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We investigate ion dynamics under pressure in the ionic liquid 1-butyl-1-methylpyrrolidinium bis[oxalate]-
borate (BMP-BOB) by conductivity relaxation measurements in the temperature range 123-300 K and varying
pressures from 0.1 MPa up to 0.5 GPa. We report on the influence of pressure on the relaxation times and
on the spectral shape of the conductivity relaxation process. We also analyze the pressure dependence of the
glass transition temperature and find that the dynamic response under pressure in this ionic liquid shows
remarkable similarities to nonionic glass formers. The main relaxation process shows temperature-pressure
superposition while a secondary relaxation process, very weakly depending on pressure, is observed. The
spectral shape of the main relaxation broadens with increasing pressure or decreasing temperature, but is
found to be the same when the relaxation time is the same, independently of the particular pressure and
temperature values.

Introduction

Ionic liquids (IL) are receiving increasing research effort
during past years.1-3 Because of their ionic character, they show
properties different from those of the molecular liquids, which
make them very attractive for technological applications like
electro-depositions, battery electrolytes, and as solvents for a
wide range of chemical reactions. Ionic liquids consist exclu-
sively of anions and cations, like conventional salts such as
NaCl, and in case a special bulky asymmetric organic molecule
is chosen as a cation, they can be liquid down to unusually low
temperatures, even well below room temperature. Of most
importance is the nonmeasurable vapor pressure of IL, which
promoted these chemicals during the past decade as perfect
candidates for environmentally friendly or “green” chemistry,
substituting the toxic organic solvents used up to now in
industrial processes.1-3

Ionic liquids typically exhibit different bonding interactions,
from H-bonds to the usual van der Waals interactions, but, unlike
in other liquids, they are characterized by the presence of
Coulomb interactions among the constituent ions. Thus, as many
ionic liquids are easily supercooled, they may introduce a rich
phenomenology in the dynamics of the supercooled liquid close
to the glass transition. The glass transition is characterized by
a dramatic slowing of the characteristic times of the structural
relaxation, and because dielectric (conductivity) spectroscopy
allows one to follow this process in the widest time/frequency
window, it is a technique vastly used to probe the dynamics of
liquids and polymers in the supercooled and glassy states.4,5

Most of these studies deal with the temperature dependence of
the materials at atmospheric pressure, but recently an increasing
number of works have outlined that important information can
be accessed by using pressure as a variable.5-7 Specifically,
pressure provokes only density changes while temperature varies
both activation energy and density. Accordingly, the pressure

dependence of the glass transition temperatureTg, or the
pressure-temperature superposition, are experimental facts that
should be accounted for in any theory or model of the glass
transition.7,8

Although relaxation dynamics in ionic liquids have been
investigated in the past,9-12 the influence of pressure on their
dynamics has not been reported yet. A detailed work on viscosity
and dc conductivity measurements has shown, for example, an
unexpectedly large range of fragilities for ionic liquids.9 These
materials develop a long-range conductivity like standard ionic
conductors,13-16 as reported in the case of Ca0.4K0.6(NO3)1.4

(CKN),17 but their dynamic response keeps the ingredients of
molecular glass formers. Also, the characteristic secondary
relaxations, regarded as a fundamental characteristic of the
glassy state,18 are found in these ionic liquids below the glass
transition temperatureTg.10,12To elucidate the effects of applying
pressure on a supercooled liquid whose cohesive energy is
influenced by Coulomb interactions, we investigate here the
relaxation dynamics under high pressure of the ionic liquid
1-butyl-1-methylpyrrolidinium bis[oxalate]borate (BMP-BOB).
We report on conductivity relaxation dynamics by dielectric
spectroscopy measurements in the temperature range 123-300
K and pressures from 0.1 MPa to 0.5 GPa. This ionic liquid
has a relatively high glass transition temperature, around 225
K at atmospheric pressure, which makes it very suitable for
measurements at high pressures.

Experimental Section

The 1-butyl-1-methylpyrrolidinium bis[oxalate]borate sup-
plied by Merck was used as received. Ambient pressure
electrical measurements in the frequency range 10-2-107 Hz
were performed with a Novocontrol Alpha Analyzer, with a
parallel plate sample cell 20 mm in diameter. The temperature
of the sample was controlled by a thermostatic bath with an
accuracy of 0.1 K.

