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ABSTRACT: We examine the density scaling properties of two
ionic materials, a classic aprotic low molecular weight ionic liquid,
1-butyl-3-methylimidazolium bis(perfluoroethylsulfonyl)imide
([BMIm][BETI]), and a polymeric ionic liquid, poly(3-methyl-
1,2,3-triazolium bis(trifluoromethylsulfonyl)imide) (TPIL). Den-
sity scaling is known to apply rigorously to simple liquids lacking
specific intermolecular associations such as hydrogen bonds.
Previous work has found that ionic liquids conform to density
scaling over limited ranges of temperature and pressure. In this
work, we find that the dc-conductivity of [BMIm][BETI]
accurately scales for density changes of 17%; however, there is a
departure from scaling for TPIL for even more modest variations
of temperature and pressure. The entropy of both ionic samples
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conforms to density scaling only if the scaling exponent is allowed to vary linearly with the magnitude of the entropy.

B INTRODUCTION

There can be little doubt that ionic liquids (ILs) are among the
most studied materials of late in the physical sciences. Many
theoretical and experimental efforts have been directed toward
understanding their complex nature, which is significantly
different from that of conventional liquids. Especially of
interest are the microscopic details of the structure, the
intermolecular forces, and their effect on the relaxation
dynamics, charge transport, and the viscoelastic properties.
Although electrostatic effects dominate the interactions in ILs,
hydrogen bonds, 7-stacking of the cation rings, and dispersion
forces collectively give rise to diverse and often unique
physicochemical behavior, including exceptional chemical
stability, low vapor pressures, high enthalpies of vaporization,
incombustibility, and high electric conductivity."” These, in
turn, lead to many applications of ILs, e.g., in syntheses,
engineering, and electrochemical devices.>™*

To design modern electrolytes for next-generation recharge-
able batteries the conceptual boundaries of the IL field have
expanded to a range of systems characterized by a high density
of ions, most notably polymerized ionic liquids (PILs).’”’
Despite their classification as single-ion conductors, the
macromolecular nature of PILs complicates the conductivity
behavior.® The main mechanism is hopping of nonbonded
ions, which is strongly influenced by the size and symmetry of
the ions, dissociation energy of the ion pair, the polymer chain
flexibility, and the segmental dynamics. These features divide
PILs into two groups: materials with charge transport governed
by segmental motions and those with ion hopping that is
effectively independent of the polymer dynamics. Regardless of
the mechanisms underlying ion mobility, suppression of
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crystallinity is essential and PILs are very generally good
glass-formers.

Exploiting ILs and PILs for technology requires determining
their conducting, viscoelastic, and thermodynamic properties
over broad conditions of temperature and pressure. This need
is magnified by the absence of a generally accepted model to
explain and predict the properties, particularly in the vicinity of
the melting and glass transition temperatures, T, and T,
respectively. One approach to this problem is via density
scaling”

x = f(TV7) (1)

where x represents a physical variable quantifying the
molecular dynamics, f is a function, V is the specific volume,
T the temperature, and y the scaling exponent. Equation 1
implies that the viscosity, conductivity, relaxation time, or
diffusion constant will superpose onto a single master-curve
versus TV".”'" The magnitude of the scaling exponent y is
related to the steepness of the repulsive part of the short-range
intermolecular potential'*'* and thus can be treated as a
material constant directly related to the structure of the given
material. Note it has been shown that the entropy also satisfies
the density scaling relation, with a scaling exponent connected
to the Gruneisen parameter, y5.'>"* The viscosity of ILs with
imidazolium cations and fluorinated anions was shown to
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Figure 1. Dc-conductivity, 6, data of (A) [BMIm][BETI] and (B) TPIL as a function of temperature and pressure (see the Methods for details).

comply with eq 1."® It should be stressed that decoupled ionic
liquids with fast proton transport also conform to density
scaling.'™"® If density scaling of the dc-conductivity and
entropy can be established generally for both ILs and PILs, it
would make possible the prediction of dynamic and
thermodynamic properties at any temperature and pressure.
This obviously would facilitate the evaluation of new
applications and the design of industrial processes employing
these materials.

In this work, we investigate the conductivity and entropy for
two ionic materials over a broad range of T, P, and V. The
materials were a low molecular weight, aprotic IL, 1-butyl-3-
methylimidazolium bis(perfluoroethylsulfonyl)imide
([BMIm][BETI]), and a PIL, poly(3-methyl-1,2,3-triazolium
bis(trifluoromethylsulfonyl)imide) (TPIL); their structures are
shown in Figure SI. Both have potential applications as
electrolytes for energy technologies, such as electrochemical
devices.

