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Abstract: Electrical conductivity of a solution of (Et,N*,BF,) in propylene carbonate is
measured by varying the pressure and temperature along different thermodynamic paths:
pressure is increased from a low value in the liquid state up to ~ 3.6 GPa well above the
glass-transition pressure Pg, along isotherms at temperatures between ~ 295 K and ~ 326 K.
Up to a crossover pressure Pgross~1 GPa, the dc-conductivity decreases and obeys the Walden
rule. Above P, an anomalous pressure-dependence of the conductivity spectra is observed,
leading to an increase in dc-conductivity up to Pg. The dc-conductivity obeys density scaling,
showing in the glassy state an exponential decrease against the scaling variable,
independently of the thermobaric history of the sample. The conductivity spectra obey the
time-temperature-pressure-superposition principle, therefore, the ion dynamics is not affected
by the transition from the liquid state to the non-ergodic glassy state.



1. Introduction

Understanding the transport properties of tracers (molecules, ions, ...) in supercooled liquids
and glassy materials has many important applications™™ ranging from drug delivery through
amorphous polymer matrices,* charge transport in solid-state batteries,>® chemical hazard
where, e.g., the diffusion of radio-active elements through the vitreous matrix must be
controlled for nuclear waste immobilization.”® In this regard, during the last decades,
considerable attention has been paid to the dynamics of ions in conductive disordered solids,
ion-conductive glasses and conductive polymers.’®*? More recently, the dynamics of
supercooled ionic liquids has been the subject of in-depth studies.**?°

Knowledge of ion transport properties in glasses under extreme conditions such as high
hydrostatic pressures also has technological implicance, e.g., in the development of glasses
with tailored properties after densification,®?** and is of great interest in the geological
community to understand the geochemical process of the earth’s mantle.?**® Indeed, studying
the pressure dependence of ionic mobility provides insight into the microscopic mechanisms
of ion diffusion, revealing an activated hopping mechanism in single-cation glasses® or an
ion-coupling process in mixed-cation glasses,* and an ion-matrix coupling in conductive
polymer glasses.*

The response to an electric field of mobile ions embedded in a host liquid informs about the
coupling between charge carriers and the structural dynamics of the glass forming liquid.*®
This coupling depends on the interaction between the structural rearrangement of the host
matrix characterized by the o-relaxation time z,, and the conductivity dynamics, with a
relaxation time z, .***° In the equilibrium state, as the glassy state is approached, decoupling
is observed in several ionic liquids.****%® Under these conditions, the conductivity relaxation

time 7, and the a-relaxation time z, become distinguishable. The ratio T‘)‘/T(I — known as

the decoupling index R — quantifies the strength of decoupling between the two relaxing
modes.'3%* At the glass-transition temperature Tg, the decoupling index for ionic glasses
may reach values as high as ~10™.22%! Decoupling depends on the bonding between the ions
and the host liquid, and on the activation volume of the ions.*> Small ions with relatively
weak bonding usually decouple from the host matrix.

The decoupling of ion dynamics from the structural relaxation of the host matrix can lead to
highly conductive systems with the aim of obtaining, e.g., highly conductive solid polymer
electrolytes where ion diffusion decouples from the segmental dynamics of the polymer chain
structure,**** or protic superionic conductors.* On the contrary, decoupling in glassy
materials must be minimized to control the confinement of ions (or molecules) within the
matrix.*

Some aprotic ionic liquids containing large organic ions do not exhibit decoupling of
conductivity from structural dynamics*’ or a pronounced dynamic crossover of the transport
properties.”® High pressure reduces the decoupling between anionic mobility and structural
relaxation in polymerized ionic liquids.*® In contrast, decoupling is observed in protic ionic
liquids under high pressures,**%°* where the enhancement in proton transport is attributed to



a proton hopping mechanism along the hydrogen bond network squeezed by the high
pressures. Under these conditions, protic ionic liquids exhibit a superionic conductivity.

The aim of this work is to measure the mobility of ions in a sample under high pressure for
thermodynamic state points below and above the glass transition line. In this paper, the
interaction of the ions with the structural heterogeneities of the host liquid®? is investigated.
Further, one questions on how the transport of ions is affected by the transition from the
equilibrium liquid state to the non-ergodic glassy state. Indeed, presently, the underlying
mechanism for describing charge mobility in frozen matrices and how the onset of glass non-
ergodicity disrupts ion-matrix coupling is not completely understood. To answer this, we
carried out conductivity measurements from a dilute solution of tetra-ethylammonium — tetra-
fluoroborate salt (Et,N*,BF,) in propylene carbonate (PC), by isothermal compression
along 3 isotherms between ~ 295 K and ~ 326 K. Pressure is gradually increased from a low
value in the liquid state, to about 3.6 GPa, a value higher than the glass transition pressure Pg.
Complementary measurements by varying the temperature along 2 isobars in the glassy state
were also made. Propylene carbonate is a well-documented liquid, which exhibits a low
tendency to crystallization up to very high pressures.® lon sizes comparable to PC molecules,
low ionic charge, and near-perfect slip with respect to PC molecules® could promote the
decoupling between ion mobility and structural dynamics of PC. The response of the mobile
ions is measured by impedance spectroscopy in the frequency interval [0.1 — 10°] Hz.

The present measurements evidence in the equilibrium liquid state a temperature-dependent
crossover pressure Pgross below which the dc-conductivity obeys the Walden rule indicating
that the ion transport couples to the structural relaxation of the host liquid. Above this
crossover pressure, we observe an anomalous pressure dependence of the conductivity spectra
leading to an increase of the dc-conductivity for increasing pressure up to Pg. In this pressure
interval, and for state points located in the glassy state, we show that the real part of the
conductivity spectra obeys the time-temperature-pressure-superposition principle (TTPS).>
That indicates that the dynamics of mobile ions on short-length scale is independent of
pressure and temperature, and is not affected by the transition from the liquid to the glassy
state. We also show that the dc-conductivity, in the equilibrium and glassy regimes, verifies

density scaling® when plotted against the scaling variable (p?y) with p, the density of the host

fluid and y, the scaling exponent. Density scaling evidences the observed anomalous increase
of the dc-conductivity for state points located in the equilibrium state. In the glassy state, the
dc-conductivity measured along isotherms and isobars collapses to a decreasing exponential
function, independently of the thermobaric history of the sample. The exponential decrease is
consistent with the behavior of ion-conductive glasses when cooled below Tg at constant
pressure.5’8'10'41’56'57

We show that the anomalous increase in dc-conductivity occurs at approximately the same
crossover pressure Pgoss at which a dynamic change in the diffusivity of uncharged
fluorescent molecules in propylene carbonate is observed. Indeed, for P > P, from the
time-recovery of the fluorescent intensity in photobleaching experiments,®®*® the molecular
diffusivity has been shown to exhibit a more Arrhenius-like behavior for increasing pressure.



This dynamic change could be related to the anomalous behavior of the ion transport observed
between Pgross and Pg.

