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ABSTRACT

The blurring around the link between the isobaric fragility and the characteristic size of
cooperative rearranging region for glass forming liquids has been cleared up by considering
volumetric and thermal contributions of the structural relaxation. The measurement of these
contributions is carried for three amorphous thermoplastic polymers using broadband dielectric
spectroscopy under pressure, providing an understanding on the link between isobaric fragilities,
glass transition temperatures and microstructures. The cooperative rearranging region (CRR)
volume is calculated as a function of pressure using the extended Donth’s approach, and the
values are compared with the activation volume at the glass transition under different isobaric
conditions. By combining these different results, a link between the chemical structure and the
influence of pressure/temperature on the molecular mobility can be established. Furthermore, this
study shows also a strong correlation between the activation volume, leading to the volumetric
contribution of the isobaric fragility, and the CRR volume. Finally, this work highlights the
influence of inter- and intra-molecular interactions on thermal and volumetric contributions of the
1sobaric fragility as a function of pressure.

INTRODUCTION

Even if the glass transition is present in many systems (metallic glasses, polymeric glasses, oxide
glasses), some questions about the physical origin of the glass transition remain unanswered .
Experimentally, it reflects the viscous slowing down ", i.e. the relaxation time 7 of glass-
forming liquids increases drastically around the glass transition during cooling. When the
temperature decreases, the evolution of the relaxation times deviates from an Arrhenius to a
super-Arrhenius behavior. This deviation expresses the change in the energy barrier driving the
structural relaxation process. It is conventional to associate the glass transition temperature of the
glass formers with a relaxation time of 100 s '°.

In order to get a better overview of the mechanisms involved at the glass transition, Angell
introduced the fragility index mp allowing to determine the sensitivity of the relaxation time to a
temperature variation at the glass transition temperature T, for a constant pressure .
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Supercooled liquids can be classified between “strong” and “fragile” behaviors. Strong glass
forming liquids (with a low 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, this activation energy increases with cooling.
This increase is experimentally observed by a huge increase of relaxation times directly linked

with a non-Arrhenius behavior, and it can be described by the Vogel-Fulcher-Tamman law (VFT)
12-14,
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In this expression, T, is a pre-exponential factor corresponding to the theoretical relaxation time
at infinite temperature, D is the steepness parameter, and T, the Vogel temperature associated
with an infinitely slow structural relaxation. This law defines the divergence of the relaxation
time when T tends towards T, temperature similar to the Kauzmann temperature Ty 2.

The entropic model of Adam and Gibbs has been proposed in order to explain the viscous
slowing down *°. This theory introduced the concept of cooperative rearranging region (CRR) by
the idea that the lower the temperature, the greater the number of structural units that must move
cooperatively for allowing the system to relax. From the thermal fluctuations, Donth developed
an approach to estimate the CRR size at the calorimetric glass transition ***'. Then, this approach
has been extended upper the glass transition temperature in supercooled liquids **. Recently, the
characteristic length of a CRR noted ¢ has been measured on polymers from quasi-elastic neutron
scattering, and coincides with the one determined by the thermal fluctuation approach ** proposed
by Donth.

Another theoretical concept called the dynamic heterogeneity approach has been proposed to
interpret the increase of relaxation time based on the presence of spatiotemporal fluctuations ***°.
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. They can be characterized in terms of
length scale by probing the correlated movements with dynamic susceptibility "', or more
precisely the number of molecules dynamically correlated over a time corresponding to the
average relaxation time.

Among the theories trying to explain the viscous slowing down, the mode coupling theory
(MCT) **** expresses the existence of a crossover temperature T, at which the relaxation
processes separate into a slow one, the structural relaxation (a-relaxation), whose relaxation time
diverges from T, and a fast one, the secondary relaxation. The random first-order theory (RFOT)
takes up the MCT and the entropic model of Adam and Gibbs ***. RFOT uses a mean-field
approach based on the principle that a glass-forming liquid has a multitude of sub-ensembles in
an amorphous configuration, which can rearrange by themselves if they possess a sufficient



amount of energy. The size of these sub-ensembles increases with decreasing temperature,
associated with a decrease in configurational entropy.