We find that density scaling is accurate for the conductivity
of the IL over a broad range of conditions (17% change in V),
but data for the PIL show a departure from eq 1. Thus, the
scaling exponent for the dc-conductivity, y°, is state-point
independent for IL but varies systematically for the PIL, even
though for the latter the changes in V were limited to 14%. We
also find a relationship between the Gruneisen parameter and
the entropy for both materials, from which a single master
curve can be constructed, enabling the prediction of
thermodynamic properties over all conditions from measure-
ments limited to ambient pressure.

B METHODS

Materials. [BMIm][BETI]. 1-Butyl-3-methylimidazolium
bis(perfluoroethylsulfonyl)imide (CAS number 254731-29-8;
purity >98%) was purchased from Iolitec company (Ger-
many). IL was used without any further purification. Prior to
measurements, the sample was dried and degassed under low
pressure at temperatures not exceeding 373 K. TPIL. A
modified protocol was used for the synthesis of TPIL by N-
alkylation of the 1,2,3-triazole groups and the introduction of
the bis(trifluoromethylsulfonyl)imide counter-anions in a
single step using N-methyl bis(trifluoromethylsulfonyl)imide
(CH,TESI, >90%, Merck) as described earlier."” More details
can be found in ref 19.
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Dielectric Spectroscopy. Dielectric spectra were meas-
ured using a Novocontrol Alpha Analyzer, in combination with
a Quatro temperature controller with a nitrogen gas cryostat
(accuracy better than 0.1 K). Samples were tested in a
capacitor arrangement, using steel electrodes (15 mm
diameter), with a fixed separation (0.08 mm) maintained by
a quartz ring. The applied electric field was 0.1 V.

For measurements at pressures up to 500 MPa, the sample
capacitor was placed in a pressure chamber filled with silicone
oil. The pressure was measured using a Unipress device with a
resolution of 1 MPa. The temperature was controlled within
0.1 K using a Weiss environmental chamber, with measure-
ments as low as 203.2 K.

To parametrize the dc-conductivity data of [BMIm][BETI]
the modified Avramov was applied; the details are presented in
SI The dc-conductivities of the TPIL were reported in ref 19.

DSC. Calorimetric experiments of [BMIM][BETI] were
performed by a Mettler Toledo DSC1STAR system equipped
with a liquid nitrogen cooling accessory and an HSS8 ceramic
sensor (a heat flux sensor with 120 thermocouples). The
sample was contained in aluminum crucibles with a 40 uL
volume. Prior to the measurement, the sample was annealed 15
min at 373 K, followed by heating from 143 to 373 K at rate 10
K min~% During the experiments, a flow of nitrogen was
maintained at 60 mL min~'. Enthalpy and temperature
calibrations were performed using indium and zinc standards.
Calorimetric experiments of TPIL were reported in ref 19.

TMDSC. Temperature-modulated differential scanning
calorimetry measurements were obtained at a heating rate of
0.5 K min~". The amplitude of the pulses was 1 K.

PVT. TPIL. These measurements employed a Gnomix
dilatometer,””*" with mercury as the confining fluid. The
pressure range was 10 to 200 MPa, at temperatures from 303
to 423 K. The accuracy of the obtained specific volume was
0.002 mL g™'. The Gnomix measures only changes in volume;
these were converted to absolute values using the specific
volume determined for ambient conditions, = 0.7152 mL g~'
for TPIL.

[BMIM][BETI]. The mass density of [BMIM][BETI] is well
documented in the literature at ambient pressure and different
temperatures.”” The specific volume was measured by a
custom-made bellows and piezometer apparatus combined
with a Manganin pressure cell from Hardwood Engineering.
Hydrostatic pressure was applied to the sample using a manual
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Table 1. Coefficients of the EOS Equation (eq 2) along with Standard Deviations

Ay/mL g~ A; X 10*/mL g ' K™ A, X 107/mL g™ K2 YEos b;/MPa b, X 10*/K™*  6V/mL g™*
[BMIm] [BETI]  0.61698 + 0.00080 4.02 £ 0.20 1.59 + 0.11 115+ 02 32060 + 6.8 5.1+02 0.00002
TPIL 0.69108 + 0.00011 4.19 + 0.02 —148 +0.13 131 +£0.1 34677 £ 11.5  4.08 + 0.03 0.00001

hydraulic pump and intensifier. The pressure range covered
was 0.1—400 MPa and with five separate isothermal measure-
ments between 256 and 345 K.