In Sec. 2, we describe into details the conductivity setup implemented in the DAC cell for
high pressure electric conductivity measurements. In Sec. 3, we focus on conductivity
measurements carried out in the equilibrium liquid state along the isotherms at T = 295 K and
T = 326 K for pressures up to the crossover pressures Pcqss ~ 1.3 GPa and ~ 1.8 GPa,
respectively. Next, we focus on the anomalous conductivity spectra measured along the 326
K isotherm for increasing pressures between Pss and the glass transition pressure Pg = 2.82
GPa, as well as on the spectra measured in the glassy state by varying the temperature along
the ~ 3.6 GPa isobar. Section 4 deals with the analysis of the conductivity spectra measured
in the equilibrium and glassy states, according to the density scaling approach and TTPS
principle.

2. Experimental

2.1 High-pressure conductivity cell

High hydrostatic pressures are obtained by means of a diamond anvil cell (DAC).%*®* The
large diamond anvil culets used in our setup give a limiting pressure of ~6 GPa at room
temperature.”®*® This limiting pressure is well above the glass transition pressure of
propylene carbonate.

The electrode wires are embedded in a composite gasket®”® to prevent any short-circuit with

the metallic parts of the gasket sandwiched between the two anvils. The two opposite
electrodes 200 um apart are located flush with the walls of a cylindrical cavity made of
insulating material. The main challenge for accurate conductivity measurement is to control
the radial creeping of the composite gasket when squeezed by the anvils. With a stable gasket
under compression, electrode displacement and variation of the cell constant are minimized.
Here, we briefly detail the main steps to assemble a composite gasket with the two embedded
electrodes. A 200 um thick Cu-Be gasket is preindented and a groove ~ 100 um deep and ~ 50
um wide is machined along the diameter of the gasket. A 400 um hole is then center-drilled
by electroerosion. The hole and the deburred groove are filled with an insulating pasty
mixture of Stycast epoxy 1266 and TiO, powder (0.3 um averaged grain size) with a mass
ratio ~2:1 (powder:epoxy). Then, a 50 um diameter Manganin wire is embedded into the
groove and slightly strained. To obtain a uniform thickness of the pasty mixture a sheet of
mica is pressed evenly against the epoxy on each side of the gasket. Next, the epoxy paste is
cured at 70°C for about 1h30. A second low-pressure indentation enables to center-drill the
200 um diameter hole forming the sample chamber. The mica sheets prevent any chipping of
the cured epoxy when the hole is drilled. In this step, the embedded Manganin wire is cut to
form the two opposite electrodes flush with the cell wall. A composite gasket with the two
electrodes is shown in Fig.1 where, for clarity, pure transparent Stycat epoxy has been used to
help visualize the position of the embedded electrodes. Note that the composite gasket with
pure epoxy insulation can withstand pressures as high as ~ 2.1 GPa at room temperature, but



in most cases the sample chamber suffers from uneven deformation leading to an unstable
hole. Radial cracks in the epoxy were also observed propagating outward from the inner
walls. Therefore, composite gaskets made with pure epoxy were no longer used in the present
work.

Fig. 1 Back-illuminated composite gasket. The central bright area is the 200 um diameter sample chamber
surrounded by insulating transparent epoxy Stycast. Transparent epoxy is used here to visualize the radial
position of the two embedded 50 um diameter wires with the ends flush with the cell wall. The Cu-Be gasket
with a 400 um hole appears as the brown circular area. Note the ruby chips used as a pressure gauge and placed
at the bottom of the sample chamber. These crystals do not interfere with the electrical conductivity
measurements. The sample pressure is ~ 2.03 GPa at room temperature.

From capacitive measurements carried out at atmospheric pressure, first with an empty
unloaded cell, and then with the emptied cell previously pressurized to ~ 2.2 GPa with
propylene carbonate, the increase of the cell constant attributed to the weak radial
displacement of the electrodes is estimated to be less than ~ 10%. This value gives an upper
bound for the uncertainty of the measured electrical conductivity.

Pressure is increased by steps of a few hundreds of MPa by means of an inflating elastic
membrane which moves the diamond anvils against each other. The pressure in the sample
chamber is determined by the ruby fluorescence method.*®®® Ruby chips with 0.5 wt% Cr, O,
of several tens of microns, are deposited at the bottom of the chamber (see Fig. 2). During a
complete pressure run, the excitation laser beam is focused at the same position on a single
ruby crystal, and the fluorescence intensity is collected backwards in the spectrometer with
0.02 nm resolution which gives a pressure accuracy of + 50 MPa. The frequency shift of the
fluorescence peak R1 at wavelength A, is measured as a function of the gasket compression.

. . . .. dA ]
Pressure in the sample is determined from the pressure derivative d—Pl = 0.37 nm GPa™ at

room temperature.*® The temperature effect is taken into account from the temperature

dA1(Patm)
ar

derivative = 6.60x10° nm K™ determined from the temperature shift of the peak

R1 at atmospheric pressure. The cell temperature is controlled between ~ 283 K and ~ 338 K
by means of a temperature-regulated copper block surrounding the DAC cell, giving a
temperature stability of £ 0.05 K. Temperatures below ~283 K were not investigated due
water condensation on the cell walls, while temperatures above ~338 K were not reached due
to uneven deformation and a loss of stability of the composite gasket.



Impedance was measured in the frequency range 10™ Hz - 10° Hz by the 1-V method where
the unknown complex impedance Z"(w) of the sample is obtained from the voltage drop v ()
across a known resistance Ry (10° ©2) under an applied voltage V(w) , @ being the angular
frequency:

Zr@=(;-1)R O

The voltage drop amplitude |v| and phase angle & are measured as a function of frequency by
a lock-in amplifier (LI5640-NF, Japan) triggered by a voltage source (SRI-360, USA). The
voltage drop v is corrected from the cable capacitance and the input impedance of the lock-in
amplifier. Frequencies below 10" Hz were not explored as the signal is noisy, whereas
frequencies higher than ~10° Hz would require the use of a coaxial line reflectometer with an
electrodes configuration not compatible with the geometry of the DAC cell.

Fig.2 Microscopic views of the sample at various pressures during compression, corresponding to the electrical
conductivity measurements shown in Figs. 6 and 9-b: a) 1.45 GPa, b) 1.94 GPa, c) 2.31 GPa, and d) 2.92 GPa.
The diameter of the sample chamber drilled in the composite gasket is ~ 200 um. Note the relatively large ruby
crystals used as pressure gauge (see text). T = 325.80 K. The glass-transition pressure is Pg = 2.82 GPa.
Solution of 10° M (Et,N*, BF;) in propylene carbonate.

