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a b s t r a c t

We report a systematic study of the effect of salt concentration and its cation valence on several equilib-
rium and transport properties of mixtures of the model protic ionic liquid ethylammonium nitrate with
monovalent (LiNO3), divalent (Mg(NO3)2 and Ca(NO3)2), and trivalent (Al(NO3)3) salts. These properties,
determined by appropriate experimental techniques, include density, sound velocity, refractive index,
surface tension, conductivity and viscosity. Single-particle dynamics and radial distribution functions
were also analyzed by means of molecular dynamics simulations. The temperature dependence of the
conductivity was studied in the Vogel-Fulcher-Tammann framework, and we obtained effective activa-
tion energies, fragility indexes, and Vogel temperatures. In addition, we performed a high-temperature
Arrhenius analysis and we calculated the activation energies of both conductivity and viscosity.
Finally, the exponents of the fractional Walden rule for the different mixtures were obtained and the ion-
icities and fragilities of the systems were analyzed, proving that all the mixtures are subionic and fragile.
The distortion of the network of hydrogen bonds characteristic of protic ionic liquids and the formation of
long-lived anionic aggregates composed of the cations of the added salt and the nitrate anions in their
first solvation shell were found to have a deep impact on the analyzed properties. The role of the surface
charge density of the salt cations on the structure and transport properties of the solutions is detailedly
analyzed and related to solvation of salt species in the polar nanoregions of the ionic liquid (nanostruc-
tured solvation).

� 2022 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Ionic liquids (ILs) are a new class of amphiphilically nanostruc-
tured solvents composed entirely of ions and with melting points
usually below 100 �C whose relevance has exponentially increased
over the last decades due to a number of unique properties, such as
negligible vapor pressure, good thermal and chemical stability,
large electrochemical windows and high solvation capacity, arising
from a complex interplay of coulombic, hydrogen bonding, and van
der Waals interactions of their ions [1]. Regarded as environmen-
tally friendly designer-solvents [2], these liquids are replacing
traditional solvents in a surprisingly large number of applications,
including electrochemistry, spectroscopy, catalysis and material
science to mention a few [3–6].

According to their chemical synthesis, ILs may be broadly sepa-
rated into two categories: protic ionic liquids (PILs) and aprotic
ionic liquids (AILs), the former being formed by the transfer of a
proton between a Brönsted acid and a Brönsted base [7–9]. The
presence of proton-donor and proton-acceptor sites leads to the
formation of a well-known network of hydrogen bonds, which pro-
vides them with a number of unique properties compared to other
ILs. Ethylammonium nitrate (EAN), reported in 1914 by Walden
with a melting point of 287:6 K [10], became the very first known
IL. However, although EAN has been widely studied over the last
century mainly due to its similarities with water [11], the truth
is that AILs have received far more attention than PILs and some
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relevant issues on the latter still have not been addressed. Particu-
larly in the field of electrochemistry, PILs have been considered as
interesting candidates for fuel cells [12,13] and supercapacitors
[14–16]. However, the vast majority of the studies concerning
the use of ILs in lithium-ion batteries involved AILs [17–19]. In this
regard, several publications reported the potential use of PILs as
electrolytes for these devices, since they not only display promis-
ing performance but they are also cheaper and easier to synthesize
than AILs [20–26]. For example, Menne et al. [20] experimentally
investigated for the first time electrolytes composed of a solution
containing triethylammonium bis(trifluoromethylsulfonyl) imide
(tEATFSI) mixed with lithium bis(trifluoromethylsulfonyl) imide
(LiTFSI), and they found that PILs could be successfully introduced
in lithium-ion batteries due to their conductivities, capacities and
electrochemical windows comparable to those of AILs. A year later
[21], they expanded their study reporting an experimental investi-
gation on the lithium coordination in two PILs in order to get a
detailed knowledge of the mobility of lithium cations in this kind
of electrolytes. The authors obtained a sort of competitive beha-
viour for the coordination of the IL anion with both positively
charged ions; whereas several computational studies [22,23]
revealed strong interactions between lithium cations and nitrate
anions giving rise to solid-like structures in the polar nanoregions
of EAN, PAN and BAN with LiNO3. Moreover, Gómez-González et al.
pioneeringly reported similar behavior for divalent salts in mix-
tures of Mg(NO3)2 with EAN [27]. In addition, Vogl et al. [25,26]
analyzed the conductivity, viscosity and self-diffusion coefficients
of pyrrolidinium-TFSI PILs doped with LiTFSI and studied the dif-
ferences between PILs and AILs in terms of TFSI� anions coordina-
tion to Li+ cations. This has been recently complemented by Ray
et al. [28], who performed a molecular dynamics (MD) study of
the solvation of the Li+ ions in ILs and their influence on their
physicochemical properties, proving, as had been previously found
by some of us [22,23,27,29,30], that the solvation of the salt cations
takes place by ‘‘an inhomogeneous structuring mechanism consid-
ered to be a ‘‘universal” type of ion solvation”. This solvation, pre-
viously named ‘‘nanostructured solvation” by Russina et al. [30],
consists in the formation of long-lived, solid-like [LiAn]1�n clusters
in the polar nanoregions of the solvent, preserving, to a great
extent, the structure of the IL itself, which is barely affected by
the addition of the salt. MD studies with similar results have been
reported recently for divalent cations Mg2+ and Ca2+ in both protic
and aprotic environments [27].

