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ABSTRACT

In this work, the molecular mobility at the glass transition of poly(vinyl acetate) (PVAc) and
poly(ethylene-co-vinyl acetate) (EVA) amorphous sample series was investigated. The
temperature and pressure dependences of the intermolecular interactions were studied from time-
temperature-pressure superpositions, and from the relaxation time dispersion of the segmental
relaxation. The difference in terms of 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 isobaric fragility and its two contributions (thermal and volumetric) were estimated
through high pressure BDS measurements. The volumetric and thermal contributions show
different behaviors as a function of the VAc ratio and as a function of the pressure. Thus, the study
of PVAC/EVA series has allowed to emphasize that the intramolecular and intermolecular
interactions, induced by the dipolar pendant groups, directly influence the thermal and volumetric
contributions to the isobaric fragility.

INTRODUCTION

The relaxation process associated with the glass transition in polymers, known as segmental
relaxation, has been extensively investigated since the middle of the 20th century.!> However, the
connections between macromolecular chain chemistry, microstructure, and relaxation dynamics
remain incompletely understood. A common feature among glass-formers is the viscous slowing
down of structural relaxation dynamics observed around the glass transition temperature Tg.é’8
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 Tg.9 This classification identifies glass
formers as "strong" or "fragile" based on the steepness of their relaxation time temperature
dependence near T,, quantified by the isobaric fragility index mp with:
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Classical theories such as the entropic model of Adam and Gibbs! and the free volume approach!!
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 CRR volume around 27 nm?
whatever the glass formers.!?!* This involves the correlation of molecular rearrangements within
local environments.

Among the studies allowing to estimate the CRR size, Donth’s approach!> uses the quantification
of temperature fluctuations all over the amorphous medium. The CRR volume V,, and the number
of relaxing structural units per CRR N, are estimated by using the following relations:
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where p is the density, N, is Avogadro’s number, M, is the molar mass of structural units, Cp is
the specific heat capacity at constant pressure, kg is Boltzmann’s constant, T, is the dynamic glass
transition temperature, and 87T is the mean square temperature fluctuation associated with the glass
transition. In the case of polymers, the structural units are assumed to be the repeating units, i.e.
the monomer units.

Supported by much literature, the dynamic nature of the glass transition is associated with dynamic
heterogeneities.!¢ 8 It is characterized by spatial and temporal correlations of molecular motions
and a distribution of relaxation times.'” As noted in the literature, variations in the breadth of the
dispersion of a-relaxation under different temperature/pressure conditions can be clearly estimated

using the Kohlrausch-Williams-Watts (KWW) function, which is expressed as follows:***!
t \Brxww
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where ®(t) represents the relaxation function, classically used for the non-Debye relaxation
phenomenon in the time domain, Sk is the stretching parameter, and Ty, corresponds to the
characteristic relaxation time. The parameter Sy characterizes the dispersion of the a-



relaxation. A Fourier transform of ®(t) allows approximating relaxations measured in the
frequency domain.

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.?>>* It is often treated independently, whether in time or frequency. The
dispersion and the structural relaxation time are predicted separately, with Sgyu 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.?® 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 as 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.?

The stretching parameter Sgyy, 1S 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.?
Moreover, Bxww 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.>”2° Such method has been applied on different polymers. Comparing N, and N,
extracted from Donth’s approach evidences that the lower the molecular weight of the repeating
units My, the closer the values of N, and N,. Furthermore, it is noteworthy that an anti-correlation
between the stretched parameter and the isobaric fragility mp [see EqQ. (1)] has been observed for
diverse glass forming liquids, including polymers.>°