B RESULTS

Density Scaling of Conductivity. The dielectric proper-
ties of [BMIm][BETI] and TPIL under various thermody-
namic conditions were studied by broadband dielectric
spectroscopy (see the Methods for details). Representative
dielectric spectra of [BMIm][BETI] and TPIL at frequencies
from 107" to 10" Hz are presented in the conductivity
formalism o'(f) in Figure S2. With shifting along both the
ordinate and abscissa, the curves superimpose (inset of Figure
S2). From the superposed curves, three regions can be clearly
identified for both materials: (i) a low-frequency deviation
from the plateau attributed to the polarization effect, typical for
ion-conducting materials; (ii) a frequency-independent region
associated with the dc-conductivity, 64; and (iii) power-law
behavior at higher frequencies. The quantity considered in this
work is the dc-conductivity, and in both materials 64, can be
detected in the supercooled liquid state as well as at higher
temperatures. Thus, the ion dynamics can be followed over 13
orders of magnitude. The oy for different isotherms and one
isobar at 0.1 MPa are displayed in Figure 1, with the expected
decrease with either isobaric cooling and isothermal
compression.

More useful for our purposes is the dependence of 64, on V.
PVT results of these materials (specific volume as a function of
temperature and pressure is summarized in Table S1; see the
Methods for details) were parametrized by fitting an equation
of state (EOS) of the form™

— Ay + AI(T - ’I;) + AZ(T _ T;)z
{1 + (YEOS/bl)(P — R)exp[bz(T _ ’Tr)]}l/rEOS

2)

Ay Ay, A, Yeog by, and b, are material constants, shown in
Table 1 with P, =0.1 MPaand T, = T, = 1904 Kand T, = T, =
240.8 K for [BMIm][BETI] and TPIL (obtained from
differential scanning calorimetry (DSC); see the Methods),
respectively. The choice of T, at T, (P) is arbitrary; any
sufficiently low temperature would sufﬁce Using the fitted
EOS, oy is plotted as a function of V (Figure 2A).

As described in the literature, the parameter y° can be
determined in different ways.”*>° In this work we employed
the model-independent procedure”®*” (insets a and b of
Figure 2A), according to which T(V) for constant oy, is plotted
double logarithmically versus V, with the slope of the obtained
straight line (assuming eq 1 holds) equal to the scaling
exponent y°. The average y° values calculated in this way are
2.85 + 0.0S and 2.69 + 0.20 for IL and PIL, respectively.

Scaled plots of oy versus TV' are shown in Figure 2C; a
collapse of the data onto a single curve is more evident for IL.

Density Scaling of Entropy. To evaluate the dependence
of the total entropy on V, S was calculated using
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Figure 2. (A) Isothermal and isobaric dc-conductivity data of
[BMIm][BETI] and TPIL presented as a function of specific volume.
Insets a and b present the results from the horizontal crossing of the
—log 64.(V) data of [BMIm][BETI] and TPIL, respectively. (B) The
values of y” for [BMIm][BETI] and TPIL calculated from the slope of
the lines presented in insets a and b. (C) Scaled plots of the o, data
of [BMIm][BETI] and TPIL in terms of TV?°.

S(T, P) = S(T, r)+f C,/T dT—

T

P
/R (aV(T, P)/dT), dP o

where S, is the entropy at the reference condition and the Cp is
the molar isobaric heat capacity. Cp is a linear function of T
and can be obtained at ambient pressure from temperature
modulated differential scanning calorimetry (TM-DSC; see the
Methods). The obtained relations were C,(T) = 0.7809T +
458.85 J mol™' K™! for [BMIm][BETT] and C (T) = 14.042T
+24210 J mol™" K™ for TPIL. Using the PVT data (Table 1),
we calculated the third term in eq 3 for different isotherms.
This was done for both materials over the same intervals of
temperature and pressure (AT = 140 K, AP = 400 MPa). The
results for S—S, as a function of V are shown in Figure 3A.

To obtain the values of the scaling exponent we employed
the method used for the dc-conductivity (insets a and b of
Figure 3B), for values of S—S; from 50 to 300 J mol™' K" with
a step of 50 J mol™" K™ for [BMIm][BETI], and for TPIL,
from 1 to 13 kJ mol™' K™! with an increment of 2 kJ mol™
K™!. For both materials, a linear relation is obtained, with a
slope yielding the exponent y; at constant S—S,, denoted
herein y". These y;>* vary linearly with S—S, (inset ¢ of
Figure 3B). Scaled plots of S—S, using this nonconstant ;>
are shown in Figure 3B.