On the other hand, several strategies have been followed during
the last years with the aim of improving the electrochemical per-
formance of these IL-based electrolytes, ranging from employing
mixtures of ILs and organic solvents to doping the ILs with divalent
salts [27,31]. As an example, Hayes et al. [31] investigated the bulk
nanostructure of several inorganic salt solutions in EAN and
ethanolammonium nitrate (EtAN) by means of neutron diffraction
and empirical potential structure refinement modelling. They
reported the solvation of inorganic salt ions in the polar nan-
odomains of the mixture, in agreement with the MD results found
by some of us [22,23]. Very recently, Russina et al. [30] performed
X-ray diffraction and reverse Monte Carlo simulations of the struc-
tural properties of a mixture of EAN and LiNO3, showing that
lithium cations are distributed in the amphiphilically driven polar
domains where they undergo a further level of self-segregation
giving rise to ionic clusters. These features constitute the essentials
of a new selective solvation mechanism of solutes in amphiphili-
cally nanostructured ionic liquids, and have been also experimen-
tally shown among others by Niedzicki et al. [32], who reported the
formation of crystalline complexes where lithium cations and imi-
dazolium anions create chain-shaped [Li(TDI)2]nn� polyanions sur-
rounded by [XMIm]+ cations in 4,5-dicyano-2-(trifluoromethyl)
imidazolium) (TDI) anion based systems.
2

The previously mentioned characteristics of the nanostructured
solvation of salts in these densely ionic media, with the formation
of a pseudolattice of cation–anion complexes in the polar nanore-
gions of the IL giving rise to stabilized nanocrystals in solution,
usually result in reduced solubility of the salts, increased viscosity
and decreased electrical conductivity and transport numbers rela-
tive to that of the pure IL. This has lead to the consideration of tern-
ary systems in which a molecular cosolvent is added to dilute the
mixture, restoring its above mentioned properties to battery-grade
values. For instance, Karpierz et al. [33] combined glymes at appro-
priate concentrations to optimize electrical conductivity and
lithium cation transference numbers profiting from the formation
of [Li(glyme)n]+ complexes in the mixture together with immobile
aggregated lithium polyanions responsible for higher transference
numbers. On the other hand, MD simulations of N-methyl-N-
propylpyrrolidinium bis(trifluoromethanesulfonyl) imide (TFSI)
ionic liquid [Pyr13][TFSI] doped with [Li][TFSI] salt mixed with
the organic solvents ethylcarbonate and acetonitrile were reported
by Li et al. [34], and they found enhanced the ion mobility, spe-
cially that of the Li+ cation. The transport number of the salt cation
doubles at 40 mol % of acetonitrile, and its residence time in the
cages of the ILs is dramatically reduced in the ternary mixtures.
Of course, this strategy of enhancing the IL-salt mixture properties
with molecular cosolvents should also take into account the
decrease in electrochemical stability resulting from the introduc-
tion of the cosolvent. For that, and despite the very large decrease
of viscosity and increase of electrical conductivity [35], usually
water has been avoided due to its evident inconveniences, but
recently the ‘‘water-in-salt” electrolytes have been shown to be
compatible with high-voltage aqueous lithium ion batteries [36].
In highly concentrated ionic solution, mixed metal/water/anion
complexes are formed, so water molecules are mainly in their
hydrated form, leading to enhanced electrochemical window.
Hence, the possibility of preparing water-IL-salt ternary mixtures,
quite natural due to the composition of hydrated salts, arises and
the properties of these mixtures must be conveniently explored.

On the other hand, although lithium is the most successful
material for batteries so far, the increasing interest in electrochem-
ical devices has led to the need of developing batteries with pro-
gressively better performance. Hence, divalent and trivalent salts
have been considered and they also showed prosperous operation
and several advantages [37,38]. In a recent paper [27], Gómez-
González et al. compared the structure and single-particle dynam-
ics of EAN doped with divalent salts with those of an AIL, 1-butyl-
3-methylimidazolium hexaflurophosphate ([BMIM][PF6]), mixed
with the same inorganic salts. Their MD simulations indicated
stronger electrostatic correlations of the polar nanoregions in the
mixtures with divalent salts when compared to those with mono-
valent cations. However, a further understanding of the effect of
adding inorganic salts to ILs is still required. Specifically, the
knowledge of the physical properties of solutions of multivalent
salts in PILs is still in its infancy.