Finally, another approach is the dynamic facilitation *°. It is based on the free volume theory
formulated firstly by Doolittle **°. Dynamic facilitation stipulates that a structural unit that has
relaxed promotes the relaxation of one of its neighbors, such as free volume abled to move but
vanishing at low temperature due to geometrical constraints. This approach leads to the design of
a class of statistical models which are the kinetically constrained models (KCM) *°~*,

Although, isobaric fragility mp (see Equation (1)) conveys the molecular mobility at the glass
transition, it is not clearly correlated with the glass transition concepts, such as cooperativity and
free volume approaches. Some studies have shown there is no direct link between these concepts
and mp for several glass-forming liquids by the use of NMR ****, dielectric spectroscopy %>,
Raman and Brillouin scattering *’, photon-correlation spectroscopy *® and molecular dynamic
simulations ***°. In the literature, a possible reason of the decorrelation between mp and glass
transition is associated with the hypothesis of two separated contributions of isobaric fragility:
thermal and volumetric. Hong et al. established an expression of mp by considering both
contributions °':
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In this equation given the isobaric fragility mp, the first term is the thermal contribution
(isochoric fragility my) and the second one is the volumetric contribution, also noted (mp —
my). Isochoric fragility my, corresponds to the temperature sensibility of the a-relaxation at the
glass transition and constant volume. The second term associated with the volumetric
contribution considers only the physical parameters of the volume variations: AV# the activation
volume; kg the Boltzmann’s constant, a; the thermal volume expansivity and k the
compressibility. These two contributions have been determined in different studies to explain
some mp variations as the function of the polymer chemical structure **>>™*. Indeed, the density
changes during a cooling at atmospheric pressure P,iy,. These contributions require studying the
glass forming liquids in isobaric or isochoric conditions >>°.

Since Debye has defined that the dielectric relaxation was due to the reorientational motions of
the molecular dipoles °’, broadband dielectric spectroscopy (BDS) measurement is widely used to
follow the relaxation time 7 (see Equation (2)) with the complex dielectric response after
application of an outer electric field over a very broad range of frequency (10°° to 10'* Hz) %,
The use of this technique under controlled atmosphere enables to apply a complementary
pressure control to the classical thermal control ****. By this way, the pressure can be modified at
constant temperature, reducing the space available for structural unit movements, and thus
hindering relaxation. Especially, it allows calculating activation volume, analogous to the
activation energy ®®’ and isochoric fragility my, °*°, where activation volume is defined by:
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The isochoric fragility my, is obtained by compensating the thermal expansion with compressing
the system in order to remain at constant volume.

Most of time, studies using the two contributions of isobaric fragility estimated them at
atmospheric pressure: The thermal contribution is associated with intramolecular interactions,
and the volumetric one is linked to intermolecular interactions, i.e. associated with the CRR size
70,31,45

In this study, we propose to determine experimentally the thermal (my) and the volumetric
(AV#ar/1n 10 kgk ) contributions of isobaric fragility mp, and to link them to the CRR size. For
this purpose, we study through high pressure BDS three amorphous thermoplastics with different
relaxation behaviors, i.e. different atmospheric isobaric fragilities mp, glass transition
temperatures T; and numbers of equivalent relaxation units in a CRR (Ng) at Puyy. The
poly(ethylene terephthalate glycol) PETg shows a rigid backbone chain where the poly(vinyl
acetate) PVAc has a flexible one. The poly(lactide acid) PLA is halfway between PETg and
PVACc in terms of rigidity. This flexibility difference is reflected proportionally with their glass
transition temperature difference, yet PLA has a very high isobaric fragility, close to the PETg
one (see Table 1). As the PVAc has been particularly studied in high pressure BDS **’*’, it had
allowed to assess our results, and to extend the method to PETg and PLA. Since these materials
are polymers, the dielectric manifestation of their glass transition is observed from the segmental
dynamics.

As far as we know, there is no research on the pressure and temperature effects on T variations
and dynamic behaviors for PLA and PETg. Thus, thermal and volumetric contributions of mp are
expressed as a function of pressure, and the values are related to the chemical structure.
Furthermore, the CRR volumes are calculated in different isobaric conditions using the extended
Donth’s approach, and the values are confronted to the activation volume at the glass transition
temperature. By combining these different results, we can establish a link between the chemical
structure of the three polymers and the influence of coupled pressure/temperature on their
molecular mobility.