For the pressure-dependent dielectric measurements, we used
a similar high-pressure setup and sample cell as described in
ref 7. The capacitor, filled with tested material, was placed in
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the high-pressure chamber. Pressure was exerted on the chamber
from a pressure generator through silicone oil. The sample
capacitor was sealed and mounted inside a Teflon ring to
separate the sample from the silicone. Pressure was measured
by the Nova Swiss tensometric pressure meter with a resolution
of 0.1 MPa. The temperature was controlled within 0.1 K by
means of a liquid flow provided by a thermostatic bath.

Results and Discussion

The electric modulusM* is a magnitude reflecting the
relaxation of the macroscopic electric field at constant charge
conditions and is related to the permittivity and conductivity
representationsM* (ω) ) 1/ε(ω)*, M*(ω) ) iω/σ(ω)*. It shows
a susceptibility behavior for ionic conductivity processes,
presenting a peak or maximum in the spectral shape ofM′′,
and a step in the real partM′. In the ideal case of a random and
independent ion motion, we would observe a frequency-
independent conductivity in the whole frequency range, and the
peak in the electric modulus would have a symmetric or Debye
shape. Figure 1a shows the frequency dependence ofM′′(ω)
for BMP-BOB at atmospheric pressure and different tempera-
tures from 123 to 303 K. The electric response of this IL shows
the typical behavior of an ionic conductor,13-16 an asymmetric
peak in M′′, the maximum of which is determined by the
relaxation rate of the ion diffusion process.19 The correlations
among mobile ions when developing the ionic transport give
rise to a frequency-independent or dc conductivity at low
frequencies but to conductivity dispersion at high frequencies,
and consequently to the observed asymmetry of the peak inM′′,
broadening its high-frequency side.5,10-17,19 The characteristic

electric modulus relaxation times are thus determined from the
peak positionsfM in Figure 1a asτM ) 1/(2πfM), and because
the orientational and traslational degrees of freedom in the
supercooled regime were reported to be correlated in a similar
ionic liquid, we consider these times indicative of the main
structural relaxation.12 Lowering the temperature, the relaxation
peak observed in the electric modulus is shifted to lower
frequencies with the same apparent activation energy as that of
the dc conductivity. WhenτM increases toward 100 s, a value
often used to define the glass transition temperature from
dielectric measurements, another relaxation peak with a smaller
strength enters our frequency window at the high-frequency end
(see Figure 1a). Its characteristic time increases with decreasing
temperature in a thermally activated fashion; also the relaxation
peak broadens, and its amplitude or relaxation strength de-
creases.

Figure 1b shows the temperature dependence of the charac-
teristic times of the relaxation processes present in BMP-BOB
in an Arrhenius representation. The main relaxation, related to
the ionic conductivity, shows a markedly non-Arrhenius tem-
perature dependence, which can be well described in the whole
experimental temperature range by a single Vogel-Fulcher-
Tammann (VFT) law of the form (solid line in Figure 1b):

At atmospheric pressure, the fit to eq 1 gives a value ofτ∞ )
6.6 × 10-14 s for the infinite temperature extrapolation of the
relaxation time,Ea ) 0.11 eV (10.6 kJ/mol) for the limiting
activation energy at high temperatures, andT0 ) 191 K. Also
plotted in Figure 1b are the characteristic times of the secondary
relaxation, which exhibit an Arrhenius behavior at temperatures
belowTg with an activation energy of 0.3 eV (29 kJ/mol). The
temperature dependence changes nearTg, and the secondary
process depends steeply on 1/T, its characteristic time being
too small to enter our accessible frequency range. The pre-
exponential factor (about 10-14 s) and the activation energy
obtained from the Arrhenius fit to this relaxation (solid straight
line) are typical values of the secondary relaxations observed
in other conventional glass formers.4,5 Whether it is an intrinsic
process, so-called Johari-Goldstein (JG) type,18 or not, should
be elucidated by examining the pressure dependence of this
relaxation.7,8,20,21