The molecular mobility at the glass transition is revealed by the isobaric fragility mp. Its correlation
with T, and cooperativity remains unclear, while these three physical parameters are expected to
be related to the rigidity of macromolecules in polymers. Studies employing various techniques
have shown no indisputable link between Ty, cooperativity size and mp for several glass-forming
liquids.?®3!3* The relationship between Ty, cooperativity and fragility depends on the nature of
samples. The effects of structural, chemical, or processing modifications on the segmental
dynamics at T; have been investigated through several works, reporting correlations or
anticorrelations between these parameters in complex systems. Some of them focus on
geometrically constrained amorphous phase (confinement effect) due to nanoparticles,*>>” in
intercalated nanocomposites,>® in nanolayers ***° or due to the crystalline phase.*! The plasticizing
effects on this correlation have been also reported.*>* Others worked on the chemical structure by
varying backbone stiffness,'** changing dipole distribution in the polymer chain,*> changing the
H-bond*® or using composite systems.*’ Various works have also studied the segmental mobility
and cooperativity in miscible polymer blends by isolating intermolecular effects,*s>°
intramolecular effects °!>? or by combining both.>*>¢



Among these studies, Puente et al. focused on simple systems, specifically fully amorphous
polymers with similar backbone stiffness®’ for whom only the dipolar side group ratio varies. For
this purpose, variations of Ty, mp and N, with temperature have been studied in copolymers of
poly(ethylene-co-vinyl acetate) (EVA) with different vinyl acetate ratio (VAc), ranging from PVAc
(100 wt% VAc) to EVAS0 (50 wt% VAc). Keeping the same backbone but varying the ratio of
dipolar pendant groups, allows studying the role of different interchain dipolar interactions, which
significantly influence the glass transition temperature and the CRR size.”’ Nevertheless, the
isobaric fragility mp remains unchanged with the wt% V Ac. Thus, the constant mp value and the
decrease in cooperativity with decreasing vinyl acetate ratio support the conclusion that a
cooperativity/fragility correlation is not a general trend.

One possible explanation of the decorrelation between mp and cooperativity is the hypothesis of
two contributions in the isobaric fragility (thermal and volumetric), according to literature.’® ! By
using both contributions, Hong et al. provided an expression for mp that considers the combined
effects of temperature and volume variations on the structural relaxation dynamics.*® According to
this assumption, the isobaric fragility can be expressed as:
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where AV# is the activation volume, kg is Boltzmann’s constant, k is the compressibility and ay
is the thermal expansion coefficient of the supercooled liquid at T;. In this equation, the first term
represents the thermal contribution (isochoric fragility, m;,), while the second term denotes the
volumetric contribution noted (mp —my ). It solely considers physical parameters related to
volume variations, including variations in density that occur during cooling at constant pressure.
These two contributions have been identified as explanatory factors for variations in mp for
different chemical structure of polymers.5>"%* An understanding of these effects is provided by the
study of glassy liquids under isothermal or isochoric conditions, i.e. with constant thermal or
volumetric contributions.%

In many studies, broadband dielectric spectroscopy (BDS) serves as a potent tool for investigating
molecular dynamics due to its broad frequency range.®®®’ It is the primary dynamic method for
scrutinizing the complex permittivity variations of polymers with temperature and frequency,
enabling an understanding of molecular motions and relaxation phenomena as the a-relaxation
process, which is intricately linked to segmental motions within the polymer main chains.*%

The study of the pressure dependence of dielectric relaxation in polymers has received considerable
attention in the research community.”””® Investigations of the time-temperature-pressure
superposition of the a-relaxation provide information on the dispersion of relaxation times with
temperature or pressure variations.?>’* This overarching principle posits that the broadening of the
a-peak, represented by the stretched exponent Sy, is dependent on the structural relaxation
time. It suggests that for a given relaxation time, the shape of the relaxation peak remains invariant
regardless of the thermodynamic conditions, such as temperature and pressure combinations.’



According to existing literature, Sxy s 18 also associated with the dielectric strength (or polarity of
molecules)’® and steric constraints on segmental relaxation,”’ both being related to the cooperative
nature of the polymers.