EXPERIMENTAL SECTION

Materials. The three thermoplastic amorphous polymers chosen are the poly(lactide acid) PLA,
the poly(ethylene terephthalate glycol) PETg and the poly(vinyl acetate) PVAc. The chemical
structure of each sample is presented in Figure 1. The PLA was purchased from Nature Works in
the form of pellets. It is PLA 4042D composed with 95,7% of L-lactide and 4,3% of D-lactide.
This isomer ratio allows to avoid fast polymer crystallization. The PVAc powder was acquired
from Aldrich Chemical Company. The PLA and PVAc were dried during 24 hours at 60 °C and
50 °C, respectively. Then, the samples were thermo-molded at 200 °C for the PLA and at 120 °C
for the PVAc. The PETg was provided by Eastman Chemical Company directly in film form. The
PETg is a co-polymer composed of cyclohexanedimethanol, ethylene glycol and terephthalic acid
with a molar ratio of approximately 1:2:3. The PETg samples were dried at 60 °C during 24h.
Differential scanning calorimetry (DSC) measurements confirmed that all the samples were
amorphous before the dielectric measurements. The molecular weights, the glass transition
temperatures, the densities and the isobaric fragilities mp of the samples at atmospheric pressure
P,m and ambient temperature are given in Table 1.



Table 1. Sample Name, Molecular Weight My,, Glass Transition Temperature T, taken at the middle
point of the ACp step obtained from classical DSC measurements, density at ambient temperature,
isobaric fragility mp and number of structural units in a CRR noted N, at Ty under atmospheric
pressure.

Sample Name My, Ty mid Densit3y mp N,
[g/mol] K] [g/cm?]
PETg 7*™ 26 000 351,2 1,27 141 - 165 77
PLA >+ 188 000 331,2 1,25 140 - 155 266
PVAc 707475 500 000 313,0 1,19 75 - 95 225-273
0 0 (0] 0
0 0-(CH,), 0 O—CHZ—QCHZ
X Y
PETg
0
H O
Lo
c—C—o0 H,C 0
| |
CH, n {—CHZ—CH +
PLA n
PVAc

Figure 1. Structural unit of the polymers studied in this work. PETg have ratio of x = 2/3 and y = 1/3.

Dielectric relaxation spectroscopy under controlled pressure. The BDS measurements were
carried out with a Novocontrol Alpha analyzer for frequency range between 10™ Hz and 10° Hz.
The samples were placed between two circular stainless-steel electrodes with a diameter of 15
mm. The electrodes were placed in a Teflon and polyisoprene assembly. It ensures the
impermeability of the samples from oil (mixture of octane and silicone oil) in the high-pressure
chamber. The pressure is applied to the oil in the chamber by piston, thus the pressure is
hydrostatic. The device for applying pressure is the high-pressure pump Ul11l provided by
UNIPRESS EQUIPMENT. The pressure is measured using a Nova Swiss tensiometer with a
resolution of + 0.1 MPa. The temperature is controlled by thermostatic bath and measured by
means of a thermocouple with an accuracy of 0.1 K. To erase the thermal history and improve the
material/electrode contact, the samples were annealed at a temperature 10 K above Ty during 10
min. Each sample was scanned in temperature, from 317 K up to 353 K for PVAc, from 337 K up
to 353 K for PLA, and from 361 K up to 377 K for PETg. For each temperature step, dielectric
measurements were performed for several pressures from 10 MPa up to the last pressure allowing
a satisfactory view of the segmental relaxation. The last pressure varies as function of
temperature, i.e. from 60 MPa up to 250 MPa for PVAc, from 30 MPa up to 130 MPa for PLA,



and from 30 MPa up to 95 MPa for PETg. Indeed, the crystallization of PLA and PETg samples
prevent measurements with pressure higher than 130 MPa and 95 MPa respectively, whereas
PVAc is able to be analyzed at higher pressure due to its constant fully amorphous nature. The
Havriliak—Negami complex function (HN) 7® with a conductivity term was used in order to
approximate the dielectric relaxation curves:
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In Equation (5), ¢* is the complex permittivity, w is the angular pulsation. € can be expressed
with &' and &', the real and imaginary parts of complex permittivity, respectively. g, accounts
for the ohmic conduction related to the mobile charge carriers, N is a fitting parameter and &, the
dielectric permittivity of vacuum. Ag = &5 — &, is the relaxation strength, where & is the static
permittivity (low frequency) and &, is the permittivity at high frequency. tyy is the relaxation
time, ayy and [y are the broadening and asymmetry factors, and k is the number of
contributions needed to fit correctly the experimental data. These two contributions are associated
with the segmental and the secondary relaxations.