2.2 lonic solution and phase diagram

Tetra-ethylammonium — tetra-fluoroborate salt (Et,N*, BF,) (Sigma-Aldrich) is dissolved
with a molar concentration ¢ = 102 M in 99.7 % pure propylene carbonate (Sigma-Aldrich).
Et,N* cation and BF, anion have a symmetrically shaped structure with van der Waals radii
of respectively ~ 0.336 nm®* and ~ (0.228 + 0.001) nm.>*®® These radii compare to the
calculated PC radius ~ 0.276 nm.>* EtN* and BF, ions exhibit rather perfect slip with
respect to PC molecules.>® This suggests that the ion mobility is mostly sensitive to the
structural heterogeneities and the relaxation dynamics of PC. Propylene carbonate has a glass



transition temperature Tg ~160 K® at atmospheric pressure It is a good glass former with a
low tendency to crystallize at high pressure.®® In the pressure range [0 — ~4] GPa, dielectric
spectra of pure PC are composed mainly from the structural a-relaxation and no secondary S-
relaxation is observed.>*®® PC has a large dielectric permittivity £ = 66 at 298 K and a large
dipole moment ~ 4.9 D that impedes ion association (ion pairs or higher ion aggregates) in the
mixture.®®*™ As shown in Sec. 3, a concentration of 10™ M does not modify the shape of the
dielectric loss spectra in an extended pressure range. We therefore focused on conductivity
measurements carried out with a solution at 10 M.

The glass transition pressure Pg of the 10? M solution is determined from the method based
on the enlargement of the width A4 (nm) at half-maximum (FWHM) of the peak R; from the
fluorescent emission of the ruby crystal embedded in the sample under pressure.>*®® When the
sample under uniaxial compression approaches the glass transition, stress gradients settle in
the sample due to the high value of the sample viscosity.® These non-hydrostatic stresses lead
to a broadening of the peak R; at wavelength A;. Therefore, the value of the wavelength A,
and the enlargement of the peak R; depend on the position of the focused laser beam in the
sample. The pressure distribution in the sample can be evidenced by placing tiny ruby chips at
different locations in the cell.”* In the present case, due to the relatively large size of the ruby
crystals (see Fig. 2), the broadening of the peak R1 results from the spatial average of non-
hydrostatic stresses surrounding the ruby crystal, and the pressure is a spatially-averaged
value over the ruby crystal dimensions.

Figure 3 shows the variation of the width A4 as a function of pressure in a solution 10% M
(Et,N*,BF;) in PC at T = 295.35 K and 326.10 K. Pressure is increased by steps of few

hundreds of MPa with a pressurizing rateZ—I: between ~3 MPas™ and ~5 MPa.s™. The

pressure corresponding to the onset of the line broadening - shown by a vertical arrow -
defines the glass transition pressure Pg. For the isotherms at T = 295.35 K, 312.25 K and
326.10 K we find Pg ~ 2.30 £ 0.05 GPa, 2.70 = 0.05 GPa (A variation not shown in Fig.3))
and 2.82 + 0.05 GPa, respectively.

The value P = 2.30 GPa for the isotherm at T = 295.35 K is close to the glass transition
pressure Pg = 2.12 GPa calculated from the dielectric measurements of Kondrin et al.>® in
pure PC at T = 292.3 K, corresponding to the isochronal line 7, ~ 150 s. The current glass-
transition pressure is also very close to Pg ~ 2.29 GPa measured in a solution of 10° M
Coumarin 1 in PC at 296 K using the ruby fluorescence method.*® This shows that the weak
ion concentration in the solution does not modify — within the £ 50 MPa pressure accuracy —
the glass transition pressure.

In the temperature and pressure ranges studied, microscopic observation did not reveal any
phase transformation that would indicate crystallization of the sample. The sample always
appeared homogeneously transparent as shown in Fig. 2 for pressure larger than Ps. Even for
pressures as high as P ~ 6 GPa reached in Fig. 4 along the isotherm at T = 326.1 K, no
crystallization was observed. Indeed, the monotonic increase of AA for pressures higher than
Ps does not indicate any structural change in the solution that would be induced by the
compression.’
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Fig. 3 Width A4 at half maximum (FWHM) of the peak R1 as a function of pressure, from the fluorescence
emission of a ruby crystal embedded in a solution of 102 M (Et,N*, BF;) in propylene carbonate. Fluorescence
is measured by increasing the pressure from the atmospheric pressure along isotherms at T = 295.35 K (circles),
and T = 326.10 K (diamonds). The lines are linear regressions for data points belonging to the liquid state (open
symbols), or to the glassy state (filled symbols). The position of the vertical arrows located at the intersection of
two regression lines defines the glass-transition pressure Pg. Measurements at T = 295.35 K are obtained with a
composite gasket, whereas measurements at T = 326.10 K are made with a Cu-Be gasket to cover a larger
pressure range.

The phase diagram of the solution 102 M (Et,N*, BF;") in propylene carbonate is shown in
Fig. 4. The current glass-transition (Pg-Tg)-state points determined from the ruby
fluorescence method detailed previously, are represented by filled diamonds.

On the same figure we show the liquid-glass transition line (dashed line) of pure PC defined
as the locus of (P-T)-state points for which the structural relaxation time z, ~ 150 s. In the
pressure interval studied, the transition line is well described by a linear regression passing
through the state points (open circles) obtained from the high-pressure dielectric spectroscopy
measurements carried out by Kondrin et al.>® in pure PC. It can be noticed that the glass-
transition state points reported for the ionic solution and for the pure PC, obtained from two
different techniques do indeed collapse on the same liquid-glass transition line.
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Fig.4 Phase diagram of the solution 102 M (Et,N*, BF;) in propylene carbonate. Blue filled diamonds: current
measured glass-transition (Pg-Tg)-state points obtained by the ruby fluorescence method. Dashed line: 7, ~ 150 s
isochronal line of pure PC obtained from high-pressure dielectric spectroscopy measurements (orange open
circles) by Kondrin et al.>® The solid thick lines show the (P-T) paths along which the electrical conductivity is
measured (see text). Note that to initially seal the sample volume, the gasket must first be slightly squeezed by
the anvils. The measurements therefore do not start at atmospheric pressure.

3. Results

Electrical conductivity of a solution 102 M (Et,N*, BF;") in PC was measured along 3 routes
spanning the (P-T) phase diagram as shown by the thick lines in Fig. 4. Pressure is increased
along isotherms at T = 295.35 K, 312.25 K and 325.80 K that begin in the liquid state and
intersect the liquid-glass transition line represented by the dashed line. The isotherms studied
terminate in the glassy state well above the glass-transition pressure Pg. At the end point of
the isotherms at T = 312.25 K and 325.80 K, the temperature is varied at constant pressure: at
point I, the temperature is increased from 312.25 K to 333.75 K along the isobar at P = 3.31
GPa; at point Il, the temperature is lowered from 325.80 K to 286.22 K along the isobar at P =
3.63 GPa (see Fig.4).