The effect of applying pressure to the electric response of
the IL is observed in Figure 2a, where the imaginary part of
the electric modulus is plotted versus frequency at a fixed
temperature, 278 K, and increasing pressures from 50 to 500
MPa. It can be observed that the main relaxation process is
slowed in this pressure range from a characteristic time of the
order of 10-6 s to much longer than 102 s, the longest time
(lowest frequency) limit of our experimental setup. Figure 2a
evidences that the secondary process is much less sensitive to
pressure, because at atmospheric pressure we clearly observe
this process whenτM is below 1 s, but there is no trace of a
secondary relaxation in the electric modulus spectra whenτM

is well below that value, even at the highest pressures. When
further decreasing the temperature to 258 K and at the highest
pressure, 0.5 GPa, the secondary process starts to appear at the
high-frequency limit of our experimental window and keeps the
strength of the relaxation in the order of 10-2 (not shown). We
can conclude that pressure almost does not affect this secondary
process, which indicates that it is not an intrinsic or JG
relaxation, because this kind of process exhibits a significative
pressure dependence similar to that of the primary or main
relaxation process.5-8,22 In Figure 2b, the characteristic times

Figure 1. (a) Imaginary part of the electric modulusM′′ of the ionic
liquid BMP-BOB versus frequency at ambient pressure and fixed
temperatures in the range 123-303 K (temperatures are shown in the
figure for each curve). A main relaxation process corresponding to ionic
conductivity relaxation and secondary relaxation in the glassy state
appears as peaks. (b) Characteristic times of the relaxation processes
of BMP-BOB in an Arrhenius representation. Main process at
atmospheric pressure and 0.5 GPa, and secondary process at atmo-
spheric pressure are shown as9 and0, andb, respectively. Solid lines
are fits to a Vogel-Fulcher-Tammann equation in the case of the main
relaxation and to an Arrhenius behavior for the secondary relaxation
(see text).

τM ) τ∞ exp[Ea/kB(T - T0)] (1)
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of the main relaxation are plotted versus pressure for five
different isotherms in the range from 258 to 296 K. At the two
highest temperatures, 288 and 296 K, and considering the good
fits of the temperature dependence of the characteristic relaxation
times to the VFT law, the extrapolated value from the fit at
atmospheric pressure is included in the graph to complete the
data (see Figure 2b). It can be observed that the effect of
increasing pressure results in an increase of the relaxation time
at all temperatures.

There are several models proposed to account for the pressure
and temperature dependence of the relaxation times in the
dynamics of glass formers.5-7 A common approach is to
consider the relaxation as a volume activated process,

with an activation volume∆V. The timesτ0(T,0) in the above
expression are the characteristic relaxation times at atmospheric
pressure, and in the framework of transition state theory, the
dependence of the characteristic times with pressure can be used
to define the activation volume as:5-7

with ∆V the difference in volumes of activated and nonactivated
species. However, the value of∆V is almost never observed in
experiments to be constant but to vary with bothP andT, and
consequently some explicit dependence on these variables must
be introduced to fit the experimental data. A widely held practice
is to use a dependence of the form∆V ) RTDP/(P0 - P), and
then one obtains the equivalent of the VFT equation:5-7,23

In fact, the latter equation can be deduced from the temperature
VFT law by using the transformationT-1 ∝ P, which comes
from the experimental observation that lowering temperature
has a similar effect on the relaxation times as does compression.
Fits of the characteristic times of the main relaxation of BMP-
BOB to eq 4 are shown as solid lines in Figure 2b, and the
parameters obtained from the fits are listed in Table 1. It can
be observed that these fits are reasonably good for all of the
isotherms shown in the figure, and the pressure dependence of
the relaxation times in the measured range is thus well captured
by eq 4.