In this work we deepen into the physical effects of salt solution
in ILs reporting experimental measurements and MD simulations
of several thermodynamic and transport properties of monovalent
(LiNO3), divalent (Mg(NO3)2, Ca(NO3)2) and trivalent (Al(NO3)3)
salts with common anion dissolved in EAN. In order to understand
the effect of the nanostructured solvation of ions in dense ionic sol-
vents, we analyze the dependence of these properties on the salt
concentration as well as on the charge of their cations. Particularly,
we report measurements of volumetric properties, refractive
indices, surface tension, electrical conductivities, and viscosities.
Moreover, we analyze fragilities and ionicities of the investigated
mixtures from the fragility and Walden plots, respectively. To the
best of our knowledge, this is the first time most of them are
reported for PILs doped with inorganic salts.
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The structure of the paper is as follows. In the next section we
describe the experimental and computational techniques used to
determine the properties of the systems investigated. The follow-
ing section includes the discussion of the results and, finally, we
summarize our main conclusions.
2. Experimental and computational details

2.1. Chemicals

EAN was purchased from IOLITEC with a purity degree > 97%,
and it was used as received. We prepared solutions of EAN with
different salts: LiNO3 (Merck, 99.995%), Ca(NO3)2�4H2O (Panreac,
98.0–103.0%), Mg(NO3)2�6H2O (Panreac, 98.0–102.0%) and Al
(NO3)3�9H2O (Scharlau, 98–192%) and concentrations up to the sat-
uration limits (see Table 1). The purities of the divalent and triva-
lent salts refer to contents measured by the complexometric
titration method.

The solubilities of the salts in EAN were determined gradually
adding small amounts of the salt to 5 g of EAN -taking into account
their hydration degrees to calculate the concentrations EAN
samples- and drying the mixture at 333 K under continuous soni-
cation and moderate vacuum (P 6 10�3 atm) during 48� 72 hours,
and the occurrence of any precipitate (usually formed between
24� 48 hours after mixing) was visually checked.

The residual amount of water was then tested for the saturated
mixtures by means of a Karl Fischer analysis using a Mettler Toledo
Coulometer and by nuclear magnetic resonance (NMR) measure-
ments. 1H NMR spectra were obtained using a Varian Inova 750
spectrometer at 750 MHz without rotation of the samples and
without using any internal or external standards.The chemical shift
(d) of a line was measured from the position of the line ]1 for which
the d value was taken as 1.0 ppm according to available literature
data [39]. NMR measurements indicate that water molecules are
free in the bulk of mixtures with cations of low surface charge den-
sity, Li+ and Ca2+, showing chemical shifts d ¼ 4:7 ppm in both
cases, while they are hydrating the highly charged ones, Mg2+

(d ¼ 6:5 ppm) and Al3+ (d ¼ 9 ppm), with no free water detected
in these latter samples after drying. According to our observations,
some water content (albeit residual) seems to be necessary for
achieving the dissolution of the salts in the dense ionic environ-
ments up to these relatively high solubility limits, since almost
no solubility was detected if mixtures were prepared after drying
EAN and the salt. Moreover, as we will describe in more detail later,
this bounded water could be not a major drawback in what elec-
trochemical window is concerned. The actual average water con-
tents of our saturated samples are shown in Table 1.
2.2. Density and ultrasound velocity measurements

Density and speed of sound were continuously, simultaneously,
and automatically measured for a temperature interval from 288 K
Table 1
Solubility limits of salts in EAN at room temperature at the shown average water contents o
ionic potentials (q=r) and surface charge densities (q=4pr2) of the salt cation for LiNO3, M
oxidation states. (⁄) indicates hydration water. Uncertainty for the solubility is 0:1 mol kg

Salt Solubility Water content
(mol�kg�1) (ppm)

LiNO3 2:4 < 100
Ca(NO3)2 1:0 < 100
Mg(NO3)2 2:5 < 10000 �ð Þ

Al(NO3)3 2:5 < 10000 �ð Þ

3

to 313 K using a DSA 5000 Anton Paar SVM 3000 density and sound
velocity analyzer. The densimeter was calibrated with dry air and
distilled water at known pressure and temperature. This apparatus
is equipped with a latest-generation vibrating tube for density
measurements and a stainless-steel cell connected to a sound
velocity analyzer with resolutions of �10�6 g � cm�3 and
10�2 m � s�1, respectively. Both the speed of sound and density
are extremely sensitive to temperature, so the latter was controlled
to within �10�3 K by means of a Peltier module. The reproducibil-
ity of density and ultrasound measurements was �10�5 g � cm�3

and 10�1 m � s�1, respectively.

2.3. Surface tension measurements

Surface tension measurements in the temperature range from
283.15 to 313.15 K were made by two methods to ensure repro-
ducibility. First, we employed a pendant drop shape method,
whose specific details have been reported elsewhere [41]. This
equipment is managed by a Windows integrated program (DINA-
TEN) that provides the interfacial. Moreover, we used a Krüss ten-
siometer (K11 model) based on the Wilhelmy plate method. The
solutions were maintained at a constant temperature (�0.1 �C) in
a circulating water bath.

2.4. Viscosity and electrical conductivity measurements

Viscosity measurements were obtained by means of an Anton
Paar automatic microviscosimeter in a temperature interval from
288:15 to 313:15 K, controlled automatically by the equipment.
We employed two measuring system sets: the first one equipped
with a capillary tube of diameter 1:8 mm and a ball of diameter
1:5 mm was used to obtain viscosities up to 70 mPa � s�1, and the
second one, with diameters of 4:0 and 3:0 mm, respectively, for
higher viscosities.

