pressure variation of PVAc is presented

here.

Table 4-2. Parameters of the Tait’s equation (Equation 1-36, p. 40) for PVAc glass and liquid.

Ag Ay A, bo b,
Polymer
[mL.g™1] [mL.g71.K™1] [mL.g 1K™ ?] [bar] [K™1]
PVAc glass 8.30x 1071 2.46 x 107> 5.10 x 1077 3.14 x 10* 2.64x 1073
PVAc liquid 8.28x 1071 5.31x 1074 5.17 x 10~7 2.43 x 10* 494 x 1073
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Figure 4-14a shows the surface of extrapolated volume of glass and liquid for PVAc. According to the
thermodynamics, the liquid volume shows a steeper variation as a function of temperature and

pressure than the glass volume.
Therefore, the difference of isothermal compressibility inverses of glass and liquid, expressed as:

1 1 1
A (-) = - , 4-5
KT KT,glass KT,liquid

can be obtained, as shown in Figure 4-14b. A(1/k;) seems to be relatively linear at high pressure, but

it seems to have a null steepness approaching the atmospheric pressure.
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Figure 4-14. a) Extrapolated glass (blue) and liquid (red) volumes of PVAc. The surfaces are determined from
the Tait’s equation parameters of the Table 3-4. b) Variation of the difference of isothermal compressibility

inverse of glass and liquid A(1/x) as a function of pressure for isotherms.

3) Isothermal cooperativity

All the parameters of the Equation 4-3 have been calculated, then the cooperativity volume in
isothermal conditions can be derived. Figure 4-15a shows the evolution of V,, as a function of pressure.
The cooperativity volume is quite stable at low pressure and increases approaching the glass transition
pressure Fy. It is noteworthy that the values of 1, at low pressure seems high compared to the values
obtained from thermal fluctuation atmospheric pressure. Thus, the I, from isothermal measurements
can be expressed as a function of the relaxation time, as shown in Figure 4-15b. For relaxation time
inferior to ~0.1 s, the cooperativity volume from isothermal measurements are higher than the
cooperativity volume from isobaric measurements at P,;,. Donth has already remarked that

cooperativity volumes from Equation 4-3 are larger than that obtained from Equation 2-20 (p. 82)
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(Donth, 2001). However, approaching the glass transition, values of cooperativity volume seem to

overlap.
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Figure 4-15. Cooperativity volume as a function of the pressure for isobaric measurements (empty up
triangles), from 333 K up to 345 K. The filled circles correspond to a cooperativity volume of 27 nm? at the
glass transition pressure F; defined when the relaxation time 7 = 100 s. The filled diamonds represent the
values of cooperativity from the thermal fluctuations at P,;,,,. The dashed lines correspond to a guide for the
eyes, going from V, (T, Py¢rm) up to V, (T, F;). b) Cooperativity volume as a function of the relaxation time for
isothermal measurements. The black dashed line corresponds to the extrapolated function of cooperativity

volume derived from thermal fluctuation at P,;,,, which are represented by the black empty squares.

The overlap of cooperativity volume from the isothermal measurements is consistent with the overlap
of cooperativity volume from the isobaric measurements and the steadiness of By in isochronal
conditions. Therefore, intermolecular interactions, which are followed with the dispersion of

relaxation times, provide as qualitative information as the variation of cooperativity volume.

IV. Role of intra and intermolecular interactions on segmental relaxation

Another approach for evaluating the intermolecular interactions is achievable with the determination
of the activation volume AV# (Drozd-Rzoska, 2019; Grzybowski et al., 2017). This value is defined from

the isothermal relaxation times but can be also obtained from isobaric measurements (Paluch et al.,

2001).

1) Segmental mobility of PVAC/EVA series as a function of temperature and pressure

For all the samples, the temperature dependence of the relaxation time with pressure is plotted in the

Arrhenius representation (Figure 3-7). Relaxation time is taken at the maximum of the a-relaxation
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peak, namely T,,4,. The curves are well fitted by the VFTH law (see Equation 1-1, p. 7). The fit
parameters are reported in Table A-4 of Appendix. The temperature decrease and the pressure
increase have comparable effects on the molecular mobility, resulting in a relaxation time in increase

of both scenarios.
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Figure 4-16. Logarithm of the dielectric relaxation time as a function of the inverse temperature for a) PVAc, b)
EVAS80 and c) EVA60 under pressure. Solid lines represent the VFTH fits with colors for each pressure. The dashed

grey lines correspond to T = 100 s, i.e., to the calorimetric glass transition temperature T;.

The glass transition temperature T, was taken at 7 = 100 s . According to the data obtained from
VFTH fits, the pressure influence on T can be analyzed for the PVAc/EVA series as shown in Figure 3-8.
The glass transition temperature increases nonlinearly with the pressure. Thus, the experimental data

can be fitted by an Andersson-Andersson model (Equation 1-39, p. 44).
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Figure 4-17. Pressure dependence of the glass transition temperature (from the extrapolation of VFTH fit to

7 =100 s) for EVA60, EVA80 and PVAc. Solid lines indicate an experimental data fit to the Andersson—

Andersson model.