This study extends the work of Puente et al. in depth and aims to understand why the isobaric
fragility remains unchanged as a function of wt% VAc, while the glass transition and N, vary
significantly. For this purpose, the pressure was used as a tool to understand this uncorrelation.
Segmental relaxation was observed under various conditions, including isothermal, isobaric, and
isochronal conditions. Analysis of the segmental relaxation spectra in these configurations
provided insight into the dispersion of the characteristic relaxation times, Sgy . The thermal and
volumetric contributions of isobaric fragility mp were investigated experimentally as a function of
frequency, temperature and pressure. The activation volumes were compared to the intensity of
intermolecular interactions determined by the VAc side group ratio. The volumetric contribution,
calculated from AV#, has reflected the influence of the VAc ratio. Finally, the dependence of the
thermal and volumetric contributions on the isobaric fragility was discussed. It allowed to find the
structural parameters (intra-intermolecular interactions) that influence the molecular mobility of
the systems studied, and therefore their fragility, glass transition and cooperativity.

MATERIALS & METHODS

MATERIALS. The polymers studied are poly(vinyl acetate) PVAc and copolymers of
poly(ethylene-co-vinyl acetate) EVA with different vinyl acetate (VAc) ratio. PV Ac was supplied
by Aldrich Chemical Company in pellet form. The weight-average molecular weight (Mw) is
around 500 kg/mol. EVA pellets containing 80 wt. % of VAc groups (Levapren® 800) were
obtained from Lanxess Co., with a Mw around 270 kg/mol. EVA pellets with 60 wt. % of VAc
groups (Levapren® 600) were obtained from Bayer Co. with a Mw around 250 kg/mol. For sake of
clarity, EVA80 and EVA60 stand for Levapren® 800 and 600, respectively, in the rest of the
manuscript. The rate of 60 wt. % and 80 wt. % of VAc in EVA60 and EVARSO0 respectively are
sufficient to keep the systems fully amorphous.”®3° Only EVA containing from 0 up to 50 wt. %
of VAc allow samples to crystallize.

The pellets were dried in an oven at 40 °C during 12h. The samples were thermo-molded at 120
°C and 80 °C for PVAc and EVAs, respectively. An average thickness of polymer films was
approximately 500 pum.

METHODS. The complex dielectric permittivity was investigated by the broadband dielectric
analyzer “Novocontrol Alpha” with Novocontrol Quatro Cryosystem equipped with a two-
electrode circuit. Complex dielectric permittivity was measured within the frequency range from



10! up to 10° Hz at atmospheric pressure Py.,,. Samples were placed between parallel gold-plated
electrodes with diameter of 30 mm and thickness of 1,7 mm. The temperature was varied between
123 K up to 311 K in consecutive increasing steps of 10 K, and up to 363 K in consecutive
increasing steps of 2 K for PVAc, between 263 K up to 333 K in consecutive increasing steps of 2
K for EVAS8O0, between 123 K up to 233 K in consecutive increasing steps of 10 K, and 234 K up
to 298 K in consecutive increasing steps of 1 K for EVA60. The samples were kept in nitrogen
atmosphere.

For high-pressure Broadband Dielectric Spectroscopy (BDS) measurements, a high-pressure pump
type Ulll (from UNIPRESS EQUIPMENT) was additionally employed. The pressure was
measured with a Nova Swiss tensiometer with a resolution of + 0.1 MPa. For these experiments,
the sample was measured in a 15 mm diameter by 3.9 mm thick stainless steel parallel plate cell,
in the frequency range from 10! up to 10° Hz. The electrodes were put in a Teflon container for
the centering, and ensuring good contact with the sample. For improving electrical insulation, the
cell was sealed and encased carefully by a Teflon strip. Then, one layer of Polyisoprene was added
to separate it from the oil liquid (Julabo Thermal HL80). Infrared measurements were taken before
and after the measurements under pressure, and the signals did not indicate that the samples were
contaminated with any liquid. The pressure was varied between 20 and 200 MPa in consecutive
increasing steps of 20 MPa for PVAc, and of 25 MPa for EVA60 and EVAS80. The temperature
was controlled using a thermostatic bath, and monitored with a thermocouple with a precision of
0.1 K.