Electrical conductivity was measured at a constant frequency of
500 Hz using a conductimeter Mettler Toledo, model Sevenmulti
S47 with an Inlab 730 conductivity probe operating over a wide
temperature range from 223 to 373 K. The integrated temperature
sensor avoids the need for a separate temperature probe when
compensating for the difference in temperature between the sam-
ple and the reference temperature. The temperature of the samples
(between 283 and 373 K) was controlled using a Julabo F25 ther-
mostat calibrated with an external sensor Crison T-637, which pro-
vided a precision better than 0:1 K in the range of temperature
measured. It is important to note that all measurements were done
by means of a static isothermal method; thus, the sample was
allowed to spend about 15 min at constant temperature before
any single measurement was performed, while close to solid–liq-
uid phase transitions that period was increased to at least
30 min. For low temperatures (< 258 K), temperature control
was achieved by means of a Lauda Proline RP 890 with a measure-
ment range that extends from 178 to 473 K.
f the mixtures, most reliable ionic radii in the coordination number shown in brackets,
g(NO3)2, Ca(NO3)2 and Al(NO3)3. Ionic radii were taken from Ref. [40] for the used

�1.

Ionic radius Ionic potential Charge density
(Å) (e nm�1) (e nm�2)

0:59 (IV) 16:9 22:9
1:0 (VI) 20:0 15:9
0:72 (VI) 27:8 30:7

0:54 (VI) 55:6 81:9
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2.5. Refractive index

The wavelength-dependent refractive index was measured by a
white light spectral interferometry-based technique named RISBI
(Refractive Index Spectroscopy by Broadband Spectroscopy) [42].
The experimental device is constituted by a homemade instrument
that is composed by a stabilized halogen light source, a Michelson
interferometer and a fiber coupled spectrometer covering the
wavelength range from 400 to 1000 nm. The instrument has
already been exhaustively described in previous publications
[42–44]. Refractive index at 589 nm was also measured by Abbe
Refractometry by means of a multi-wavelength refractometer
(Atago DR-M2) with a measurement range from 1.30 to 1.71 at this
wavelength. The temperature was controlled by using a circulating
water bath and measured with a resolution of 0.1 K by means of a
thermocouple sensor in direct contact with the IL. The experimen-
tal resolution of these devices is 2�10�4.
2.6. Simulation details

MD simulations of pure EAN mixed with a 10% mole percentage
of LiNO3, Mg(NO3)2 and Ca(NO3)2 at T ¼ 298:15 K and P ¼ 1 atm
were carried out using the GROMACS 4.5.4 package [45]. With regard
to the parametrization of the ions, the OPLS-AA force field was
used, which is an all-atom version of the OPLS force field that mod-
els every hydrogen atom bonded to carbon explicitly and whose
details have been reported in Ref. [46].

The ethylammonium cation was modelled by using the
Lennard-Jones (LJ) parameters previously reported by Umebayashi
et al. [47], while its partial charges were evaluated by Choe et al.
[48] using the 6-31G** method. Lithium cations were modelled
as single sites of charge þ1, whereas magnesium and calcium
cations were modelled by a single site of charge + 2; their LJ
parameters were directly taken from GROMACS database. On the
other hand, each nitrate anion was parameterized as a set of seven
sites, three of them heavy and the other four virtual. A heavy site
carries no charge, but it is associated with 1/3 of the total mass
of the ion and placed so as to yield the right tensor of inertia. In
contrast, virtual sites are massless but have partial charges of
qN ¼ þ0:794 for the nitrogen atom and qO ¼ �0:598 for the oxygen
atoms [49], whose LJ parameters are, respectively, rN ¼
3:496 � 10�1 nm; eN ¼ 7:1128 � 10�1 kJ mol�1

;rO ¼ 3:175 � 10�1 nm,

and eO ¼ 8:7864 � 10�1 kJmol�1; and were fitted in order to repro-
duce the experimental density of the pure IL.

The initial configuration for the percentage of salt used in the
calculations, which is a lower value than the solubility limit in all
cases, was obtained by randomly inserting 450 ionic pairs of IL in
a cubic box. The number of salt molecules was calculated for each
situation by considering each ionic pair as a single unit in the cal-
culation of mole fraction and it was chosen to guarantee statistical
significance of the results (N > 50 ion pairs). The rest of the details
of the simulations have been reported elsewhere [22,27].

For each molar percentage of salt, the system was equilibrated
for 20 ns in the isothermal-isobaric NpTð Þ ensemble applying peri-
odic boundary conditions. We have employed 20 ns long simula-
tions, time enough to ensure complete equilibration and
sampling of relevant enough regions of the phase space. One must
recall to this respect that the experimental bulk density of the IL
and its mixtures is reached after 0:5 ns, and the correlation of the
ion velocities are completely dumped out after 1 ns. Then, the
results of an additional 10 ns–long simulation in the isothermal-
isobaric ensemble were used for the analysis of the structure of
the mixtures.
4