To characterize the charge transport in ion conductive systems the complex admittance
formalism is used:

L =K lo = jwee K1 (1)

V(@) = 5 =

where Y*(w) =Y’ +jY" is the complex admittance and o= 2= f is the angular frequency of
the applied electric field. o*(w) =0’ +jo" is the complex electric conductivity of the
sample and £*(w) = ¢’ —je" is the complex permittivity related to the bulk polarization
induced by the orientation of mobile ions” and PC molecules. &, is the vacuum permittivity
and K (m™) stands for the cell constant. From Eq. (1) the complex conductivity is related to
the complex permittivity by ¢*(w) = jweye*(w), hence, the real part of the electrical
conductivity is ¢'(w) = weye (w) and the imaginary part is  ¢"(w) = weye’ (w). That
shows that ¢* and ¢* share the same information and that conduction and polarization in ion
conductive materials are closely related. In our analysis we will focus on the complex spectra

o*(w) and £*(w) and omit the approach based on the electric modulus M*(w) = L —

£ (w)

jweg

o*(w)

formalism.”*™

3.1 Equilibrium liquid state

Low-pressure range: The complex electric conductivity spectra (o'(w), o (w)) for the
solution 102 M (Et,N*, BF;) in PC is shown in Fig.5 for increasing pressures between 0.27
GPa and 1.32 GPa along the isotherm at T = 295.35 K, and in Fig. 6 between 0.40 GPa and
1.75 GPa along the isotherm at T = 325.80 K. The spectra for the isotherm at T = 312.25 K
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have similar shape and are not shown. The low-pressure ranges studied are well below the
glass transition pressure Pg = 2.30 GPa and 2.82 GPa for the 295.35 K and 325.80 K
isotherms, respectively. Note that the Pg value is the same within the £ 50 MPa accuracy for
the 325.8 K and 326.1 K isotherms.

Overall, the general trend of the pressure-dependent spectra is similar to that observed in ionic
liquids or conductive glass-forming liquids when the temperature is lowered towards the glass
transition temperature.’*?*® The real part ¢’(w) of the complex electrical conductivity is
shown in Figs.5-a and 6-a. For each pressure investigated, a slightly frequency-dependent
plateau (or near-plateau) is observed, which corresponds to the dc-conductivity regime. In this
frequency region, long-range ion diffusion takes place. The dc-plateau is not perfectly flat
certainly due to the polarization of the electrodes.”®”” For increasing pressures, the position of
the near-plateau moves to the low frequencies and the corresponding dc-conductivity value
decreases.

f (Hz)

Fig. 5 Equilibrium liquid state: Electrical conductivity spectra (¢', a'’) for increasing pressures along the
isotherm at T = 295.35 K. In a), the solid lines are a fit to Eq. (3), see text. In b), fose: represents the frequency at
the onset of electrode polarization, and f.x is the frequency below which full electrode polarization takes place.
Pressure from top to bottom spectra: 0.27, 0.51, 0.57, 0.84, 1.03, 1.08, 1.22 and 1.32GPa. Solution of 102 M
(Et,N*, BF;) in propylene carbonate.
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Fig. 6 Equilibrium liquid state: Same as Fig. 5 but for the isotherm at T = 325.80 K. Pressure from top to bottom
spectra: 0.40, 0.56, 0.75, 0.94, 1.07, 1.45, 1.50 and 1.75 GPa.

Electrode polarization is responsible for the strong decrease of ¢'(w) at low frequency. At
low pressures, the electrode polarization spans over a frequency interval that extends towards
the high frequencies because the ion polarization at the blocking electrodes and the ion
mobility within the electric double layer are favored by the low viscosity of propylene
carbonate. High pressures lead to an increase of viscosity and a decrease of the ion mobility.
That shifts to the low frequencies the interface dynamics. Even though the electrode
polarization can be modeled by a constant phase impedance,”®® in our analysis we will omit
the frequency interval where the electrode polarization takes place.

Within the frequency interval studied, for pressures greater than ~ 0.4 GPa, the dc-
conductivity plateau crosses over to a frequency-dependent conductivity. This regime known
as the dispersive regime is described well by a frequency power-law. The crossover region
between long-range diffusive to dispersive regimes corresponds to the “Universal Dynamics
Response” (UDR) regime.m'83 For pressures above ~1 GPa, the power-law exponent is close
to unity as shown in Fig. 5-a by the full line.

The effect of the electrode polarization shows up in the imaginary part ¢''(w) in Figs. 5-b and
6-b. A broad peak and a local minimum in ¢’’(w) are observed at each pressure. According to
Serghei et al.®*, the minimum at frequency fonset IS attributed to the onset of the electrode
polarization, and the peak at f,,, corresponds to the full polarization of the ions at the
electrodes on a time scale © ~ 1/27f;,4,. FOr increasing pressures, the peaks at fy,,, shift to
the low frequencies in agreement with the frequency shift of the dc-conductivity plateau.
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The calculated dielectric spectra (¢’,&’") for increasing pressure along the isotherm at T =
295.35K are shown in Fig. 7. At low frequencies, the permittivity spectra ¢'(w) = aw—g‘))

0
exhibit an increase mainly caused by the capacitance of the double layer resulting from the
polarization of the ions at the electrode/electrolyte interface. It should be noted that the
increase of ' (w) is much weaker than in pure ionic liquids and their mixtures™®**#>% where a

variation by more than ~ 5 orders of magnitude has been observed. The dielectric loss spectra

e'"(w) = %:’) are shown in Fig. 7-b. A broad peak that moves to the low frequencies for

0

increasing pressures characterizes the spectra. It is attributed to the relaxation loss of
orientationally mobile ions within the electric double layer.®® The high frequency flank of the
peak decreases as w~! and extends over a frequency interval corresponding to the plateau in
the ¢’ (w) spectrum. For pressures greater than ~1 GPa, a weak bump in the &' (w) spectra is
noticed at frequencies around 10° Hz. It is the signature of a structural relaxation process, the
tail of the frequency peak of which becomes visible when the relaxation frequency approaches
the frequency window studied. This secondary loss peak can be attributed to the structural
relaxation of polar propylene carbonate molecules.

3

10- E T T T T T

10°

5

10

S'}’

Fig. 7 Equilibrium liquid state: Dielectric spectra (¢',&'") for increasing pressures along the isotherm at T =
295.35 K. The dielectric spectra are calculated from the conductivity spectra (', ¢'") shown in Fig. 5. Pressure
from right to left: 0.27, 0.51, 0.57, 0.84, 1.03, 1.08, 1.22 and 1.32 GPa. In b), the frequency interval where ¢"
varies as f~! corresponds to the frequency range where a dc-conductivity plateau is observed in the ¢'spectra.
Solid lines are the calculated dielectric loss from the fit of ¢’ to Eq. (3) shown in Fig. 5-a. Solution of 10° M
(Et,N*, BF;) in propylene carbonate.
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The effect of a higher salt concentration ¢ = 10™ M on the loss spectra " (w) is shown in Fig.
8 for pressures between atmospheric pressure and ~ 1.22 GPa. A higher salt concentration
shifts the spectra ¢" (w) towards high frequencies while maintaining the same spectral shape.
In the frequency window studied, this reduces the frequency interval where the decrease in
w~1 is observed, thus it narrows the frequency range of the dc-conductivity plateau. We
therefore focused in this work on measurements with a sample at a concentration of 10 M.

Fig.8 Equilibrium liquid state: Dielectric loss spectra &' (w) of a solution of (Et,N*,BF,) in propylene
carbonate with a molar concentration 102 M (symbols) and 10™ M (lines), measured at three pressures. Symbols
from right to left: atmospheric pressure, 0.51 GPa and 1.22 GPa. T =295.4 K.