The dielectric relaxation curves obtained were analyzed using the Havriliak-Negami (HN) complex
function:®!
Ae
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where €” is the complex permittivity, w the angular pulsation, &4, the permittivity value when w —
oo, Aeyy the dielectric strength, 7, the relaxation time, and ayy and Sy the symmetric and the
asymmetric broadening parameters (0 < ayy,funv < 1), respectively. The relaxation time
corresponding to the position of maximal loss can be then determined with broadening parameters
such as:
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The contributions of conductivity and a secondary relaxation have been considered on dielectric
relaxation curves. The secondary relaxation is taken into account with an HN function with
constant the broadening parameters and dielectric strength. Only its the relaxation time is varied.
The conductivity is considered in the dielectric loss according to &' = 0,/we, where g, is the
ohmic conductivity and is temperature dependent. An example of a dielectric spectrum
approximation using the HN fitting function and conductivity is shown in Figure S1 of

Tmax = THN [Sil’l



Supplementary Material. The values of HN fitting parameters for the secondary relaxation and the
conductivity are given in Table S1 in the Supplementary Material.

RESULTS AND DISCUSSION
State of the uncorrelation between mp and V,

Molecular mobility is primarily analyzed through relaxation time variations with temperature.
Thus, the relaxation time of polymer segmental relaxation can be approximated with the Vogel-
Fulcher-Tammann law (VFT):%?

DT,
T —T,
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where 7, is the relaxation time at infinite temperatures, D a dimensionless steepness parameter,
and T, the reference Vogel temperature. The temperature dependence of relaxation time of the
samples is shown in Fig. 1(a) with the corresponding VFT fits. The glass transition temperature T
can be obtained by extrapolating the law to a relaxation time of 100 s.%* Both T, and mp values
are plotted as the function of the VAc ratio in Fig. 1(b). As already observed by Puente et al., the
glass transition decreases whereas the isobaric fragility remains quite constant. The invariance of
mp has been attributed to the constant backbone stiffness present in EVA whatever the VAc ratio,
while the variation of the glass transition is explained by the role of steric hindrance and polarity
of the side group.®’ Puente et al. even extrapolated fragility as a function of VAc ratio to reach
value of a theoretically amorphous polyethylene (PE), i.e. chain with 0 wt. % of VAc groups. In
addition, they observed that cooperativity at the glass transition increases with the VAc ratio.

Using an extended Donth’s approach proposed by Saiter et al.,*® the number of structural units per
CRR N, and the CRR volume V,, can be determined for any relaxational techniques [see EQ. (2)
and EqQ. (3)]. N, have been obtained by combining Modulated Temperature Differential Scanning
Calorimetry (MT-DSC) and BDS analyses. The molar masses M, of structural units were
calculated by using the molar ratio x of the VAc group, its molar mass (Mya. = 86 g.mol™1) and
the molar mass of the ethylene group (Mgy, = 28 g.mol™?1) as follows: Mg gyax = Myac(x) +
Mg (1 — x). T, and 6T were determined from BDS analyses (more details about the method can
be found in Ref. 84). The specific heat capacities Cp jiguiq and Cp 41455 are determined by
extrapolating baselines of the liquid and the glass at T, respectively. These values were obtained
by MT-DSC analysis from Ref. 57 with a modulation period of 60 seconds, an amplitude of 1 K
and a heating rate of 0.5 K. min™1. For comparison, the T, determined by MT-DSC analysis is also
shown in Fig. 1(a), with t = p/2m = 10 s. Figure 1(c) shows the variations of N, as the function
of the inverse of temperature normalized at T, (t = 100 s). The cooperativity at the glass transition
temperature seems to be correlated with the ratio of polar groups in the macromolecular chain,
since EVA60 have fewer relaxing units in a CRR than EVA80 and PVAc. Similar results on



cooperativity have been reported when intermolecular interactions are reduced due to temperature
increase, '3 pressure decrease®® or polymeric structure.®’
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FIG. 1. (a) Temperature dependence of the relaxation time t for PVAc (blue triangles),
EVASO (red circles) and EVA60 (black squares). The lines represent the VFT fits. The dashed
line corresponds to isochrone T = 100 s, i.e. to the glass transition temperature Tj. The filled
symbols are T, determined by MT-DSC analysis from Ref. 57 with 7 = p/2m ~ 10s. (b) Ty
and mp as a function of the VAc ratio at atmospheric pressure. (c) N, as a function of T,; /T,
where Ty = T(7r = 100 s). The dashed lines represent the linear extrapolation of data to
visualize Ny at T = Ty,.