The good fits obtained to the pressure dependence of the
relaxation times allow one to extrapolate the fits to estimate
the pressure for which the relaxation time is equal to 100 s at
each fixed temperature, and thus obtain the pressure dependence
of the glass transition temperatureTg(P). This is plotted in Figure
3. As can be observed from the solid line in Figure 3, we find
that Tg of BMP-BOB can be well described by the empirical
equation:24,25

with k1 ) 227,k2 ) 2.80, andk3 ) 1920. AlthoughTg(P) values
at τ ) 100 s were obtained by extrapolation, we would like to
remark that choosing another arbitrary value of the characteristic
time to define Tg results in essentially the same pressure
dependence. This can be observed in Figure 3, where the
pressure dependence for transition temperatures obtained by
using the criterionτ ) 1 s is also shown for comparison. The
pressure coefficient of the glass transition temperature, dTg/dP,
decreases with increasing pressure in BMP-BOB, as usually
found in other glass formers,7 and the value in the limit of low
pressures is found to be dTg/dP ) 125 K/GPa. This is a rather
intermediate value, above the pressure coefficient of molecular
glass formers, which present H-bonds like propylene glycol (37
K/GPa), glycerol (40 K/GPa), orm-fluoroaniline (81 K/GPa),
but below that of the van der Waals materials (200-300
K/GPa).7

Figure 2. (a) Imaginary part of the electric modulusM′′ of the ionic
liquid BMP-BOB versus frequency at 278 K and fixed pressure from
50 MPa to 0.5 GPa (pressure in MPa is shown in the figure for each
curve). (b) Pressure dependence of the characteristic times of the main
relaxation process, the ionic conductivity relaxation, at different
temperatures (258, 268, 278, 288, and 296 K, from top to bottom).
Data at the two highest temperatures at atmospheric pressure are
extrapolated values from the VFT fit shown in Figure 1b. Solid lines
are fits to eq 4, and the fit parameters are given in Table 1.

τM(T,P) ) τ0(T,0) exp(P∆V/RT) (2)

∆V ) RT(∂ ln τ
∂P )T

(3)

τM(T,P) ) τ0(T,0) exp(DPP/(P0 - P)) (4)

Figure 3. Pressure dependence of the glass transition temperatureTg

of the ionic liquid BMP-BOB. The pressure dependence is found to be
similar independently of the criterion used to defineTg, τ ) 100 s (9)
or τ ) 1 s (0). Tg data atτ ) 100 s were obtained by extrapolating the
fits to eq 4 in Figure 2b. The solid line is a fit to eq 5. The solid circle
representsTg at τ ) 100 s as obtained by extrapolation of the VFT fit
of relaxation times at 0.5 GPa.

TABLE 1: Parameters Obtained from the Fits to Eq 4 To
Describe the Pressure Dependence of the Relaxation Times
at Fixed Temperature (See Solid Lines in Figure 2b)

T/K τ0/s DP P0/MPa

258 9.87× 10-6 23.6 705
268 9.13× 10-7 31.5 977
278 1.37× 10-7 32.9 1220
288 3.14× 10-8 32.4 1420
296 1.29× 10-8 29.5 1550

Tg ) k1(1 + k2/k3P)1/k2 (5)
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Isobaric characteristic times of the main relaxation of BMP-
BOB at the highest pressure 0.5 GPa are plotted in Figure 1a
as0. The experimental data are very accurately described by
using a VFT law (eq 1) withT0 ) 202.8 K,τ0 ) 5.6 × 10-17

s, andEa ) 0.27 eV. An estimation of the pressure dependence
of T0 can thus be obtained, and although sometimes the pressure
dependence ofT0 andTg has been reported to be similar in the
low-pressure limit, in general they exhibit different pressure
dependence,5-7 as it is found here for BMP-BOB. It is also
interesting to comment on the pressure dependence found for
the isobaric fragility,mp ≡ d log τ(Tg)/d (Tg/T)|P. In the inset
to Figure 3, the temperature dependence of the relaxation times
at atmospheric pressure and at 0.5 GPa is represented in a so-
called Angell’s fragility plot, where the slope of the data curves
atT ) Tg directly yields the isobaric fragility. It can be observed
from this plot the large value found for the isobaric fragility in
this ionic liquid (mp ) 100 ( 10 at 0.1 Mpa), and that it
decreases when increasing pressure (mp ) 65 ( 5 at 0.5 GPa).
Such a reduction of the fragility when increasing pressure is
typically observed in glass-forming liquids, except for the case
of hydrogen-bonded liquids.7