The Ty differences observed in Figure 3-3b and depending on the VAc ratio, are also maintained in
Figure 3-8 as pressure increase, while the T; increases with pressure. The Andersson’s model
parameters are listed in Table 3-2.

Table 4-3. Fit parameters (T2, b, I1), their uncertainties and the R-squared of the Andersson’s model (Equation

1-39, p. 44) for EVA60, EVA80 and PVAc.

Polymer Ty ATY b Ab 1 ATl R?
EVA60 348 0.29 11.2 1.5 80 4.8 0.99943
EVA80 330 0.28 7.0 1.4 177 9.9 0.99898
PVAc 304 0.04 5.5 0.2 212 1.8 0.99997

2) Activation volume

From the glass transition and the isobaric fragility variations as a function of the pressure, the

activation volume at the glass transition is calculated from (Paluch et al., 2001):
dT,
AV# = mpky—21n10. 4-6
PRB D

Classically, the higher the pressure at constant temperature, the higher the activation volume. As
introduced in Chapterl, AV#(P, T) expresses the difference between, an activated volume V,(T) and

a non-activated volume Vy 4 (P, T) (Floudas, 2004). The activated volume V,(T) is the volume allowing
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the relaxation of a structural unit. It decreases with the rise in temperature, and it is pressure
independent. Vy 4 expresses a volume which does not allow relaxation. As the free volume, Vy 4 should
decrease with pressure increase at constant temperature. Figure 4-18 presents the evolution of AV#
at the glass transition temperature as a function of the pressure. PVAc shows the highest value at
atmospheric pressure. Whatever the sample, AV# decreases with a rise in pressure, a behavior which
has been reported in many glass forming liquids (Paluch et al., 2002b; Casalini et al., 2003,
Mpoukouvalas et al., 2009). During the pressure increase, Vy, decreases due to free volume
compression. In the meantime, V4(T;) decreases with pressure due to T increase. The fact that AVH#
at Ty diminishes with a rise in pressure indicates that Vy, (P, Ty) contraction is weaker than V(7).
Since AV# has been related to CRR volume V, (Hong et al., 2011a; Btazytko et al., 2024), the activation

volume AV ¥ values are correlated to the intensity of the intermolecular interactions in the PVAc/EVA

copolymers.
1 PVAC
0.7
i o EVA80
x o EVAB0
064 |
0.5
=h |
S 044
3
03 !
0.2-

Patm 2I5 50 7I5 160 155 1I50 1%5 2(IJO
P [MPa]
Figure 4-18. Activation volume AV# at Tg(P) as a function of the pressure. The lines correspond to a one-
phase exponential decay function, it serves as a guide for the eyes. The vertical dashed line corresponds to

the atmospheric pressure.

3) Thermal and volumetric contributions of isobaric fragility in PVAc/EVA series
According to the equation separating the volumetric and thermal contributions of the isobaric fragility
Mmp:

AVH  «
=mp — ———— 4-7
=T T 0 kgx’

the volumetric contribution can be deduced from the activation volume AV# by assuming that the

ratio of thermal expansion to compressibility a/x is equal to = 1.5 MPa.K™1. The effect of pressure
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on the isobaric fragility mp, volumetric mp — my, and thermal my contributions for the PVAc/EVA

series are presented at T in Figure 4-19.
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Figure 4-19. a) . a) Isobaric fragility mp, b) volumetric contribution (mp, — m;,) and c) thermal contribution m,,
as the function of the pressure for PVAc in green, EVA80 in blue and EVA60 in brown. The colored areas are the
uncertainty zones of the values. d) Ratio Ey, /E, as a function of pressure. The vertical dashed lines correspond

to the atmospheric pressure.

As shown in Figure 4-19b, a decrease of the volumetric contribution is observed with the pressure
increase whatever the sample. Supported by preliminary results at atmospheric pressure, the mp
values appear to be weakly sensitive to pressure variations, and to the different ratios of vinyl acetate
groups. According to the literature, the volumetric contribution is mainly related to the intermolecular
interactions and the free volume ratio in the liquid-like state (Araujo et al., 2018a), which may depend
on the amount of lateral groups causing the steric hindrance (Ngai and Roland, 1993a). The volumetric

contribution values in the PVAc/EVA series are consistent with the density of intermolecular
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interactions due to the VAc ratio. Thus, the reduction of these interactions at the glass transition due
to the pressure agrees with the reduction of the free volume in the samples. Previous works supported
the idea that such increases in intermolecular interactions due to the VAc ratio are correlated with the

evolution of the cooperativity volume (Puente et al., 2015).