3. Results and discussion

Firstly, we measured the solubility limits of the different salts in
EAN at room temperature according to the procedure described
above, and the results are shown in Table 1. As can be seen there,
the salts with the lowest solubilities are those containing less den-
sely charged cations. We must mention that these systems must be
considered as ternary systems, since they include different
amounts of water (see Table 1). Notwithstanding, these quantities
are low enough to be considerably below the ‘‘solvation numbers”
of conventional electrolytes (� 1.0 mol�kg�1). As the number of
salt + IL ions largely outnumber that of solvent molecules (water),
these systems fit the definition of water-in-salt electrolytes of Suo
et al. [36]. As reported by the authors, the scarcity of water mole-
cules in highly concentrated electrolytes solutions (at molal con-
centrations > 10 m) leads to drastic changes in the solvation
sheath of the salt cations, since mixed complexes of cation–anion
and water molecules are formed. It is this inclusion of the IL and
salt anions in the solvation shell of the cations which alters the
interfacial chemistry at the electrodes, realizing much expanded
electrochemical window [36]. Expectedly, this is also the case in
our systems. For example, in the case of the lithiated mixtures,
ab initio MD simulations [50] showed that lithium ions have a
well-defined first hydration shell of four water molecules arranged
with tetrahedral symmetry in dilute enough aqueous electrolyte
solutions. Each of these first-shell hydration molecules are bonded
to three other water molecules in the second hydration shell, and
their fourth binding is occupied by the central lithium ion itself.
However, in our dried saturated EAN/LiNO3 mixtures (100 ppm
water content), only 3 water molecules per 1000 Li cations are
available. Hence, considering that completely dried samples are
immiscible, we conclude that the solvation shells of Li cations
include these residual water together with NO3

� anions. A detailed
investigation of the electrochemical windows and interfacial
chemistry of these ternary mixtures of ILs, salts and residual water
is, however, needed to confirm these claims, and systematic work
is now in progress.

In order to understand the solubility trend (Ca<Li�Mg = Al), we
must consider the peculiar nanostructured solvation mechanisms
of ions in ILs. As we described in the Introduction to this paper,
the added ions are known to be transferred to the polar nanocavi-
ties in the bulk mixtures [22,30], while the structure of the polar
nanodomains of the IL is highly resilient to salt addition [22,27].
Only the heights of the peaks of the radial distribution functions
(RDFs) are slightly changed as concentration increases, and no rel-
ative shift of their positions is detected. Hence, no significant effect
is exerted by the salt cations in the structure of the liquid beyond
some gradual transference of [NO3]� to the interior of the polar
regions from the [NH3]+ neighborhood. The insertion of a cation
in these regions of the IL produces strongly bound cation–anion
complexes [XAn]n�1 with intense electrostriction of the polar
regions. These complexes are more strongly bound the higher the
surface charge density of the cation. Besides, highly charged
cations like Mg2+ or Al3+ should induce nitrates to coordinate those
regions with the highest negative charge density, i.e. the oxygens
in the IL anion. This coordination gives rise to a very strong solva-
tion of the salt cations, which could prevent crystallization more
efficiently, incrementing the solubility limit of the salt. On the
other hand, the cations with the lowest charge density would pro-
duce more weakly bound complexes and, therefore, they allow an
easier formation of crystallization nuclei (probably, mixed water-
anion-metal cation [M(H2O)n(NO3)m]z�m complexes) in the polar
domains that actually lead to precipitation of the solid salt at lower
concentrations. Moreover, as we previously mentioned, these com-
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plexes are probably further stabilized by the presence of water
molecules in the first solvation shell of the anions.

This coordination between nitrate anions and salt cations can
be clearly observed by quantifying spatial structure through the
analysis of the RDF,

gij r12ð Þ ¼ 1
qiqj

XN
i;j

d r!1 � r!i

� �
d r!2 � r!j

� �D E
; ð1Þ

where q is the number density, N stands for the number of particles
in the system, i and j run over all the species, and brackets indicate
the ensemble average. The accuracy of the OPLS-AA force field was
previously tested comparing the experimental density of the mix-
tures to the MD predictions [27]. The RDFs involving the nitrate
anions and the salt cations for a salt fraction of xsalt ¼ 0:1 in their
corresponding mixtures are shown in Fig. 1. It must be clarified that
for the calculations of the RDFs we considered the center of mass of
the defined groups. As it was previously stated, this figure indicates
a stronger interaction between [NO3]� anions and the correspond-
ing salt cations the greater the charge density of the salt, which
Fig. 1. Anion-salt cation RDFs in mixtures of EAN with LiNO3, Mg(NO

Fig. 2. Concentration dependence (molality) of the density (a), the speed of sound (b) a
(NO3)2, Ca(NO3)2 and Al(NO3)3 at 298:15 K. Supersaturated values are shown for Li, Mg
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contributes to the formation of stable anion-cation clusters and
their slower diffusion. In addition, the increase of the charge density
of the salt cations (see Table 1) leads to the virtual disappearance of
the first part of the double peak corresponding to the bidendate
conformation, and to a strong preference for a monodentate coordi-
nation with the negatively charged oxygens of the nitrate anion, as
mentioned previously. This could possibly prevent the efficient
packing of the highly charged cations in the nanoregions, hence
leading to enhanced solubilities [27]. However, we should also take
into account that the actual mixtures of Mg2+ and Al3+ employed in
this study contain also hydration water (not explicitly included in
the simulations, since it presumable leads only to minor modifica-
tions of the overall structure of the system).

The RDFs provide a structural picture of the local environment
of the cations in which the first shells of cations with the lowest
valency are split into two subshells. The first shell of the salt
cations in the studied non hydrated mixtures consists of 4 (LiNO3)
and 6 (Mg(NO3)2, Ca(NO3)2, and Al(NO3)3) NO3

� anions coordinating
the corresponding salt cation. In the case of cations with low ionic
potentials and charge densities (Li and Ca), these anions are placed
3)2, Ca(NO3)2 and Al(NO3)3 for a salt concentration of xsalt ¼ 0:1.

nd the adiabatic compressibility (c) of pure EAN and its mixtures with LiNO3, Mg
and Al mixtures.