RESULTS AND DISCUSSION

The relaxation time of segmental relaxations as the function of the pressure are plotted for PETg
(Figure 2a), PLA (Figure 2b) and PVAc (Figure 2c¢) in isothermal conditions. Each point
corresponds to the relaxation times 7y found by HN fit of the complex permittivity. The higher
the temperature, the more visible the a-relaxation over a wide pressure range. According to the
free volume concept, the molecular mobility is slowing down with an increase of the 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 VFT law """ at constant temperature:

cp
Py—P

7(P) = g exp (6)
where 1, corresponds to the relaxation time at atmospheric pressure (this parameter is set and
determined from BDS measurements at P,,), Py is the limit pressure where 7 diverges, and C is
a constant. The parameters of the pressure VFT law for isothermal measurements are given in the
supplementary material (Table S1). For the three polymers, Equation (6) presents a nonlinear
pressure dependence of the segmental relaxation time
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Figure 2. Pressure dependence of isothermal a-relaxation time for a) PETg, b) PLA and c¢) PVAc. The
black lines are the pressure VFT fits for each isotherm. The dashed grey lines correspond to isochrone
7 =100 s, i.e. to the glass transition pressure F, analogous to the glass transition temperature Tj,.

From Equation (2), the temperature dependence of a-relaxation times can be deduced at constant
pressure. Figure 3 shows the isobaric evolution of the relaxation time extrapolated from the
pressure VFT law (the law parameters are given in the supplementary material Table S2). The
isobaric curves range from P,y up to 70 MPa for PETg (Figure 3a), up to 100 MPa for PLA
(Figure 3b) and up to 130 MPa for PVAc (Figure 3c). For the three polymers, the super-
Arrhenius behavior of the segmental relaxation is well observed for each isobaric measurement.
The decrease of the temperature and the increase of the pressure have similar influences on
molecular mobility. In both cases, the relaxation time is slowed down. When this slowing down
process reaches the a-relaxation time of 100 s, the couple pression/temperature at this point is
considered as the glass transition pressure F; and the glass transition temperature T,. By this way,
a supercooled liquid can be turned 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 perform thermal fluctuations, or because it does not
have enough space to perform spatial fluctuations.
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Figure 3. Temperature dependence of isobaric a-relaxation time t for a) PETg, b) PLA and c) PVAc.
The black lines are VFT fits of each isobar. The dashed black lines correspond to the VFT fit at P,iy,.
The dashed grey lines correspond to isochrone 7 = 100 s, i.e. to the glass transition temperature Tj.

In Figure 4, the glass transition temperatures Ty of the three polymers determined through BDS
analysis are plotted as a function of pressure. Overall, the glass transition temperature at T =
100 s increases with the pressure. T, values are consistent with the literature 6% where dTy/dP is
found between 0.1 and 0.4 K. MPa~!. 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
the Equation (7) 82,

1

T,(P) = T (1 + g)g, @)

where T; is the glass transition temperature at atmospheric pressure, II and b are adjustable
parameters. They are presented in the supplementary material (Table S3). 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 ¥**. In this
latter model, I1 and b are adjustable parameters with physical link expressed by Il = Cp/
(arVib), where Cp is the heat capacity, ar the thermal volume expansivity and V;, the molar
volume. The parameter b from the Andersson’s model is revealing of the T, steepness variation
as a function of pressure. It indicates that for PETg (b = 11.2), the value of dT,;/dP decreases
stronger than for PLA (b = 7), and PVAc (b = 5.5), when the pressure increases.
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Figure 4. 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.

Figure 5 shows the pressure influence on isobaric fragility mp (see Equation (1)). There are
clearly two behaviors: on one hand, PETg and PLA show high fragility at P,.,, then it decreases
when the pressure increases. This behavior was expected according to previous studies **. On
other hand, PV Ac has relatively low isobaric fragility for a polymer, and the influence of pressure
on mp seems to be very low. Most of time, it has been showed that the isobaric fragilities of
polymers decrease with pressure, however poly(ethyl acrylate) PEA, poly(butadiene) PBD and
PVAc have dmp/dP = 0 *’. One can note these last three polymers have low mp values at
atmospheric pressure (PEA and PBD have isobaric fragilities of 83 and 67, respectively) and
quite flexible backbone chain. Such behaviors seem not easy to relate directly to the structure of
the repetitive unit (see Figure 1) because PLA shows a very high isobaric fragility, close to the
one of PETg, despite an intermediate backbone rigidity between those of PETg and PV Ac.
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Figure 5. PETg in red, PLA in blue and PVAc in green. a) Isobaric fragility mp as a function of
pressure. b) Isobaric fragility normalized to the isobaric fragility at P,;,,, as a function of pressure.