As shown in Figure 4-19c, the thermal contribution shows a slight increase for PVAc values with the
pressure, while it remains fairly stable for EVAG60. In the literature, my, is characterized as a purely
energetic factor, influenced by the types of intermolecular and intramolecular bonds, as well as the
internal degrees of freedom within the molecules (Hong et al., 2011a). Thus, some studies have
suggested that the thermal contribution may be impacted by the backbone stiffness (Kunal et al., 2008;
Dudowicz et al., 2005b). Although my, values are in the uncertainty range, the PVAc/EVA series should
not have such variations, since the main carbon chain remains the same in the whole series. At high
pressure, the impact of the pendant group on the thermal contribution my, is reduced, and therefore,
values for PVAc and EVA80 seem to reach the steadiness of EVA60. Such behavior leads to the

assumption that the backbone stiffness is not the only feature affecting the thermal contribution.

It can be assumed that the side groups have an impact on the thermal contribution, which could be
provoked by the packing efficiency. Also called chain packing, it describes the order in which chains
are grouped together within the amorphous polymer (Dudowicz et al., 2005a). It is influenced by the
flexibility of the chain backbone and side groups, as well as by the processing and cooling conditions
of polymers (Kunal et al., 2008; Mapesa et al., 2020). High packing efficiency means that polymer
chains are tightly and uniformly arranged. This results in a reduction in free volume and an increase in
local density (Pan et al., 2007). Variations in packing efficiency directly influences the polymer
mechanical properties, such as brittleness and fracture resistance (Huang et al., 2015; Zhang et al.,
2024). In general, anincrease in packing efficiency is associated with an increase in brittleness, whereas
a decrease in packing efficiency is associated with higher chain mobility and ductility. For polymer
blends of poly(lactic acid) and EVA with VAc ranging from 50 wt. % up to 80 wt. %, the higher the VAc
ratio, the more brittle the sample (Ma et al., 2012). Stukalin et al. demonstrated that the packing
efficiency of macromolecules can be enhanced when the flexibility of chain side groups is increased
(Stukalin et al., 2009). Studies have shown that a change in packing efficiency could be correlated with
a reduction of my, without changing the polymer chemical structure (Delpouve et al., 2014; Zhang et
al., 2024). They have observed an increase of the thermal contribution m;, due to an increase in the
degrees of freedom in the mobile amorphous fraction of semi-crystalline polymers. That degrees of

freedom are associated to the packing efficiency of the amorphous chain (Delpouve et al., 2014).
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As presented in Chapter 1, another approach for comparing the thermal and volumetric contributions
is presented in the literature (Floudas et al., 2006; Roland et al., 2005). It consists in calculating the
ratio between the constant-volume activation energy E}, and the constant-pressure activation energy
Ep at the glass transition. This ratio at T, is equal to the ratio between isochoric and isobaric fragilities
my /mp (Casalini and Roland, 2004b). Figure 4-19d shows an increase of the ratio Ey, /Ep with pressure
whatever the sample. Supported by the literature (Floudas et al., 2006; Rams-Baron et al., 2024), it
indicates that the pressure increases the thermal contribution rate despite the volumetric contribution
rate. This observation is consistent with the variations of the volumetric and thermal contributions in
Figures 4-19b and 4-19c respectively. Moreover, the lower the VAc ratio, the more the thermal
activation process dominates the relaxation process. The value for EVA60 at Patm (Ey, /Ep = 0.75) is

reached for EVA80 and PVAc at pressures of 100 MPa and 200 MPa, respectively.

The invariance of the isobaric fragility at atmospheric pressure in the PVAc/EVA series can be explained
by the thermal and volumetric contributions, which offset each other with the VAc ratio. On the one
hand, the volumetric contribution increases with the VAc ratio due to intermolecular interactions, and
thus the associated cooperativity also increases. On the other hand, the thermal contribution
decreases with VAc ratio. Such variation could be explained by the change in packing efficiency with
the density of the dipolar side group in the PVAc/EVA series. The VAc ratio in this series has a combined
effect on the isobaric fragility mp, which keeps its value constant at atmospheric pressure, while the

thermal contribution predominates over the volumetric contribution toward high pressure.