Fig. 3. Concentration dependence of the apparent molar volume of LiNO3, Mg(NO3)2, Ca(NO3)2 and Al(NO3)3 in mixtures with EAN. The open dots correspond to the values for
the pure anhydrous salts [51]. The density of anhydrous Al(NO3)3was not available.
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at two different distances corresponding to monodentate and
bidentate conformations, in the latter with slightly higher proba-
bility the lower the size and the rest at ca. 0.5 nm [27]. However,
the bidentate (lower distance) coordination mode is almost com-
pletely absent in the case of mixtures of EAN and Mg2+ and it does
not appear at all in the case of Al3+, which confirms the role of the
charge density in the solvation of these cations in the polar nanore-
gions of the IL in the form of ionic clusters [XAn]1�n. Of course, the
composition of these simulated clusters could change if water was
included in the simulations, a work which is now in progress.

Fig. 2 shows the concentration dependence of the speed of
sound, v, in the hereby reported systems (b) together with the adi-
abatic compressibility of these mixtures (c) obtained by means of
the well-known Laplace equation, Ks ¼ 1=qv2. The inverse relation
of this magnitude with the structural order of the mixtures
explains the fact that Ks decreases increasing the amount of salt
in all the analyzed cases. Furthermore, it can be seen that the adi-
abatic compressibility decreases with the valency of the salt cation,
indicating that the addition of those salts with cations of larger
valencies leads to more densely packed and more compact mix-
tures. This effect is more pronounced the larger the valency, and
comes from the formation of compact ionic clusters. Moreover,
as it was previously reported by some of us [27], the network of
directed hydrogen bonds in EAN is more strongly distorted the
Fig. 4. Wavelength dependence of the refractive index of pure EAN and its mixt
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greater the charge density of the salt cations, which leads to a
stronger molecular reorientation that breaks the liquid network
of hydrogen bonds inducing a structural transition in the mixture
that makes it more difficult to be compressed.

Further information on the structural effect of salt addition to
EAN can be obtained with volumetric studies of the solutions.
Fig. 2 (a) shows the concentration dependence of the density (q)
of pure EAN and its mixtures with LiNO3, Mg(NO3)2, Ca(NO3)2
and Al(NO3)3 at room temperature. A monotonic increase with
concentration is registered for all the studied mixtures, which is
approximately linear except at concentrations close to saturation.
In addition, the density increases at constant concentration as
the mass and the charge of the salt cation increase. In the case of
divalent salts, those mixtures with Ca2+ show approximately the
same densities as those with Mg2+ within our experimental
resolution.

Moreover, some of us have recently reported MD simulations
proving that both the apparent molar volumes and the partial
molar volumes for the salts with monovalent and divalent cations
remain approximately constant upon the addition of salt [27]. This
behavior suggests that the local environment of the salt ions
changes very little with concentration in EAN, and the experimen-
tal results obtained in this paper are in very good agreement with
these predictions (see Fig. 3). As can be also seen there, these
ures with LiNO3, Ca(NO3)2, Mg(NO3)2 and Al(NO3)3 near the solubility limit.



Fig. 5. Concentration dependence of the refractive index of the mixtures of EAN with LiNO3, Ca(NO3)2, Mg(NO3)2 and Al(NO3)3 for k ¼ 589 nm and T ¼ 298:15 K. The inset
shows the same values plotted against the concentration normalized by the solubility limits.

Fig. 6. Concentration dependence (molality) of the surface tension of mixtures of EAN with LiNO3, Mg(NO3)2, Ca(NO3)2 and Al(NO3)3 at 298:15 K. Dashed line corresponds to
the value of pure EAN (49.350 mN m�1) reported in Ref. [53].
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values at high concentrations differ relatively few from those for
the pure salts, indicating that the salts are accommodated in a
solid-like fashion in the polar nanoregions of the IL. At low concen-
trations we can observe slight increases in all the apparent vol-
umes due to concentration uncertainties. Probably, these
volumes correspond to regions with relatively isolated ions within
the polar nanoregions, that tend to develop into quasisolid phases
at high concentrations.

Trying to get a further confirmation of the formation of these
solid-like structures in the mixtures upon salt addition, we
7

measured the refractive index dispersion of the different samples
and also their dependence on salt concentration. Our results are
plotted in Fig. 4 for the studied mixtures. All the mixtures show
normal dispersion as it was expected since neither the PIL nor
the salts presented anomalous dispersion or electronic resonances
in this spectral range. By comparing with the pure PIL wavelength
dependent refractive index, the effect of the addition of the salt in
the refractive index is similar all over the spectral range consider-
ing the experimental uncertainty. The effect increases with the
valence of the metal, and it is attributed to changes in density



Fig. 7. Concentration dependence of the conductivity (a) and the viscosity (b) for pure EAN and its mixtures with LiNO3, Mg(NO3)2, Ca(NO3)2 and Al(NO3)3 at 298:15 K. Green
dots correspond to the values of pure EAN (data taken from Ref. [53]).
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and in polarizability. The latter are mainly conditioned by the
valence of the metals, or number of nitrate groups, and the former
by the refractive index of the salts.