High-pressure range approaching Pg:

The reported conductivity spectra were measured after an equilibration time varying from a
few hours to about a few days to stabilize the composite gasket and achieve a stable sample
pressure. The constant value of the pressure was verified by measuring any shift of the peak
R1 before and after each recording of conductivity spectra.

In the liquid state below the glass-transition line, the stabilization time is always larger than
the Maxwell relaxation time 7 ~ n/G of the stresses induced in the sample after a pressure

increment. Here, n is the shear viscosity of the sample and G, is the infinite frequency shear
modulus. A rough estimate of t for propylene carbonate at the liquid-glass transition, with
n ~ 1012 Pa.s (a typical value at the glass-transition), and G, ~ 2.7 GPa estimated at T = 296
K and P = Pg ~ 2.3 GPa,™ gives T ~ 103 s. Consequently, conductivity measurements in the
liquid state are always carried out at equilibrium since the equilibration time greatly exceeds
T.

Under these stable experimental conditions, reproducible measurements of the conductivity
were obtained. In this range of high pressures and in the frequency interval studied, the
spectra o’ (w) show a different trend compared to the measurements at low-pressure presented
previously in Figs. 5 and 6. Indeed, by increasing the pressure above a temperature-dependent
crossover pressure Pgrss, the spectra show an anomalous pressure dependence. The spectra
now display a well-defined plateau with a dc-conductivity value that increases with increasing
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pressure. Figure 9-a shows how the spectra (labelled by lines) settle to a shape exhibiting a
dc-conductivity plateau after a stabilization time of ~ 22 h following a pressure rise from ~
1.72 GPa to ~2.01 GPa along the isotherm at T = 312.25 K. Note that in this time interval, the
width A4 of the peak R1 of the ruby fluorescence emission remains constant, indicating that
no crystallization-induced shear stresses occur in the sample.

ol
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A P=107TGPa
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Fig. 9 Equilibrium liquid state. a) Time equilibration of the conductivity spectra o’ (w) (labelled by lines) after a
pressure rise from 1.72 GPa to 2.01 GPa along the isotherm at T = 312.25 K: stabilization time of 2 h, 5 h and 22
h. b) Spectra ¢'(w) measured along the isotherm at T = 325.80 K for increasing pressures between 1.75 GPa
and 2.58 GPa. The glass-transition pressure is Pg = 2.82 GPa. Pressure from bottom to top spectra: 1.75, 1.88,
1.94, 2.12, 2.31, 2.40 and 2.58 GPa. Solid lines are fits to Eq. (2), see text. Solution of 10° M (Et,N*, BF;") in
propylene carbonate.

5

In Fig. 9-b, we present the conductivity spectra ¢'(w) measured along the isotherm at T =
325.80 K for increasing pressure between the crossover pressure Pgrss ~1.8 £ 0.1 GPa and ~
2.58 GPa (path A, Fig. 4). This latter pressure is close to the glass-transition pressure Pg ~
2.82 GPa. The spectra are characterized by a well-defined dc-conductivity plateau that shifts
upwards with increasing pressure. In this pressure range, the electrode polarization effect is
not visible, presumably because it takes place at low frequencies outside the frequency
window studied. This is due to the large value of the viscosity at these pressures.

This anomalous trend is also observed for the isotherm at T = 312.25 K. For the 295.35 K
isotherm, an upward shift of the spectra for increasing pressure above Pgross ~1.3 £ 0.1 GPa is
observed but no well-defined plateau was noticed.

3.2 Glassy state

The crossing of the glass-transition line is achieved with a pressurization rate Z—IZ similar to
that used for the determination of the glass-transition (Ps-Tg)-state points discussed in Sec.
2.2,ie., Z—'; is comprised between ~ 3 MPa.s™ and ~5 MPa.s™
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In the glassy state by increasing pressure between Pg and ~3.31 GPa along the isotherm at T =
325.8 K (path B, Fig. 4), the ¢'(w) spectra (not shown) have a well-defined dc-conductivity
plateau with a dc-conductivity value that slightly decreases.

Figure 10 shows the o’(w) Spectra for decreasing temperature from 325.80 K (point Il, Fig.4)
to 286.22 K along the isobar at P = 3.63 GPa (path C, Fig. 4). The spectra have a similar
shape characterized by a dc-conductivity plateau with a conductivity value that undergoes a
pronounced decrease when the temperature is lowered. Conversely, the temperature increase
from 312.25 K (point I, Fig.4) to 333.75 K for the isobar at P = 3.31 GPa shows spectra of
similar shape with increasing values of dc-conductivity (spectra not shown). These variations
of dc-conductivity as a function of temperature show that the spectra are indeed related to the
temperature-dependent dynamics of the ions in the glassy state. This is best evidenced when
analyzing the data in terms of density scaling.

10~

6’ (S.m’)

f (Hz)

Fig.10 Glassy state: Electrical conductivity spectra o' (w) for decreasing temperatures from 325.80 K to 286.22
K along the isobar at P = 3.63 GPa (path C, Fig. 4). Solid lines are fits to Eq. (2). Solution of 10° M
(Et,N*,BF;) in propylene carbonate.

4. Analysis of the admittance spectra and discussion

For amorphous materials such as ion conducting glasses or crystalline solids the real part
o’ (w) of the electrical conductivity is characterized by a dc-conductive term and a frequency-
dependent dispersive term at frequencies below a few tens of MHz. The spectra ¢'(w) can be
described by the empirical Jonscher power-law:*77 8187

n
o'(w) = oo (1+ (w‘;’n) ) @
where g, is the bulk dc-conductivity corresponding to the plateau in ¢'(w), wy, = 2 7 f,y, iS
the onset angular frequency at which dispersion occurs, and n is an exponent between 0 and 1.
The Jonscher power-law associates the onset of the dispersive conductivity in disordered
systems with the hopping of correlated charge carriers. The onset frequency w,, can be
interpreted as the hopping rate of charge carriers in the matrix,™* or as the characteristic
relaxation frequency of space charge fluctuations.®” Note that for w = w,,,, 0’5 = 20,. EQ. (2)
is observed in the frequency interval where the effect of the electrode polarization can be
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neglected, i.e., for frequencies higher than the onset frequency f,,s.: corresponding to the
local minimum in the ¢’ (w) spectrum (see Fig. 5-b).

According to Almond et al.®, the slightly frequency-dependent dc-conductivity plateau
observed in Figs. 5 and 6 for the isotherms at T = 295.35 K and 325.80 K could result from
additional dispersion due to ions moving bodily at low frequencies. This mechanism can be
modeled by introducing a second Jonscher power-law. However, the fit with two Jonscher
power-laws proved to be very unstable with a poor determination of the fitting parameters,
and was not used further in our analysis. Nowick et al.”® has estimated the dc-conductivity by
extrapolating the slightly frequency-dependent plateau to a low frequency. In the present case,

the near-plateau is fitted to a power-law o(wy) (wﬁ)b where the exponent b is a fitting
0

parameter ranging from 0.05 to 0.23. We define the dc-conductivity o, = o(w,) as the value
of the power-law extrapolated to the low frequency f, = 0.1 Hz. The fits to Eq. (3):
’ _ w b w n
o'(@) = o(wo) (D) (1+(2=)) 3)
are shown as full lines in Figs. 5-a and 6-a. The dc-conductivity ¢, = o(w,) plotted against
pressure for the isotherm at T = 295.35 K is represented by filled circles in Fig. 11 where a
decrease by ~ 4 orders of magnitude is observed in the pressure range [0 - ~1.25] GPa. Note

that the dc-conductivity in the high-pressure range P > ~1.25 GPa is not shown due to
undetectable dc-plateaus within the frequency window studied.