V. Conclusion

The analysis of the segmental relaxation spectra allows getting an idea of the dispersion of the
characteristic relaxation time distributions, and evaluating the intermolecular interactions through the
dielectric strength. Isothermal, isobaric, isochoric and isochronal configurations are investigated to
quantify these interactions for PVAc/EVA series. The opposite effects of temperature and pressure are
confronted, showing that increasing both at constant volume implies a dispersion decrease, while at
constant average relaxation time, the dispersion remains constant. The activation volume values
AV *#at the glass transition, are consistent with the amount of intermolecular interactions related to
the VAc ratio. From the activation volume AV¥, the volumetric (mp —my) and thermal (my)
contributions of the isobaric fragility mp are deduced. The VAc ratio increase in the chain structure
seems clearly correlated with an increase of (mp — my,), this volumetric contribution diminishing with

arise in pressure, and the thermal one converging towards the same value at high pressure. Thus, only

145



V - Conclusion

the backbone stiffness seems to influence the thermal contribution at high pressure. Nonetheless,
PVAc has the lowest my value at atmospheric pressure, such behavior being counter-intuitive since
the backbone flexibility is the same than for EVA60 and EVA80. Therefore, the notion of packing
efficiency seems to be another way for explaining such thermal contribution differences. Indeed, the
VAc groups seem facilitate the packing efficiency, thereby lowering m;,. Thus, the question of the
steadiness of the isobaric fragility whatever the VAc ratio seems to find answer in its volumetric and
thermal contributions. The sum of the two contributions justifies why the PVAc/EVA series keeps the

same isobaric fragility separately from the rate of dipole in the macromolecular chain.
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List of abbreviations and symbols

Symbols
Cp
Cy

Tmax

Reversing heat capacity
Non-reversing heat capacity
Isobaric activation energy
Isochoric activation energy
Frequency

Boltzmann’s constant

Average molecular mass
Isobaric fragility

Volumetric contribution of mp

Isochoric fragility
Thermal contribution of mp

Number of structural units of a CRR
Pressure

Atmospheric pressure

Glass transition pressure
Temperature

Glass transition temperature

Tg at atmospheric pressure
Dynamic glass transition temperature

Cooperativity volume

Symmetric broadening parameter
Asymmetric broadening parameter

Stretching exponent
Temperature fluctuation
Uncertainty of the x parameter
Dielectric strength

Isothermal compressibility
relative dielectric permittivity
Dielectric storage

Dielectric loss

Complex dielectric function
Dielectric permittivity of vacuum
Density

Characteristic length scale of CRR
Ohmic conduction

Relaxation time

Angular frequency

Abbreviations

BDS
CRR
HP-BDS

KWW
MT-DSC

NMR
HN
TTS
VFTH

Broadband Dielectric Spectroscopy
Cooperative Rearranging Region

Broadband Dielectric Spectroscopy
High Pressure

Kohlrausch—Williams—Watts

Modulated temperature differential
scanning calorimetry

Nuclear magnetic resonance
Havriliak-Negami
Time Temperature Superposition

Vogel-Fulcher-Tamman-Hesse

Polymer abbreviations

EVA
PDAI
PEF
PET

PIB
PLA
PMMA
PS
PVACc
VAc

Poly(ethylene-vinyl acetate)
Poly(di-n-alkylitaconate)
Poly(ethylene furandicarboxylate)
Polyethylene terephthalate
Polyisobutylene

Poly(lactide acid)

Poly(methyl methacrylate)
Polystyrene

Poly(vinyl acetate)

Vinyl acetate
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Conclusions and Perspectives

In this work, the influence of the chemical structure on the molecular mobility at the glass transition is
studied in amorphous thermoplastic polymers. The study focuses on the role of backbone chain
stiffness using a series of polymers including the poly(lactide acid) PLA, the poly(ethylene
terephthalate glycol) PETg and the poly(vinyl acetate) PVAc, and on the role of dipolar side group using
the PVAc and poly(ethylene-co-vinyl acetate) (EVA) series. For this purpose, the molecular dynamics
of these thermoplastic polymers are studied by separating the isobaric fragility mp into its thermal
(my) and volumetric (mp — my,) contributions. Using HP-BDS, the relaxation time is therefore analyzed

as a function of temperature, pressure and specific volume.

In Chapter 1, the segmental relaxation behavior of PETg, PLA, and PVAc is studied. The critical
parameter for calculating the volumetric contribution is the activation volume AV#. The relationship
between the cooperativity volume V, defined from the Donth's approach and the activation
volume AV# calculated from isobaric measurements is validated and extended above the glass
transition using the extended Donth’s approach. It has been found that cooperativity correlates better
with the volumetric contribution of mp than with the isobaric fragility itself. Despite the similarity of
PLA and PETg in terms of mp at atmospheric pressure, this study reveals that the thermal contribution
my of PLA and PETg show significantly different variations with pressure. Furthermore, the fragility
values at atmospheric pressure are correlated with the evolution of the thermal and volumetric
contributions. In particular, the high isobaric fragility values for PLA at atmospheric pressure are
related to the magnitude of the thermal contribution, which is related to the stiffness of the polymer
backbone and the packing efficiency. The volumetric contribution mp — my, associated with interchain
interactions decreases significantly with increasing pressure for PLA, PETg, and PVAc. The isobaric
fragility seems to converge to values of around 60-90 at high pressure. This suggests that at high
pressure, the glass transition temperature becomes so significant that the volumetric contributions

reach a universal value, independent of the chemical structure of the polymers.