The concentration dependence of the refractive index of the
studied mixtures is shown in Fig. 5. Notice, firstly, that the refrac-
tive indices of saturated solutions of divalent salts (1 mol�kg�1 Ca
(NO3)2 and 2 mol�kg�1 Mg(NO3)2) are very close, with differences
between them below 9�10�4. This can be understood by consider-
ing that although the density of Ca(NO3)2-PIL solution (1.29 g�
cm�3) is smaller than that of the Mg(NO3)2-PIL solution (1.36 g/
cm3), the refractive index of Ca(NO3)2 (nD= 1.46) is higher than
the refractive index of Mg(NO3)2 (nD=1.34), respectively, and both
contributions offset each other. The influence of polarizability can
be behind the value of refractive index of the monovalent LiNO3-
PIL dissolution (nD=1.4597), closer to the refractive index of the
saturated divalent solutions than expected. Although the density
value is the smallest (1.27 g/cm3), the refractive index value of
the pure salt is the highest (nD =1.735). The maximum value of
the refractive index is found for the 2 mol�kg�1 PIL + Al(NO3)3.
The density value is also the highest and the refractive index of
Al(NO3)3 salt is nD =1.54. However, this reasoning is not sufficient
to explain why the refractive index of the Ca-based solution is
higher than that of PIL + LiNO3, indicating that other factors asso-
ciated with the structure of the solvation, such as packing, closely
related to the valence, contribute to the final value of the refractive
index.

As can be also seen in Fig. 5, the refractive indices of the studied
solutions increase with salt concentration until saturation. The
behaviour observed in the mixtures is compatible with more
solid-like, less compressible mixtures if one takes into account that
the refractive index is influenced by density fluctuations, and that
the magnitude of these fluctuations is roughly proportional to the
glass transition temperature and the compressibility of the melt
above the glass transformation temperature [52]. The observed
trend is compatible with this rule. Besides, as can also be seen in
Fig. 5, a sort of corresponding states trend is registered for Ca2+

and Mg2+, which behave closely alike at the same reduced density.
Specifically, the exception of Ca2+ in the density space disappears
in the reduced density plot. This suggests the occurrence of elec-
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tronically equivalent states in these systems controlled basically
by the electronic density spatial distribution, but certainly more
work is needed in this line in order to clearly elucidate the origin
of this behavior and the role, if any, the metal cation valency could
play in it.

Fig. 6 shows the concentration dependence of the surface ten-
sion of the systems considered in this study. As one can see in this
representation, within the uncertainty of our experimental proce-
dure, only very small variations of the surface tension with salt
concentration or with the valence of the salt cation are registered.
Hence, just like with that in the bulk mixture, we can conclude that
the addition of salt to pure EAN provokes very small changes on
the surface environment suggesting also a relative indifference of
salt ions either for bulk or surface environments. This may be
due to the nanostructure of the PIL allowing an equivalent accom-
modation of the salt ions at the air–liquid interface and in the bulk.
It is well-known [8] that both IL ions are present at the surface, so
both cation and anion exert some influence on the surface tension,
and the essential details of the nanostructure of the bulk IL are
reproduced at the interface, giving rise to a two-dimensional net-
work of polar nanoregions where the salt ions can be solvated in
a similar fashion to that in the bulk. According to previously
reported models [7,54], the charged groups point towards the bulk
of the PIL, and the hydrocarbon chains of the cations are exposed to
air, which could provide a rationale for the relative independence
of the surface tension of the solutions on ion valence. Besides, a
decrease in the hydrogen bonding degree of EAN is known to be
associated with the increase of salt concentration both for mono-
valent [22] and divalent [27] salts, being the effect slightly more
marked in the latter case. This decrease would induce a reduction
of the energetic requirements for the deformation of the IL–air
interface, hence leading to a decrease of the surface tension with
salt addition. However, this tendency seems to be compensated
by the energetically-favored solvation of the ions in the polar
nanoregions of the bulk PIL, so the solvation of salts in this PIL
seems to produce little or no effect on the surface tension, behav-
ing very much like sugars in aqueous solutions [55].

Turning now to the effect of salt addition on the transport prop-
erties of EAN, Fig. 7 represents the electric conductivity (a) and vis-



Fig. 8. Time dependence of the MSD of the salt cation in mixtures of EAN with
LiNO3, Mg(NO3)2, Ca(NO3)2 and Al(NO3)3 for a salt molar fraction xsalt ¼ 0:1.
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cosity (b) measurements for the systems analyzed in this paper at
room temperature. The conductivity of these mixtures decreases
not only increasing the amount of salt, but also as increasing the
salt cation charge, whereas the concentration dependence of the
viscosity shows exactly the opposite behaviour. This reflects the
slowdown of both the mass and charge transport mechanisms,
the more intense the greater the charge density of the added salt
cations.