A pressure-dependent Vogel-Fulcher-Tammann (VFT) function**®  exp(-a P/(Po-P)) fits
well the conductivity data for the 295.35 K isotherm with the fitted parameters a = 4.942 and
Po = 2.67 GPa. In the same figure, we show as filled squares the fluidity (1/7) of pure PC at T
= 298.15 K from high-pressure shear viscosity measurements by Casalini and Bair.*® The
fluidity data are fitted to a pressure-dependent VFT function as shown by the full line in Fig.
11.

log(c,), log(1/m)

P (GPa)

Fig. 11 Pressure-dependent dc-conductivity o, (S.m™) along the isotherm at T = 295.35 K (filled circles), fluidity
1/n (mPa™.s™) of pure propylene carbonate at T = 298.15 K from the measurements by Casalini and Bair® (filled
squares), and Walden product (g, 1) along the isotherms at T = 295.35 K (open circles) and T = 325.80 K (open
squares). Full lines are fits to pressure-dependent VFT functions (see text). To calculate the Walden product at
pressures greater than ~ 1 GPa, extrapolated values of the fluidity 1/# are obtained from the VFT function.
Solution of 10°M (Et,N*, BF;) in propylene carbonate.
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The Walden product® (o, ) is displayed as a function of pressure in Fig. 11 for the
isotherms at T = 295.35 K (open circles) and T = 325.80 K (open squares), where we use the
high-pressure viscosity measurements of Casalini and Bair”® obtained at slightly higher
temperatures 298.15 K and 328.15 K. The nearly constant value of (g, ) for both isotherms
indicates that the ion transport couples to structural relaxation of the host liquid via viscosity
dependence. The constant value of the Walden product also indicates that the interaction
between ions does not change in this temperature-pressure range.*?

Conductivity measurements made in the near vicinity of the liquid-glass transition line and in
the glassy state show well-defined dc-conductivity plateaus in o'(w). This is well evidenced
for the two runs starting in the liquid state along the isotherms at T = 312.25 K and 325.80 K.
The spectra fitted to Eqg. (2) from measurements made along the isotherm at T = 325.80 K
(paths A, Fig. 4)), and along the isobar at P = 3.31 GPa (path C, Fig. 4) are represented by
solid lines in Figs.9-b and 10.

The values of the fitted parameters o, and w,,, of Eq. (2) are shown as a function of pressure
in Fig. 12 from measurements performed along the 325.80 K isotherm in the liquid and glassy
states. In the liquid state between ~ 1.75 GPa and ~2.58 GPa, ¢, and w,,, show a pronounced
increase by ~3-orders of magnitude against pressure and the two curves have similar shape.
In the vicinity of Pg, g, and w,,, remain finite. At the glass transition, we observe a rise in gy,
and an exponential decrease of g, and w,, against pressure could be guessed in the glassy
state. The exponential decrease is best evidenced when analyzing the dc-conductivity in term
of the density scaling approach, exploiting additional conductivity measurements made along
isobars and isotherms in the glassy state.

Although the anomalous increase of o, observed above the crossover pressure is not strictly
speaking a decoupling between charge transport and structural dynamics,'” an estimate of the

decoupling index R = “@/;_at the glass transition gives R ~ 10%°. Here, 7, - (s‘f‘”) is the
0

relaxation time of the dc-conductivity,**** and 7, ~ 150 s is the structural relaxation time at
the glass transition. The estimated R-value is much higher than the value found in other ionic

liquids,**® although decoupling indices as high as ~ 10" have been recorded in some ionic
glasses.™
107 17— 10
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Am 5 x: 0 ,bu o 310
Tg 107 A | 4100 7,
- G] SS "O
L1007 L G R S T
bc 0 ' )
10° F 9 oo | 1w ®
107~ i I | | 10°
1.5 2 2.5 3 3.5



18

Fig. 12 Variation of dc-conductivity g, and dispersive frequency w,, for increasing pressure, from a fit to Eq.
(2) of the o' (w) spectra measured along the isotherm at T = 325.80 K. The vertical dashed line indicates the
glass-transition pressure Pg = 2.82 GPa. Solution of 10°M (Et,N*, BF;) in propylene carbonate.

Figure 12 shows in a double-logarithm plot the dc-conductivity o, as a function of the
dielectric relaxation ¢yA¢ w,, for the liquid state (path A, Fig. 4), and for the glassy state
(paths B and C, Fig. 4). Ae = (&5 — &4) IS the dielectric strength of the bulk mixture which
takes into account the permittivity due the relaxation of the mobile ions and the polar
molecules of PC. ¢, is the static permittivity and &, the permittivity at infinite frequency.
The data either for the liquid state or for the glassy state collapse well onto two distinct lines
of unit slope within the (P-T) phase diagram studied. Note that in these plots, we have set
Ae = Aep- ~ 60 as the dielectric strength Aep.of PC is found to be constant between
atmospheric pressure and ~ 4 GPa.”® The linear correlation between the two quantities is
similar to the empirical Barton-Nakajima-Namikawa (BNN) relationship o, = pgyAe wyp,
observed in a large number of conducting glasses,** “9% where the correlation parameter p
is of order 1. From a fit to the BNN relation, the correlation factor in the liquid state is p ~ 4,
and p ~ 12 in the glassy state. The increase in p by a factor ~ 3 at P can be attributed to a step
increase in dielectric strength Ae associated with the collection of ions.

10_ T T TTTm T T T I T T TTTIm| T T TTTTTT T ll||||§

T 'IIIT| II1II'II1| I'I'III'III| I'II'II'III| 'I'II'II'III| TTIT

10_7 TI 1 III.IIJ‘ 6I 1 I.IJIIll _l IJIllIl‘ 4I L llJIlIl _;I LLL " N
10 10 10 10 107 10~
-1 -1
gAe®, (Fm rds )

Fig. 13 Log-log plot of the dc-conductivity g, as a function of the dielectric relaxation g,A¢ w,,. Liquid state,
path A: pressure increase from 1.75 GPa to 2.58 GPa along the isotherm at T = 325.80 K (circles). Glassy state:
path B, pressure increase between 2.85 GPa and 3.63 GPa along the isotherm at T = 325.80 K (diamonds); path
C, temperature decrease from 325.80 K to 286.22 K along the isobar at P = 3.63 GPa (squares). The solid lines
with unit slope are fits to the BNN relation, see text. Solution of 10%M (Et,N*, BF; ) in propylene carbonate.