B DISCUSSION

Two ionic materials were studied, a low molecular weight
aprotic IL and a macromolecular PIL. The unique feature of
the PIL is the pseudo-aromatic structure of the 1,2,3-triazolium
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Figure 3. (A) Isothermal and isobaric values of S—S, of [BMIm]-
[BETI] and TPIL plotted as a function of specific volume. (B) A
scaled plot of S-S, of [BMIm][BETI] and TPIL in terms of TV‘:;S‘;
that is, the scaling exponent is not constant. Insets a and b the results
from the horizontal crossing of the S—S,(V) data of [BMIm][BETI]
and TPIL respectively. Inset ¢ the linear variation of the entropy
scaling exponent for [BMIm][BETI] and TPIL calculated from the
slope of the lines in insets a and b.

cation along with ethylene oxide in the polymer segment and
the bis(trifluoromethylsulfonyl)imide anions with high con-
formational flexibility, strong delocalization of the negative
charge, and an insensitivity to moisture.

Conformance to density scaling of o;. was assessed for V
changes of 17% for the IL and 14% for the PIL (Figure 2A).
The obtained scaling exponent for IL is essentially constant(y”
= 2.85 + 2%). This result is at odds with simulations*®
suggesting that density scaling with an invariant exponent is
only expected for simple liquids, for example simulated systems
interacting via pair potentials having one type of intermolecular
repulsive interaction. The expectation is that competition
between van der Waals and Coulombic forces would disrupt
the correlations, reflected in a breakdown of density scaling.
Although electrostatic forces dominate in IL, hydrogen
bonding, van der Waals forces, and 7z-stacking of the cation
rings also exert an influence. Nevertheless, the IL tested herein
conforms well to density scaling (Figure 2B,C), in agreement
with an earlier study of an IL over a more limited range of
thermodynamic variables.'> In the present work, y° remained
state-point independent over volume changes of 17%,
encompassing the supercooled and high temperature regimes.
In contrast, simulations have found departures from eq 1 for
similar volume changes.”

The PIL offers an interesting contrast because the cations
are constrained. The suppression of the cation mobility means
the PIL is effectively a single-ion conductor. Nevertheless, for
IL and PIL charge transport is strongly coupled to the
structural and segmental dynamics, respectively, as shown by
the slope of Walden plots (Figure S3) being close to unity. In
previous work, based on additional measurements and
calculations, it was found that the mobility of ions mimics
both the viscosity and segmental relaxation behavior for the

TPIL." More details can be found in ref 19. However, in the
case of the PIL, density scaling breaks down, with y” increases
by 16% (Figure 2B), over a range that is smaller than for the IL
(V changes by 14% vs 17%).

It has been reported previously that the entropy for a
number of liquids conforms to density scaling, with the scaling
exponent identified with the Gruneisen parameter.**°~>* For
the IL 1-butyl-3-methylimidazolium bis-
(trifluoromethylsulfonyl)imide ([BMIm][TFSI]), density scal-
ing of S was demonstrated over a narrow range, i.e, AT = 30 K
and AP = 200 MPa.*' However, from the thermodynamic
definition of the Gruneisen parameter, = VapCy 'k, where
ap and Ky are isobaric thermal expansion and isothermal
compressibility, respectively, y; must change, at least in
principle, with changes in temperature and pressure. In this
work, we found that, for constant S—S,, y; is constant. Thus,
the collapse of all data into a single curve cannot be achieved
with a constant yg (Figure 3).

To summarize, we analyzed density scaling of the dc-
conductivity and entropy of two structurally different ionic
systems, [BMIm][BETI] and TPIL. For the aprotic IL studied
herein, the conductivity data, covering 13 orders of magnitude
and volume changes of 17%, collapse onto a single master
curve when plotted versus TV, with a constant scaling
exponent y°. We observe quite different behavior in this first
study of a PIL. y” changes by 16% for volume changes of 14%.
Concerning scaling of the entropy, for both materials a master
curve can be obtained by taking the exponent y¢*™ to be a
linear function of S-S.. In addition to adding to our knowledge
base for these important materials, this work demonstrates how
their physicochemical properties can be predicted for
conditions beyond those measured. This has obvious utility
in the design and development of new products and
applications.
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