Among the studies highlighting the uncorrelation between mp and the glass transition concepts,
Sokolov and co-workers *! proposed an expression for mp (see Equation (3)) as a function of
the analogue isochoric fragility my,, and a second contribution called (mp — my,), involving the
activation volume AV#. (mp —my) is determined by considering the ratio ar/x at the glass
transition temperature in a range from 1 up to 2 MPa/K for polymers °'. The best match for the
ratio is 1.5 MPa/K for PETg and PVAc, and 1.3 MPa/K for PLA. The activation volume AV# at
T, is determined from Equation (8):

dr,
AV = mpkp d—lfln 10. ®)

In Equation (8) the glass transition temperature variation is obtained by using parameters of the
Andersson’s model such as:

at, T, o
dp P
b (1+7)

where I1 and b are the same adjustable parameters than in Equation (7). In Equation (4), AV#
must be calculated from the isothermal measurements (see Figure 2), whereas AV# calculated
from Equation (8) is obtained through the isobaric measurements as shown in Figure 3. Figure
6 guarantees both equations are consistent with each other. The variations of the activation
volumes at T, are similar to the ones reported by Roland and Casalini for PVAc, with activation
volumes ranging from 0.217 up to 0.333 nm’ for temperatures from 390 down to 340 K **.

10
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Figure 6. Activation volume AV* at the glass transition temperature T, calculated form isothermal

measurements and Equation (4) in empty blue circle, and from isobaric measurements and
Equation (8) in empty red circles for PVAc.

The isobaric fragility and its two contributions are plotted as a function of pressure for PETg,
PVAc and PLA (see Figure 7). Since (mp — my) decrease is steeper than the m;, increase, it
induces a decrease of mp for PETg and PLA, while these two contributions offset each other for
PVAc, leading to the invariance of mp with pressure. By rising the pressure, the two
contributions of the isobaric fragility have two different behaviors. This difference between
volumetric (mp —my) and thermal m; contributions is expected for polymers 87 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 when pressure increases. On
the other hand, in order to have a molecular mobility allowing relaxation fast enough to reach the
glass transition, there must be a gain of energy to offset the deficit of activation volume at Tj.
One can suggest 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 linked to the asymptotic behavior of the glass transition at
high temperature 68.88.89

11
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Figure 7. Isobaric fragility mp and its volumetric (mp —my) and thermal my contributions as a

function of pressure for PETg, PVAc and PLA.

The 1sochoric fragility my, computed from the Angell’s definition of the fragility is determined
even if volume is unknown. In order to calculate m;, from Equation (1) adapted in isochoric
conditions, the volume must be expressed as a function of pressure and temperature. For this
purpose, the empirical Tait’s equation *° (see Equation (10)) allows approximating the PVT data,
and defining the volume above T, whatever the pressure and the temperature:
P
V(T,P) = V(T, Pyrrn) [1 —0.0894 xIn (1 + m)] (10)
The volume, in mL.g™?, is expressed with the pressure, in bar. The volume at atmospheric
pressure V (T, P,t,,) and a pressure coefficient B(T) are given by:

V(T, Patm) = VO + VlT + V2T2 and B(T) = bO eXp(—blT). (1 1)

12



The PVT data for PLA and PVAc were extracted from the literature °'*. The Tait’s equation for
PETg was deduced from the density at ambient temperature and the second derivatives of free
energy, i.e. the thermal volume expansivity a; and the compressibility k. The isothermal
evolution of the segmental relaxation times can be transposed with the Tait’s equation to the
isochoric conditions.

From PVT data and the evolution of relaxation times with temperature and pressure, it is possible
to proceed to a thermodynamic scaling *>"*°. It consists in expressing the relaxation time as a
function of T~V =7, where ¥ is the scaling exponent corresponding to a material constant (refer
to Figure S1 for the thermodynamic scaling). y is obtained from the expression: log(Tg) =A-
y log(l{},) 8 The scaling exponent can be used to express mp as a function of my according to
mp = my(1+ arTyy) . From the VFT fits (see Figure 2) and the PVT data given by Tait’s
equation, a-relaxation times were defined for constant volumes and approximated by VFT law.
The isochoric fragilities are then determined from the Angell’s definition (see Equation (1)). The
agreement between isochoric fragilities obtained from Equation (1) and Equation (3) is detailed
in Figure S2.