In Chapter 2, the molecular mobility of the PVAc/EVA series is studied. The segmental relaxation
spectra provide insights into a qualitative correlation between the dispersion of the characteristic
relaxation time and intermolecular interactions through cooperativity volume. The study shows that
increasing both temperature and pressure at constant volume reduces the dispersion, while at
constant average relaxation time, the dispersion remains constant. This behavior is supported by the
determination of cooperativity volume in both isobaric and isothermal conditions. The cooperativity

volume is found to scale a master curve when it is expressed as function of relaxation times. The
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activation volume at the glass transition is consistent with the level of intermolecular interactions
associated with the VAc ratio. As the VAc ratio in the polymer chain increases, the volumetric
contribution mp — my also increases while decreasing with higher pressure. Meanwhile, the thermal
contribution approaches a common value at elevated pressures. Therefore, at high pressure, only the
stiffness of the polymer backbone seems to affect the thermal contribution. Notably, PVAc show the
lowest my, value at atmospheric pressure, which is surprising given its comparable backbone flexibility
to EVA60 and EVAS80. This suggests that packing efficiency is a significant contributor to the differences
in thermal contribution. Increasing the ratio of VAc groups improves the effect of the packing
efficiency, thereby reducing m;,. The study concludes that the invariance of isobaric fragility, regardless
of the VAc ratio, can be attributed to its volumetric and thermal contributions. The combination of
these contributions explains why the PVAc/EVA series exhibits stable isobaric fragility regardless of the

dipole rate within the macromolecular chain.

The use of HP-BDS offers the possibility of quantifying the thermal and volumetric contributions to
molecular mobility at the glass transition and in polymer liquids more accurately than is possible with
thermal analysis techniques at atmospheric pressure. Such a formalism could be applied to many
polymeric systems where the origin of a molecular mobility changes remains unclear. Thus, the series
of PLA and its oligomers could be studied. The reduction in molecular weight involves an increase of
the ratio of the end chain interactions in the polymers. Such interactions are expected to increase the
volumetric contributions, but the isobaric fragility has been found to decrease in PLA oligomers.
Moreover, in the global case of polymers, the chain entanglement hinders the molecular mobility.
Following the thermal and volumetric contributions for polymers whose molecular weight has been
reduced to escape the entanglement phenomenon, such as in PLA oligomers, could clarify its role in

the molecular mobility of polymers.

Another aspect that could be interesting to explore is the physical aging under pressure, the physical
aging is usually studied by calorimetric techniques but is also visible by dielectric relaxation
spectroscopy. Such a study can provide useful information for industrial polymers, and understanding
which properties related to molecular mobility can be affected under pressure. Aging under pressure
could also be used to study the different aging scenarios. Indeed, investigations of structural relaxation
of well-chosen polymers should allow studying the different aging scenarios, i.e. does pressure
facilitate intermediate aging steps? Does pressure influence the Slow Arrhenius Process (SAP)? Can

polymers reach equilibrium and even crystalline state during aging under pressure?
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As a matter of fact, crystallization can also be a field of research. Since the driving force of
crystallization and the molecular dynamics are pressure dependent, the nucleation and crystal growth
in polymers should also be affected by pressure. The formation of different crystals could affect the
amorphous phase and bind molecules to both phases. The methods for determining the volumetric
and thermal contributions of molecular mobility can therefore be applied to analyze how the
crystalline phase affects the amorphous fractions. Such semi-crystalline polymers processed under

pressure could have properties useful for industrial applications.
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Table A-1. Fit parameters (log(t,), C, P,), the uncertainties of C and P,, glass transition pressure F; and the

R-squared of the pressure VFTH law of isotherms (Equation 1-38, p. 43) for PETg, PLA and PVAc.