12,95

Combining the Nernst-Einstein equation with the BNN relation, one obtains for the

expression of the dielectric strength Ae:

_ Nq2<2
€ole = pyralt 4

where N is the number density of mobile ions, g the ion charge, and ¢ the mean hopping
length. Therefore, the increase in As at Pg is related to a change of N{Zacross the glass
transition, i.e., a change in ion concentration and/or hopping length. As we show in the next
paragraph, the ion dynamics obeys the time-temperature-pressure superposition principle
(TTPS) in either the liquid state or the glassy state. This indicates that the dynamics of the
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ions remains unchanged across the liquid-glass transition line,* so the hopping length ¢
should be constant. Therefore, the change in Ae must be attributed to a change in the number
density N of mobile ions at the transition line which results in an increase in dc-conductivity.
Note that an increase in Ae is observed in some ion-conducting glasses when crossing the
glass transition upon heating. It is attributed to a change in the population of mobile ions
present in the sample.'?%°

TTPS principle: Equation (2) suggests that scaling o' (w) by the dc-conductivity o, and the
angular frequency by the onset dispersive frequency w,, would generate a master curve.>>%®
% The master curve reflects the nature of ion transport on short-length scales, independent of
the thermodynamic state point. The scaled conductivity is shown in Fig. 14 for measurements
made in the liquid and glassy states along paths A, B and C shown in Fig.4. All the curves

overlap on a single curve. The plateau for scaled frequencies (—) between ~10° and ~10*

w
Won
corresponds to the dc-conductivity regime, while for scaled frequencies (wion) > 1 dispersion
begins. Figure 14 clearly shows that a time-pressure superposition holds for increasing
pressures in the equilibrium state below Pg (path A), and in the glassy state well above Pg
(path B). Similarly, the decrease in temperature in the glassy state along the isobar at P = 3.63
GPa (path C) shows that a time-temperature superposition is obeyed. Stated in other words,
the shape of the scaled conductivity spectra is invariant in the investigated temperature-
pressure domain and therefore a time-temperature-pressure superposition (TTPS) principle is
applicable.”® In the temperature-pressure domain studied, whether in the equilibrium state or
in the glassy state, the dynamics of ions is independent of pressure and temperature, and is not
affected by the liquid-glass transition. Therefore, no changes in the local environment
surrounding the ions or structural changes in the solution that would perturb the dynamics of
mobile ions occurs in the liquid and glassy states. This is supported by the monotonic increase
of the width AL of the ruby fluorescence line against pressure shown in Fig. 3, which
indicates that no structural change occurs in the glassy state by super-pressing up to ~ 6 GPa.
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Fig.14 Log-log plot of the scaled conductivity spectra ’/a, as a function of the scaled frequency w/w,,, for
increasing pressure between 1.75 GPa and 3.31 GPa along the isotherm at T = 325.80 K, and for decreasing
temperature from 325.80 K to 286.22 K along the isobar at P = 3.63 GPa. Solution of 102 M (Et,N*, BF;) in
propylene carbonate.
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Density scaling: Thermodynamic scaling (or density scaling) allows analysis of the relaxation
time and transport properties of glass-forming liquids to be made as a function of a single

scaling variable (’;—y) where p is the density of the fluid and y is a material-dependent scaling

exponent.”® The scaling exponent » mainly depends on the steepness of the repulsive
intermolecular potential®®>® and the conformation of the molecules.*® When the glass-forming
system obeys density scaling within the (P-T) domain, the structural relaxation time collapses

- - y |-
on a single master curve when plotted against (p?) 100192 1t has been shown that for transport

quantities such as viscosity, diffusivity or electrical conductivity, density scaling also
applies.9%1% For van der Waals liquids, » takes on the values between ~3 and ~8 for
structural relaxation time collapse,™ whereas for viscosity or electrical conductivity of
molecular liquids or ionic liquids y varies between ~ 1.2 and ~13.%%1% High-pressure
measurements have shown that the scaling exponent could vary with temperature and
density.'®%” For non-associated low polar liquids, a limiting value y ~ 4 is observed at
elevated pressures consistent with a repulsive intermolecular potential with inverse power law
exponent n = 12 through the relationship y = n/3.1%¢1%

Pawlus et al.'® have found » = 3.7 for the structural relaxation time and viscosity of

propylene carbonate in a pressure range [0 - ~1.8] GPa. The same value of y leads to a
collapse of the diffusive time of fluorescent molecules in PC for measurements carried out in
the pressure range [0 - ~1.7] GPa at different temperatures.®® The low value of y for PC might
be caused by the high polarity of PC.}”" In the present analysis, we assume constant the y
value within the (P,T) range studied.

In Fig. 15 we show the dc-conductivity o, as a function of the scaling variable (p?y)

Y
normalized by (’T)—G) , ¥ = 3.7, for measurements made along the 3 routes in the liquid state up
G
to the liquid-glass transition line.*® This plot is equivalent to a plot of o, against the scaling
variable (pT—y) because by definition of the glass transition boundary Tg (Pg), along the

isochronal  line the o-structural relaxation time is constant and writes
4

T (P, Tg) ~ C <?—G) ~150 g 71101109
G
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Fig. 15 Liquid equilibrium state: Variation of the dc-conductivity o, as a function of the normalized scaling

Y
variable (;46) (TF‘;) , = 3.7, for measurements carried out along the 3 isotherms at T = 295.35 K, 312.25 K and
325.80 K, by increasing the pressure up to the glass-transition pressure Pg. Solution of 10 M (Et,N*, BF;) in
propylene carbonate.

Y
Normalization by (5—6) was made using the experimental values of the glass-transition ( Pg,
G

Tg)-state points determined by the ruby fluorescence method. The density p of the solution
was calculated using the modified Tait equation of state of propylene carbonate by Casalini
and Roland™*° given for a pressure range [0 - ~ 1.8] GPa. In absence of PVT measurements at
higher pressures, we assume that the modified Tait equation is valid in the (P-T) range

’y _1
studied. The average value of (i—z) , calculated between 295.35 K and 325.80 K and for
glass transition pressures Pg in the range between ~ 2.30 GPa and~ 2.82 GPa, is 141 £ 6 (K.g°

yy—1
".cm¥), » = 3.7. The low dispersion in (’T)—G) indicates that the modified Tait equation is
G

applicable in the investigated pressure interval.

3.7
On close inspection to Fig. 15 we observe that for (pi) (TT—G) < ~ 0.8 the dc-conductivity

G
o, decreases by about 4-orders of magnitude. In this (P-T) range, the ion dynamics is coupled

to the a-relaxation dynamics of the host liquid as was shown by the constant value of the
Walden product displayed in Fig. 11. The anomalous increase of o, begins at the crossover
pressure Pcoss ~ 1.3 GPa and ~1.8 GPa for the isotherms at T = 295.35 K and 325.80 K,

: . . : : 1
respectively. These pressures coincide to the normalized scaling variable (%%) ~ 0.8. By
G

further increasing the pressure until the glass transition, i.e., for the normalized scaling
variable between ~ 0.8 and 1, we observe an increase in o, which reaches a value close to
the dc-conductivity at low pressure.