The higher the pressure, the lower the free and activation volumes. Thus, the distance between
macromolecules is indubitably distorted. Thereby, the parameter (mp — my) is directly linked to
the intermolecular interactions *°. In literature, cooperativity has been related to intermolecular
interactions **'°'. Then, it seems interesting to follow cooperativity as a function of pressure, and
to link it to the activation volume included in the expression of (mp — my, ) (see Equation (3)) in
order to better understand the influence of interactions on the molecular mobility under pressure.
Some studies have already suggested such connections **'%%, and defined a relation of AV# ~
(3 —5%)V, ***' for polymers. By combining Modulated Temperature Differential Scanning
Calorimetry (MT-DSC) and BDS, Saiter et al. 219 proposed an extended Donth’s approach 2 in
order to determine the CRR volume V,, for any relaxational techniques:

1 1 ) )
- kgT,
— (CP,glass CP,liquid Bla (12)
“ p(8T)? ’

where Cp is the specific heat capacity at constant pressure, kp the Boltzmann’s constant, the
dynamic glass transition temperature, p the density, and 8T the mean square temperature
fluctuation associated with the glass transition. T, and 6T were determined by BDS analysis
(method is detailed in the Figure S3 of the Supplementary Material). The specific heat capacity
is obtained from MT-DSC analysis, by extrapolating the liquid-like and glassy heat capacities at
T,. These values obtained from heat capacity measurements at atmospheric pressure can be used
on a large range of pressure as observed in the literature '**.

Figure 8 displays the temperature dependence of the activation volume calculated from two
methods. The first one consists in isobaric measurement using Equation (8). For PVAc, the data
were computed at Ty = T(t = 10s), 10s corresponding to the equivalent relaxation time for MT-

DSC measurements *°. The second method uses AV# ~ (0.04 + 0.01) x V,, (see Equation (12)
for V, calculation) with a pressure range from the atmospheric pressure up to 50 MPa. A linear
extrapolation of these data seems to reach the true activation volume at the conventional glass
transition calculated from Equation (8). At higher temperatures, the CRR volume converges to a
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value close to the volume of a relaxing unit (AV# = 0.0048 nm? and V, = 0.12 nm? for PVAc).
The activation volume values at Py, calculated from MT-DSC analyses match perfectly with the
ones obtained by BDS measurements.

0.9
| PVAc
AVF(P,V, gps)

2 09 Patm P = 50MPa
©
<€ 0.14 K

0 0 4 M

' 300 310 320 330 340 350 360

Temperature T, [K]

Figure 8. Activation volume AV# as a function of the temperature T, for PVAc. The colored
squares (1) are the activation volumes for pressures from 10 MPa up to 100 MPa calculated from
the Equation (8) and isobaric measurements at T = 10s. The red filled star (%) corresponds to
AV# =~ 0,04 x V, from MT-DSC measurements at P,.,. 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 (grey
pentagons). The dashed lines represent the extrapolation of AV# by this latter method at Py,
transposed for the high pressure.
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Figure 9. a) Activation volume AV# at T, (P) (the lines correspond to the one-phase exponential decay
function), b) AV# normalized to its value at P, ¢) volumetric contribution (mp —my), d) (mp —
my ) normalized to its value at Py, €) thermal contribution my, and f) my, normalized to its value at
P,im as the function of pressure for PETg in red, PLA in blue and PVAc in green.

Figure 9a displays the variations of the activation volume AV# as a function of pressure. Since
this study has emphasized the direct correlation between activation volume and cooperativity
size, PETg is the most cooperative at Ph, (AV* =2.18 nm’), then PLA has intermediate
cooperativity (AV¥* = 1.44 nm’), and PVAc has the lowest cooperativity (AV* = 0.64 nm’).
These values have the same order of magnitude than those obtained by Rijal et al. ”*. Moreover,
whatever the sample, the variations of AV#* show an asymptotic behavior at high pressure,
towards a value of 0.35 nm’ corresponding to V, = 8.75 nm’ (more details about the fitting
function are presented in the Supplementary Material). Figure 9b draws the activation volume at
T, (AV#) normalized by the one at Py, (AV# Pam) @8 @ function of 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 9¢ shows the evolution of the
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volumetric contribution (mp —my) with pressure, and Figure 9d shows this contribution
normalized at (mp — my)p, . Just like (AV#), the more cooperative the polymer, the stronger