One way to verify the assumptions surrounding the different roles of chemical structure on mp, Ty
and N, is to use the pressure as a tool to isolate intermolecular interactions, linked to steric
hindrance and polarity of the side group, to intramolecular interactions rather connected to the
backbone stiffness.

Intermolecular interactions from the dispersion of dielectric relaxation

In the literature, the steric constraints related to rigid or flexible side groups are associated with
wide or narrow dispersion of relaxation times.’”’ The dispersion is directly related to the dielectric
spectrum shape of the segmental relaxation.®® The dielectric spectrum can be analyzed with HN
function (EQ. (6)). The symmetric ayy and asymmetric S5 broadening parameters are determined
from 0.1 MPa up to 200 MPa. The ayy and Byy parameters are plotted in Fig. 2(a), 2(b) and 2(c),
for PVAc, EVA80 and EVAG60, respectively. The ayy values increase slowly as the temperature
increases, and increase strongly with the VAc ratio indicating that the segmental relaxation
becomes 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 KWW function
(EQ. (4)) from time domain has been found, leading to the following approximation:%*°
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The stretching parameter Sxy ., 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.”®”” Figures 2(d), 2(e) and 2(f) show the variations of By from 0.1
MPa up to 200 MPa as a function of the temperature for PVAc, EVA80 and EVA60, respectively.
The stretching parameter Sgy s increases with temperature, and the temperature dependence of
Brww 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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FIG. 2. Isobaric temperature variations of the symmetric ayy (blue symbols) and
asymmetric By (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)
EVAS80 and (f) EVA60 in the same conditions. Symbols are differently colored for each
pressure.

Cooperativity as a function of relaxation time

Studying the role of intermolecular interactions can be biased by multiple contributions due to
pressure, temperature or volume. According to the literature®>°!2, dielectric spectrum which have
same T,,q, does not exhibit any dispersion variations with changes in pressure and temperature. It
is a common feature of glass forming liquids when any secondary relaxations and excess wings
occurred close to the segmental relaxation. As mentioned earlier, a dispersion variation of
segmental relaxation is attributed to a change of intermolecular interactions, which are related to
cooperativity. Using the extended Donth’s approach, cooperativity volume is determined in
isobaric conditions from Eq. (2) and data from Ref. 93. Figure 3 shows the evolution of
cooperativity volume V, as a function of the relaxation time for pressure from Patm up to 50 MPa.
The 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.?
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FIG. 3. Cooperativity volume as a function of the logarithm of the relaxation time for isobaric
measurements, from Patm up to 50 MPa.

Variations of dispersion and interactions under pressure with the VAc ratio

The isobaric master curves at 100 MPa for PVAc, EVA80, EVAG60 are presented in Fig. 4(a). 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 range 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 f-relaxation.”* Figure 4(b) shows the variations of By at various
temperatures for PVAc, EVA80, EVA60 at 100 MPa calculated from EQ. (9). 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 Bxyw values is significant. Indeed, in the case of a
polymer whose chemical structure is modified for increasing cooperativity interactions, same
Bxww variations have been reported.”” Such an increase can be explained by a lower dispersion of
the relaxation time due to an increase in the ratio of dipoles.!” These observations are consistent
with those showing that intermolecular interactions, and therefore cooperativity, become more
important with increasing VAc content.’’