PETg
T [K] log(to[s]) C AC P, [MPa] AP, [MPa] P, [MPa] R?
361.15 —-2.21 90.08 2.86 413.63 12.43 40.22 0.93770
363.35 —2.61 90.05 1.50 463.86 7.29 48.90 0.98465
365.35 —2.94 100.91 1.23 556.71 6.44 56.38 0.99255
367.15 —3.21 168.59 2.09 994.48 5.82 66.11 0.99815
369.15 —3.50 105.82 2.13 708.11 7.86 75.67 0.99500
373.15 —4.01 177.54 5.20 1301.45 22.97 94.10 0.99013
377.25 —4.44 72.98 1.21 671.05 5.99 113.36 0.99651
PLA
TIK]  log(ze[s])  C AC  Py[MPa] AP, [MPa] P, [MPa] R2
337.15 —1.06 92.19 3.95 377.13 5.82 26.74 0.99662
339.15 —-1.70 88.34 2.08 454.23 6.39 39.94 0.99154
341.15 —-2.15 82.18 0.62 484.50 2.45 50.45 0.99954
343.15 —2.46 89.00 3.89 545.15 11.82 56.37 0.98565
345.15 —2.83 83.35 1.99 539.92 6.50 63.60 0.99433
347.15 —3.28 82.52 1.02 585.30 3.90 75.15 0.99850
349.15 —3.80 84.14 1.11 638.00 5.72 87.37 0.99613
351.15 —4.09 70.51 1.16 580.81 4.74 96.40 0.99744
353.15 —4.37 78.38 0.75 667.82 3.03 105.25 0.99912
PVACc
T [K] log(to[s]) C AC P, [MPa] AP, [MPa] P, [MPa] R?
317.15 —0.83 250.00 — 2363.78 692.46 60.03 0.99661
319.15 —1.20 250.00 — 2403.02 585.11 68.70 0.99755
321.15 —1.54 250.00 — 2475.62 567.45 78.07 0.99920
323.15 —1.83 250.00 — 2654.72 450.55 90.46 0.99769
325.15 —-2.16 250.00 — 2672.78 323.50 98.58 0.99868
327.15 —2.43 106.24 12.27 1234.39 130.58 108.12 0.99986
329.15 —2.72 138.89 23.88 1618.79 259.47 117.49 0.99978
331.15 —2.96 110.12 7.86 1365.98 88.94 128.37 0.99993
333.15 —3.21 129.77 21.65 1652.48 254.27 139.79 0.99971
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335.15
337.15
339.15
341.15
343.15
345.15
347.15
349.15
351.15
353.15

—3.41
—3.63
—3.83
—4.04
—4.18
—4.36
—4.52
—4.65
—4.84
—4.98

113.84
148.35
174.15
142.88
66.33
69.31
73.39
72.85
83.14
67.03

10.93
27.85
42.88
33.27
4.43
4.23
6.02
4.41
4.94
1.32

1542.99
2051.50
2491.52
2129.73
1098.22
1187.77
1288.73
1343.77
1537.34
1323.41

135.31
358.64
575.89
456.75
63.32
60.35
88.30
68.53
76.61
21.12

152.23
164.83
178.37
188.88
193.90
207.05
218.85
233.42
244.70
256.07

0.99987
0.99966
0.99963
0.99956
0.99992
0.99994
0.99993
0.99996
0.99996
0.99999

Table A-2. Fit parameters (log(t.) , D, Ty), the uncertainties of D and T, glass transition temperature Ty,

isobaric fragility mp and the R-squared of the VFTH law of isobars (Equation 1-1, p. 7) for PETg, PLA and PVAc.

PETg
P [MPa] log(to[s]) D AD Ty [K] AT, [K] Ty mp R?
Patm -9.76 2.13 0.46 32197 3.73 347.25 161.53 0.99743
10 —-10.47 2.54 0.38 323.08 2.98 351.63 153.64 0.99506
20 —10.73 2.70 0.57 325.19 3.98 355.18 150.79 0.99777
30 —-11.12 2.98 0.69 325.99 4.25 358.18 145.92 0.99796
40 —11.60 3.35 0.76 326.02 4.20 360.88 140.73  0.99815
50 —12.18 3.80 0.84 325.48 4.13 363.41 135.87 0.99836
60 —13.04 4.52 0.07 323.52 0.62 365.79 130.16  0.99858
70 —17.08 7.87 5.37 312.38 17.44 368.34 125.63 0.99881
PLA
P [MPa] log(tw[s]) D AD Ty [K] AT, [K] T, mp R?
Patm —-14 4.60 0.06 291.37 0.48 327.76 144.12 099839
10 —14 4.49 0.09 295.84 0.80 331.89 147.30 0.99747
20 —-14 441 0.15 299.19 0.80 334.98 149.79 0.99243
30 —-14 4.82 0.09 297.85 0.73 336.79 138.39 0.99810
40 —14 491 0.11 299.30 0.86 339.18 136.07 0.99716
50 —-14 5.22 0.13 298.83 1.01 341.18 12890 0.99691
60 —14 5.09 0.09 301.86 0.66 343.60 131.70 0.99881
70 —-14 5.21 0.10 302.81 0.70 345.62 129.17 0.99858
80 —-14 5.33 0.11 303.64 0.74 347.55 126.64 0.99836
90 —14 5.45 0.12 304.38 0.77 349.42 124.14 0.99815
100 —-14 5.58 0.12 305.04 0.80 351.22 121.67 0.99796
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PVAC
P [MPa] log(to[s]) D AD Ty [K] ATy [K] T, mp R?
Patm —-14 9.80 0.12  239.36 0.83 307.27 67.76  0.99847
10 —14 9.82 0.06  241.87 0.39 310.63 68.01  0.99900
20 —-14 9.77 0.05 244.11 0.30 313.19 68.10  0.99937
30 —-14 9.76 0.04  246.09 0.24 315.61 68.06  0.99961
40 —-14 9.76 0.04 247.86 0.24 317.93 67.90 0.99976
50 —-14 9.79 0.04 24943 0.24 320.16 67.64  0.99983
60 —-14 9.84 0.05 250.83 0.32 322.31 67.60  0.99983
70 —-14 9.85 0.07  252.47 0.45 324.47 67.37  0.99983
80 —-14 9.89 0.09 253.84 0.53 326.54 67.01  0.99973
90 —14 9.96 0.06  255.01 0.39 328.56 66.66  0.99950
100 —-14 10.03 0.05 256.16 0.30 330.55 67.76 ~ 0.99928
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Table A-3. Values of T; and m, variations as a function of structural parameter shown in Figure 4-6. The EVA
series have a variation in the ratio of side groups. Three PLA series have variations in the ratio of plasticizers,
isomerism, and the manner of sample crystallization. The PEF, PET and PDAI series have a variation in the
number of methylene units in their backbone chain, and PIB and PS series have a variation in molecular weight.