the decrease of (mp —my). Figures 9e and 9f show the thermal contribution my and this
contribution normalized at my p as a function of pressure, respectively. PLA shows a high
isochoric fragility at P,y and does not seem to vary so much with pressure. By contrast, my,
increases drastically before reaching a plateau for PETg, and m; seems to increase slightly for
PVAc, with values two times smaller than in the case of PLA. Thus, Figure 9 indicates the
higher the volumetric contribution (mp — my, ), the activation volume and so cooperativity, the
stronger the decrease as a function of pressure. Since cooperativity is related to intermolecular
interactions **°’, the volumetric contribution is an indicator of intensity of these interactions. By
increasing pressure, these intermolecular interactions become diminished, and then the
cooperativity decreases *'****, However, Dudowicz et al.'®'% and Kunal et al.'”’ suggest the
thermal contribution associated with the isochoric fragility my is related to the backbone
flexibility, and therefore to intramolecular interactions. The question raised previously about an
anomalous high mp value at atmospheric pressure for PLA, seems to find part of the answer
thanks to the thermal contribution calculation. Its isochoric fragility at P, is 86. By contrast,
PETg and PVAc have values of 54 and 41, respectively. The value of thermal contribution my, of
isobaric fragility at P,y does not seem to be related only to the backbone flexibility for PLA.
This contribution may be rather related to the packing efficiency of polymers '*"'%. Figure 7
shows that thermal contribution increases with the pressure until a certain pressure. It can be
suggested that the convergence of this contribution towards a maximum could be explained by a
minimum of activation volume, where a pressure increase is not sufficient anymore to change the
volume. At this point, the thermal contribution allowing molecular mobility provides sufficient
energy above the glass transition to proceed rearrangements, and should not increase further.
Some studies showed an increase of isobaric fragility with pressure in non-polymeric glass
forming liquids ' ', In metallic glasses, the structural network has metallic bonds that present
a very different interatomic interactions nature ''’. Nevertheless, Roland et al. found that for
normal liquids without strong H-bond, isobaric fragility should decreases with increasing
pressure ~>%. According to Figure 8, the activation volume seems to decrease faster at low
temperature when the pressure increases. The red filled star corresponding to the activation
volume at T, and P,y is equivalent to N, = 167. Since the activation volume at T,(P)
decreases with pressure, cooperativity volume should reach in the worst scenario the value of a
volume equivalent to N, = 1. In other words, at extremely high pressure, the volumetric
contribution (mp — my,) can decrease until reaching the same volumetric contribution than one
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 ''*.

CONCLUSIONS

The molecular mobility of three thermoplastic polymers has been explored by separating the
isobaric fragility mp in its thermal m;, and volumetric (mp — my) contributions, using BDS
under pressure. The activation volume AV# is the critical parameter allowing to calculate the
volumetric contribution (mp — my). The connection between the CRR volume V,, as defined
through 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
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seems to correlate better with the volumetric contribution of mp, than with the isobaric fragility
itself. Moreover, though the likeness of PLA and PETg at atmospheric pressure in terms of mp,
this study showed their isochoric fragilities m, present variations drastically different with
pressure. This work allows to correlate the fragility values at atmospheric pressure with the
evolution of thermal and volumetric contributions. Thus, the high isobaric fragility values for
PLA at atmospheric pressure can be related to its amount of thermal contribution associated with
the backbone stiffness and the packing efficiency. Nonetheless, the volumetric contribution
(mp — my), associated with the interchain interactions, decreases significantly when the pressure
rises for PLA, PETg and PVAc. Both activation volume AV# and isobaric fragility mp seem to
converge respectively toward values of 0.35 nm? and 60~90.

SUPPLEMENTARY MATERIAL
The Supplementary Material for this article is available online.

Thermodynamic scaling (Figure S1); Two methods for determining isochoric fragility m,,
(Figure S2); Method for obtaining T, and 8T of the Donth’s equation (Figure S3); Method
for fitting activation volume AV# at T, as a function of pressure.

Fit parameters of the pressure VFT law of Figure 2 (Table S1); Fit parameters of the VFT
law of Figure 3 (Table S2); Fit parameters of the Andersson’s empirical model of Figure 4
(Table S3); Fit parameters of the one-phase exponential decay function of Figure 4 (Table
S4).
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