12
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FIG. 4. (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.
Spectra are interpolation of experimental points. An average Bxyw is given for each sample.
The list of measured frequencies is given in Table S1 of Supplementary Material. (b)
Variations of the stretching parameter Sy, values as a function of temperature for PVAc,
EVAS80, EVA60 at 100 MPa. The dielectric strength Ae from the HN fit are plotted in the
inset.

Previous studies have noticed coupled effects of intermolecular interactions decrease and
dispersion increase. As an example, the addition of plasticizer, which increases the free volume,
reduces the interactions, while the By stretching parameters decreases.>* In the case of semi-
crystalline polymers, the crystalline phase hinders the amorphous phase, increasing dispersion
while cooperativity decreases.”’?®® Nevertheless, some glass forming liquids show opposite

13



behavior, such as colloidal suspension of soft spherical particles.”»!®’ The dielectric strength Ae is
rather an indicator of such interactions according to the Debye theory of dielectric relaxation
generalized by Kirkwood and Frohlich.!”! Thus, As of the a-relaxation process depends on
parameters that influence interactions: the mean dipole moment pu, 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:

1 u?> N

As = — gy——
£ T 35, Iy TV

(10)

where g is the dielectric permittivity of vacuum. As expressed in Eq. (10) and shown in the inset
in Fig. 4(b), the dielectric strength is inversely proportional to the temperature. The Ae variations
and the Syuw increase are attributed to the reduction of intermolecular interactions due to the
temperature.'>"!% Schonhals 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. %

However, increase of intermolecular interactions is associated with increase of Sxyy 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/PV Ac, By w increases as a function of VAc ratio,
as well as intermolecular interactions. Paluch et al. have shown a correlation between Ae and Sgyw
for molecular glass formers.”® 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 Ace is stronger, the dispersion of the relaxation times
is narrower.”® This observation is in agreement with the effect of intermolecular interactions on the
dispersion of relaxation times '°¢!” and cooperativity mentioned in literature.!%1%

Determination of interactions through activation volume

Another approach for evaluating the intermolecular interactions is achievable with the
determination of the activation volume AV# 1% This value is defined from the isothermal
relaxation times but can be also obtained from isobaric measurements.!!? For all the samples, the
temperature dependence of the relaxation time with pressure is plotted in the Arrhenius
representation (Figure 5). The curves are well fitted by the VFT law [see Eq. (8)]. The fit
parameters are reported in Table S2 of Supplementary Material. 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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FIG. 5. Logarithm of the dielectric relaxation time (7,,4,) as a function of the inverse
temperature for (a) PVAc, (b) EVA80 and (c) EVA60 under pressure. Solid lines represent
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the VFT fits with colors for each pressure. The grey dashed lines correspond to T4, =
100 s, i.e. to the glass transition temperature Ty.

The glass transition temperature T, was taken at T,,4, = 100 s. According to the data obtained
from VFT fits, the pressure influence on T,; can be analyzed for the PVAc/EVA series as shown in

Fig. S2. The glass transition temperature increases nonlinearly with the pressure. Thus, the
experimental data can be fitted by an Andersson-Andersson model:'!?

1/b
T,(P =T°(1+—> (an
.9( ) g I
where T, is the value of T, at atmospheric pressure, P, Il and b are fitting parameters. The T,
differences observed in Fig. 1(b) and depending on the VAc ratio, are also observed in Fig. S2 as
pressure increase, while the T increases with pressure.

From the glass transition and the isobaric fragility variations as a function of the pressure, the
activation volume at the glass transition is calculated with the following equation '*:

drT,
AV* = mpkp d—lfln 10 (12)

dT,/dP being determined from EQ. (11).