The PMMA series have a variation crosslinking ratio.

EVA series (Puente et al., 2015) PLA with plasticizers (Araujo et al., 2019)
wt. % VAc AT, [K] Amp % plasticizers AT, [K]  Amp
100 0 0 0 0 0
90 21 0 2.5 -6 -19
80 -37 3.0 5 -9 =27
70 —54 3.0 9 =17 =50
60 —65 0.1 13 —24  —65
50 —68 -2.8
PET series (Puente et al., 2015)
PEF series (Fosse et al., 2022) methylene units number AT, [K]  Amp
methylene units number AT} [K] Amp 2 0 0
2 0 3 3 -33 -10
3 —26 4 4 —37 -25
4 —45 -5
PLA isomer series (Varol et al., 2020)
PDAI series (Genix and Lauprétre, 2005) isomerism AT, [K]  Amp
methylene units number ATy [K] Amp DL 0 0
1 0 0 L 1.3 5
3 -31 —28 D 0.6 5
6 =73 —38
8 —-81 -39
10 -97 —36 Crystallized PLA series (Delpouve et al., 2011)
Process of crystallization AT, Amp
PEF 2,4/2,5 (Bourdet et al., 2018) A 0 0
% 2,5-FDCA AT, Amp SB2 3 =25
100 0 3 SEQ 8 -32
90 —4 4 ucw 6 —47
85 -5 -5 SB3 8 -85
50 -5 1 SB4 12 -89
0 -11 8
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PIB series (Dalle-Ferrier et al., 2010) PS series (Santangelo and Roland, 1998)
M,, [kg. mol™1] AT, [K] Amp M,, [kg. mol™!] AT, [K]  Amp
500 0 0 3840 0 0
3.58 —4 6.18053 90 —1.8 —6
1.19 -9 28.95823 3.68 —-27.3 =21
0.68 —-15 34.13183 2.36 —48.2 —49
0.76 —105.6 —66
Crosslinked PMMA (Alves et al., 2004) 0.59 —1284 —-74
Crosslinking % AT, [K] Amp
0.5 0 0
2 1
5 8 17
19 45

Table A-4. Fit parameters (log(t,) , D, T0), the uncertainties of D and T, glass transition temperature T,

isobaric fragility mp and the R-squared of the VFTH law of isobars (Equation 1-1, p. 7) for PVAc, EVA80 and

EVAG60.
PVAC
P[MPa]  log(te[s]) D AD  To[Kl AT, [KI T,  mp R?
Patm —14 98 012 239 0.8 307 68  0.99847
20 —14 98  0.08 244 0.7 309 76  0.99937
40 —14 98 005 248 0.3 314 76  0.99976
60 —14 98 004 251 0.2 318 76  0.99983
80 —14 99 005 254 0.3 322 76  0.99973
100 —14 100 009 256 0.5 326 75  0.99928
120 —14 98 006 260 04 329 76  0.99971
140 —14 99 009 263 0.5 333 76  0.99937
160 —14 101 015 264 0.9 336 75  0.99689
180 —14 105 023 265 13 340 72 0.99305
200 —14 11.0 039 264 2.1 343 70  0.99847
EVASO
P[MPa]  log(te[s]) D AD  To[Kl AT [KI T,  mp R?
Patm —14 10 013 210 08 267 75 099773
25 —14 104 022 210 13 270 73 0.9964
50 —14 105 023 215 14 276 72 0.99599
75 —14 101 016 221 1.0 281 74  0.99784
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100 —14 10.2 0.16 223 1.0 285 74 0.99817
125 —14 10.6 0.27 223 1.6 287 72 0.99604
150 —14 10.7 0.18 225 1.1 290 71 0.99774
175 —14 10.7 0.21 228 1.3 294 71 0.99735
200 —14 11.1 0.19 231 1.2 300 69 0.99734
EVA6G0
P [MPa] log(te[s]) D AD Ty [K] AT, [K] Ty mp R?