Finally, we address the validity of pressure-temperature
superposition in ionic liquids, which is a key issue in the
understanding of the glass transition from a theoretical point of
view. In Figure 4, we analyze the shape of the electrical
conductivity relaxation of BMP-BOB. The main panel in the
figure shows the dependence of the spectral shape ofM′′ with
temperature and pressure. The imaginary part of the electric
modulus is plotted at 231 and 245 K at atmospheric pressure
(solid lines), together with data at 0.5 GPa and 283 and 308 K
(0). These temperatures were chosen to have relaxation times
similar to those of the isotherms measured at ambient pressure.
Experimental data were very slightly shifted in frequency to
match perfectly the peak frequency to that of the data at
atmospheric pressure, so that the spectral shapes can be more
easily compared. It can be clearly observed from Figure 4 that
the pressure-temperature superposition holds in BMP-BOB for
the main relaxation; that is, when the characteristic time is the
same, irrespective of the specific pressure-temperature condi-
tions, the shape of the main relaxation is also exactly the same.
The only difference of the spectra at low temperatures and
ambient pressure from those at higher temperatures and pressure
(0.5 GPa) is the strength of the secondary relaxation, which is
observed to depend very slightly on pressure, so that its

characteristic times are out of the experimental frequency
window at high temperatures for any value of the pressure. To
quantify the change (broadening) in the spectral shape ofM′′
when increasing the relaxation timeτM by decreasing the
temperature, we fit the electric modulus data to the Fourier
transform of a KWW function,fKWW ) exp(-(t/τKWW)â), which
has been shown to describe accurately the main relaxation
process in many different systems.16,21These fits are shown as
dashed lines in Figure 4. The exponentâ is usually termed
stretching parameter and accounts for the deviations observed
in experimental data from a symmetric peak inM′′ that would
arise from a purely exponential or Debye relaxation (â ) 1).
Thus, the broader and more asymmetric the peak is, the lower
is the value ofâ obtained in the fit. As it is usually found, the
fits to KWW functions reproduce very well the maximum in
the electric modulus and the low-frequency side of the peak,
underestimating the experimental data at the highest frequencies
(at least an order of magnitude higher than the peak frequency).
The inset in Figure 4 shows the correlation between the
relaxation time and the spectral shape of the relaxation function
as given by the stretching parameterâ. In the temperature range
analyzed, the relaxation timeτM increases from approximately
10-6 to 5 s, and the width of the relaxation peak monotonically
decreases with the value of the KWW exponent decreasing from
â ) 0.59( 0.01 toâ ) 0.49( 0.01. As temperature decreases
the relaxation time increases, and the relaxation function slows
down in a way that temperature-pressure superposition holds.
Data in the inset of Figure 4 are presented for two different
values of applied pressure (P ) 0.1 MPa andP ) 0.5 GPa),
and it can be observed that, within experimental error, the value
of â is the same for a given relaxation time, independently of
the pressure-temperature conditions. This finding strengthens
the importance of the temperature-pressure superposition as a
model-independent experimental fact that should be incorporated
in any theory or model of the glass transition. Most of the current
theories or models consider separately the pressure-temperature
dependence of the structural relaxation time and the slowing
(stretching) of the relaxation, and thus are not able to account
for this experimental finding. In fact, to our knowledge, the
only exception is the Coupling Model approach.8

Conclusions

In summary, we have investigated the effects of applying high
pressure on the electrical conductivity relaxation in a liquid ionic
conductor, the ionic liquid 1-butyl-1-methylpyrrolidinium bis-
[oxalate]borate. We find that the dynamic response under
pressure in this ionic liquid is similar to that of nonionic glass
formers. We analyzed the pressure dependence of the glass
transition temperature and found that previously proposed
models account for the experimental results. A secondary
relaxation process, weakly depending on pressure, is observed,
but the main relaxation process shows temperature-pressure
superposition. Thus, the spectral shape of the main relaxation
broadens with increasing pressure or decreasing temperature,
but is found to be the same when the relaxation time is the
same, whatever the combination of pressure and temperature
values.
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