Classically, the higher the pressure at constant temperature, the higher the activation volume.
AV#(P,T) expresses the difference between, an activated volume V,(T) and a non-activated
volume V,(P,T).!"* The activated volume V,(T) is the volume allowing the relaxation of a
structural unit. It decreases with the rise in temperature, and it is pressure independent. V,, expresses
a volume which does not allow relaxation. As the free volume, V, should decrease with pressure
increase at constant temperature. Figure 6 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.!'>""'7 During the pressure increase , V;, decreases due to free volume
compression. In the meantime, V,(T) decreases with pressure due to T, increase. The fact that AV#
at T, diminishes with a rise in pressure indicates that V,,(P, T,) contraction is weaker than V,(Ty).
Since AV*# is related to CRR volume V,,,%%°*! the activation volume AV# values are consistent
with the intensity of the intermolecular interactions in the PVAc/EVA copolymers.
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FIG. 6. Activation volume AV* at T, (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.

Experimental calculation of thermal and volumetric contributions

According to EqQ. (5), the volumetric contribution of the isobaric fragility mp can be deduced from
the activation volume. The pressure influence on isobaric fragility mp, volumetric mp — my, and
thermal my, contributions for the PVAc/EVA series are presented at Ty in Fig. 7.
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FIG. 7. (a) Isobaric fragility mp, (b) volumetric contribution (mp —my) and (c) thermal
contribution my, as the function of the pressure for PVAc in blue, EVA 80 in red and EVA 60 in
grey. The colored areas are the uncertainty zones of the values. (d) Ratio E},/Ep as a function of
pressure. The vertical dashed lines correspond to the atmospheric pressure.

As shown in Fig. 7(b), a decrease in 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,®* which may depend
on the amount of lateral groups causing the steric hindrance.”” The volumetric contribution values
in the PVAC/EVA series are consistent with the density of intermolecular interactions due to the
VAc ratio. Thus, the reduction of these interactions at the glass transition due to the pressure is in
agreement 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.®" As shown in Fig. 7(c), the thermal contribution shows a
slight increase for PV Ac values with the pressure, while it remains fairly stable for EVA60. 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.> Thus,
some studies have suggested that the thermal contribution may be impacted by the backbone
stiffness.!!12% Although m,, values are in the uncertainty range, the PVAc/EVA series should not
have such a 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 EVAS80 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.'?! It is influenced by the flexibility of
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the chain backbone and side groups, as well as by the processing and cooling conditions of
polymers.'!>!22 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.!?* Variations
in packing efficiency directly influences the polymer mechanical properties, such as brittleness and
fracture resistance.!>*!?° In general, an increase 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.'?® Stukalin et al. demonstrated
that the packing efficiency of macromolecules can be enhanced when the flexibility of chain side
groups is increased.'?’ Studies have shown that a change in packing efficiency could be correlated
with a reduction of m;, without changing the polymer chemical structure.'>>!?® 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.!?

Another approach for comparing the thermal and volumetric contributions is presented in the
literature.”*!?” It consists in calculating the ratio between the constant-volume activation energy Ey,
and the constant-pressure activation energy Ep at the glass transition. The activation energy Ey of
the relaxation process is determined using the relationship, Ey = kz(dlnt/dT~1)|y, where X is a
thermodynamic constant. The ratio E},/Ep provides insight into the predominance between thermal
activation processes (Ey/Ep = 1) and intermolecular free volume (E,/Ep — 0) on molecular
dynamics.®*!3® This ratio at T, is equal to the ratio between isochoric and isobaric fragilities
my/mp."3! Figure 7(d) shows an increase of the ratio Ey, /Ep with pressure whatever the sample.
Supported by the literature,'?%!3? 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 7(b) and 7(c) respectively. Moreover, the
lower the VAc ratio, the more the thermal activation process dominates the relaxation process. The
value for EVA 60 at Patm (E,/Ep = 0.75) is reached for EVA 80 and PV Ac 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/EV A 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.

CONCLUSIONS
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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. 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 a rise in pressure, and the thermal one
converging towards the same value at high pressure. Thus, only the backbone stiffness seems to
influence the thermal contribution at high pressure. Nonetheless, PV Ac has the lowest m, value at
atmospheric pressure, such behavior being counter-intuitive since the backbone flexibility is the
same than for EVA60 and EVAS80. 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.

SUPPLEMENTARY MATERIAL
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