Patm —14 9.4 0.11 191 0.6 240 70 0.99654
25 —14 9.4 0.15 193 0.9 243 70 0.99817
50 —14 8.9 0.13 200 0.7 249 73 0.99797
75 —14 9.3 0.24 201 1.4 252 71 0.99318
100 —14 9.1 0.23 205 1.3 255 72 0.99356
125 —14 9.3 0.22 205 1.2 257 71 0.99575
150 —14 9.2 0.19 209 1.1 262 71 0.99613
175 —14 9.7 0.24 208 1.4 263 68 0.99591
200 —14 10.2 0.17 209 09 267 66 0.99722
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Apport de la spectroscopie a relaxation diélectrique sous pression pour
investiguer la mobilité moléculaire dans les polymeéres thermoplastiques
amorphes

Mot clés : transition vitreuse, mobilité moléculaire, polymeres, spectroscopie a relaxation diélectrique, pression,
relaxation structurelle, coopérativité.

Résumé

La relation entre la température de transition vitreuse, la fragilité isobare et la taille caractéristique des régions de
réarrangement coopératif (CRR) pour les liquides vitreux est clarifiée en tenant compte des contributions volumétriques et
thermiques de la relaxation structurelle. Ces contributions sont habituellement estimées en considérant certaines hypotheses
a la pression atmosphérique, alors qu'elles nécessitent de mesurer des variations de grandeurs physiques sous pression.
L'utilisation de la spectroscopie a relaxation diélectrique sous pression offre une nouvelle perspective pour déterminer
expérimentalement les contributions de la fragilité isobare.

D'une part, ces mesures sont effectuées pour trois polymeres thermoplastiques amorphes : le polylactide (PLA), le
polyéthyléne glycol téréphtalate (PETg) et le polyvinyle acétate (PVAc). Ces polymeéres présentent une forte corrélation entre
le volume d'activation, qui conduit a la contribution volumétrique de la fragilité isobare, et le volume CRR. La contribution
thermique est déterminée par deux méthodes et évolue de maniére opposée a la contribution volumétrique en fonction de
la pression. Les contributions expliquent le comportement de fragilité isobare a la pression atmosphérique. D'autre part, la
série de copolymeéres poly(éthylene-co-vinyle acétate) (EVA), présente un rapport différent de groupes latéraux polaires avec
une chaine principale inchangée, est analysée en termes d'interactions intermoléculaires a partir de la forme de relaxation
diélectrique. Dans cette série, les groupes latéraux polaires jouent un réle crucial dans les contributions volumétriques et
thermiques de la fragilité isobare, qui sont également liées aux interactions inter et intramoléculaires.

En combinant ces différents résultats, il est possible d'établir une relation entre la structure chimique et I'influence de la
pression/température sur la mobilité moléculaire. Les effets des parameétres structurels, tels que la rigidité de la chaine
principale et des groupes latéraux ou la packing efficiency, sont mis en évidence et expliquent comment ils affectent la
fragilité isobare.

Application of broadband dielectric spectroscopy under pressure to the study
of molecular mobility in amorphous thermoplastic polymers

Keywords : glass transition, molecular mobility, polymers, broadband dielectric spectroscopy, pressure,
structural relaxation, cooperativity.

Abstract

The ambiguity surrounding the relationship between the glass transition temperature, isobaric fragility, and the characteristic
size of the Cooperative Rearranging Regions (CRR) for glass-forming liquids has been resolved by considering the volumetric
and thermal contributions of the structural relaxation. These contributions have traditionally been estimated by considering
assumptions at atmospheric pressure, whereas they require pressure variations to be measured. The use of broadband
dielectric spectroscopy under pressure offers a new perspective to experimentally determine the contributions of isobaric
fragility.

On the one hand, the measurement is performed for three amorphous thermoplastic polymers: Polylactic acid (PLA),
polyethylene glycol terephthalate (PETg) and polyvinyl acetate (PVAc). These polymers show a strong correlation between
the activation volume, which leads to the volumetric contribution of isobaric fragility, and the CRR volume. The thermal
contribution is determined by two methods and evolves in an opposite manner to the volumetric contribution as function of
pressure. The contributions explain the isobaric fragility behavior at atmospheric pressure. On the other hand, the
poly(ethylene-co-vinyl acetate) (EVA) copolymer series, which presents a different ratio of polar side groups with an
unchanged backbone chain, is analyzed in terms of intermolecular interactions from the dielectric relaxation shape. In this
series, the polar side groups play a crucial role in the volumetric and thermal contributions of the isobaric fragility, which are
also related to inter and intramolecular interactions.

By combining these different results, a relationship between chemical structure and the influence of pressure/temperature
on molecular mobility can be established. The effects of structural parameters, such as backbone and side group stiffness or
packing efficiency, are highlighted and explain how isobaric fragility is affected.