Pawlus et al.® have shown from dielectric relaxation measurements carried out in propylene
carbonate, that a dynamic crossover of the electrical conductivity takes place at a pressure
Pcross ~ 1 GPa along the isotherm at T = 284 K. These results show that the a-relaxation time
associated to the dynamic change is invariant to pressure and temperature, and is the main
parameter that governs the dynamic crossover. Similarly, Bonetti and Dubois™ showed a non-
monotoneous variation against pressure of the exponent g of the Kohlrausch function
(stretched exponential function) which describes well the time recovery of the fluorescent
intensity of diffusive Coumarin 1 molecules in pressurized propylene carbonate. The
Kohlrausch exponent / takes on values between 0 and 1, and characterizes the departure from
a pure exponential relaxation (= 1). A minimum of S occurs at Pgrss ~ 1 £0.1 GPaand ~ 1.5
+ 0.2 GPa at temperature T = 296 K and 325.5 K, respectively. The subsequent increase in the
stretched exponent S from ~ 0.6 to ~ 0.8 observed between P and P ~ 0.6 x Pg, reflects a
change in the time-diffusivity of the fluorescent molecules that becomes more Arrhenius-like
for increasing pressure. Figure 16 outlines the almost linear variation of the crossover
pressure Pcross as a function of temperature for the measurements herein detailed. Clearly, the
diffusivity of uncharged Coumarin 1 molecules and the transport of ions (Et,N*,BF;) in
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propylene carbonate exhibit a dynamics change at approximately the same crossover pressure
for a given temperature.
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Fig. 16 Crossover pressure Pgos as a function of temperature, determined from: dielectric relaxation
measurements carried out by Pawlus et al.'® in propylene carbonate (circle), fluorescence intensity recovery
after photobleaching from a solution of 10° M Coumarin 1 in propylene carbonate (squares) by Bonetti and
Dubois,*® and conductivity measurements in a solution of 10° M (Et,N*, BF;) in propylene carbonate
(diamonds), this work.

The minimum at P Of the Kohlrausch exponent g, that characterizes the diffusivity of
uncharged molecules in propylene carbonate, and its increase for pressures higher than Pcross,
could be correlated with the change in the conductivity spectra observed at Pss. The increase
of the dc-conductivity observed between P and Pg could be related to a more Arrhenius-
like transport of the charges.

In Fig. 17, the dc-conductivity g, is shown as a function of the scaling variable (p?y) , 7=317,

for measurements made in the glassy state at increasing pressure along the isotherms at T =
312.25 K and 325.80 K, and by varying the temperature along the isobars at P = 3.31 GPa
and 3.63 GPa. It should be emphasized that we apply density scaling to measurements made
in the glassy state for which the validity of density scaling is unknown.'*! It can be noted that
all the measured conductivities o, collapse on a single curve exhibiting a well-defined

. Y
exponential decrease o,(p,T) « exp(—A, p? .
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Fig. 17 Glassy state: Arrhenius plot of the dc-conductivity g, as a function of the scaling variable (p?) , Y=

3.7. Filled symbols: pressure increase from the glass-transition line along the isotherms at T = 312.25 K and
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325.80 K (see Fig. 4). Open symbols: temperature variation along the isobars at P = 3.31 GPa and 3.63 GPa.
Solid line: fit to an exponential function. Solution of 10°M (Et,N*, BF;) in propylene carbonate.

The solid line in Fig. 17 shows the exponential fit with the fitted parameter 4, ~1000 (K.g"
*.em®), » = 3.7. This behavior is consistent with the Arrhenius behavior observed in ionic
glasses when cooled, at constant pressure, below their glass transition temperature.***" Note
that the same value of the » exponent is used either in the liquid and glassy states. As y is
related to the power-law exponent of the intermolecular potential, the constant value of y
indicates that the interaction between mobile ions does not change with temperature and
pressure, and across the liquid-glass transition line. This is in agreement with the TTPS
principle applicable either in the liquid and glassy state.

A glass being a non-ergodic system, the properties of the glass are modified by its
thermobaric history. In this regard, Danilov et al.® showed that glassy PC obtained after
different thermobaric quenches exhibits different elastic and shear properties. These
differences in behavior are attributed to the “closure of nanopores” — corresponding to the
medium-range order structure — in PC after a ~ 1 GPa pressure quench followed by a thermal
guench into the glassy state. In the present case, changes in elastic and shear properties in the
glassy state, accompanied by structural changes at medium-range, have no effect on the
exponential decrease of the dc-conductivity observed in the glassy state whatever the
thermodynamic paths.

5. Conclusion

The electric conductivity of a dilute solution of (Et,N*, BF;) in propylene carbonate was
measured by increasing the pressure along isotherms from the equilibrium liquid state to the
glassy state, and inside the glassy state by varying the temperature along isobars. At low
pressures in the liquid state, the dc-conductivity is coupled to the structural dynamics of the
host liquid via the viscosity dependence. From a temperature-dependent crossover pressure of
order ~1 GPa, the conductivity spectra show an anomalous behavior characterized by a well-
defined dc-conductivity plateau that shifts upwards with increasing the pressure up to the
glass-transition pressure Pg. This anomalous behavior is characterized by an increase of the
dc-conductivity with pressure, and should not be attributed to a decoupling between ion
conductivity and structural relaxation, as is commonly observed in ion conducting glass-
forming liquids. In the glassy state, the measured dc-conductivity decreases slightly for
increasing pressures along isotherms, whereas it shows a pronounced variation as temperature
increases or decreases along isobars.

The anomalous behavior observed in the equilibrium state does not appear to be an
experimental artifact nor the consequence of sample crystallization. This is reinforced by the

i 2\ (Te
fact that scaling by (pG) (T
isotherms up to the glass-transition line. In the glassy state, we show that the dc-conductivity

), y = 3.7, collapses the dc-conductivity data measured along

exhibits an exponential decrease with respect to the scaling variable (p?y) , ¥y = 3.7,
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independently of the thermobaric history of the sample. The Arrhenius law observed in the
glassy state is similar to that observed in ion conducting glasses when cooled below their
glass-transition temperature.

Although the range of pressure and temperature studied is limited by experimental
constraints, we have shown that the dynamics of correlated mobile ions obeys the TTPS
principle both in the liquid state and the glassy state. This indicates that the ion dynamics on
short-length scales is independent of temperature and density, and is unaffected by the
transition from the equilibrium liquid state to the non-ergodic glassy state.

We have shown that the diffusivity of uncharged molecules and the ionic conductivity in
pressurized propylene carbonate experience a change at approximately the same temperature-
dependent crossover pressure. The more Arrhenius-like diffusivity of uncharged molecules
for pressures larger than Peoss could be correlated with the increase in dc-conductivity
observed between Pg¢oss and Pg.

The underlying mechanism to explain the anomalous dynamics on large scales by increasing
pressure above Pgrss remains yet to be understood. Our results could possibly be interpreted
within the framework of the bypass clusters model*****™* with preferred pathways for ion
migration. These pathways could have liquid-like properties that would enhance the ion
transport.
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