To get a more sound microscopic foundation, in addition to
these macroscopic results, single-particle dynamics of the ions in
monovalent and divalent salts was analyzed using MD simulations
by calculating the mean square displacement (MSD) of salt cations
in the mixture, defined as

MSD ¼ Dj r! tð Þj2
D E

¼ 1
N

XN
i¼1

j r!i tð Þ � r!i 0ð Þj2
* +

; ð2Þ

where r! tð Þ is the location of the center of mass of ion i at time t, the
sum extends over all the ions present in the mixture and brackets
indicate the ensemble average. In Fig. 8 we show an illustration of
the behaviour of MSDs of lithium, calcium, magnesium and alu-
minium cations for a salt concentration xsalt ¼ 0:1 in their corre-
sponding mixtures. The results show a slower diffusion of the
ions the larger the valency of the salt cation. This behaviour is con-
sistent with their higher charge densities drastically reducing their
mobilities, forcing them to remain in very long-lived cages. As we
reported in previous works [29,22], the behaviour of these systems
suggests the formation of anionic aggregates (composed of the salt
cations and the anions in their first coordination layer) that diffuse
as pseudo-stable kinetic entities. The coordination between nitrate
anions and the salt cations was found to be stronger the larger the
valence of the salt [22,27], which ultimately leads to more resilient
clusters and a slower dynamics. However, at long enough times, it
seems that Al3+ crosses to the diffusive regime faster than Ca2+,
which could probably be related with the smaller size of the triva-
lent cation (see Table 1).

In order to further analyze the dynamics of these systems, we
measured the temperature dependence of their electrical conduc-
tivity and viscosity. The results for the electrical conductivity
Fig. 9. Temperature dependence of the electrical conductivity of mixtures of EAN a
concentration. Stars correspond to the conductivities of pure EAN during heating (open s
are guides to the eye.
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(measured during cooling cycles) saturated solutions and for an
intermediate concentration are plotted in Fig. 9.

In this representation we can observe that the conductivities
fall significantly below the value of the pure EAN in the liquid
phase (both above the melting temperature, 285 K, and in the
supercooled region), confirming the effect of salt addition on the
electrical conductivity of ILs commented above. Moreover, the con-
ductivities of the salts with the cations of lower charges are consis-
tently larger than those with higher ionic potentials. Moreover, the
observed conductivities of the mixtures fall well below the values
for the pure IL measured during the cooling part of the freezing-
melting hysteresis loops at the liquid–solid phase transition.
Besides, no abrupt fall of the electrical conductivity is registered
in the supercooled regions of these mixtures, something which
was analyzed and attributed to peculiarities of the hydrogen bond
network in pure EAN [53]. The role of the cation formal charge on
the behaviour of supercooled electrolyte solutions was originally
nd LiNO3, Mg(NO3)2, Ca(NO3)2 and Al(NO3)3 at saturation and an intermediate
ymbols) and cooling (solid symbols) cycles (see Ref. [53] for details). The solid lines



Fig. 10. Arrhenius plots for the conductivities of pure EAN (data taken from Ref. [53]) and its mixtures with LiNO3 (a), Ca(NO3)2 (b), Mg(NO3)2 (c) and Al(NO3)3 (d) near the
solubility limit and at an intermediate concentration. The red lines shown in the plot correspond to the fitting to the VFT Eq. 3 (parameters shown in Table 2).

Fig. 11. Arrhenius plots for the viscosities of pure EAN and its mixtures with LiNO3 (a), Ca(NO3)2 (b), Mg(NO3)2 (c) and Al(NO3)3 (d) near the solubility limit and at an
intermediate concentration. The lines shown in the plot are guides to the eye.

Table 2
Fitting parameters of the experimental conductivities of mixtures of EAN with LiNO3, Mg(NO3)2, Ca(NO3)2 and Al(NO3)3 to the VFT equation (Eq. 3).

IL lnr1 (mS cm�1) D T0 (K) B (kJ mol�1)

EAN 6:781� 0:064 2:68� 0:17 170:8� 3:2 3:81
EAN + LiNO3 (1 m) 6:87� 0:17 3:29� 0:49 164:0� 8:0 4:50
EAN + LiNO3 (2 m) 7:15� 0:15 3:74� 0:46 162:7� 6:6 5:07

EAN + Ca(NO3)2 (0.5 m) 7:08� 0:09 3:3� 1:4 173:0� 21:0 4:74
EAN + Ca(NO3)2 (1 m) 6:81� 0:18 2:57� 0:34 189:1� 6:5 4:05

EAN + Mg(NO3)2 (1.5 m) 6:56� 0:08 1:99� 0:13 203;6� 2;3 3:38
EAN + Mg(NO3)2 (2.5 m) 8:10� 0:23 6:01� 0:87 150:0� 8:0 7:53
EAN + Al(NO3)3 (1.5 m) 7:23� 0:42 3:16� 0:88 185:0� 14:0 4:87
EAN + Al(NO3)3 (2.5 m) 7:75� 0:07 4:10� 1:75 179:0� 22:0 6:11
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Fig. 12. Fragility plot for pure EAN and its mixtures with LiNO3 (a), Ca(NO3)2 (b), Mg(NO3)2 (c) and Al(NO3)3 (d) near the solubility limit and at an intermediate concentration.

Table 3
Fitting parameters of the experimental conductivities and viscosities of mixtures of EAN with LiNO3, Mg(NO3)2, Ca(NO3)2 and Al(NO3)3 to the Arrhenius equation.

IL Conductivity Viscosity

lnr1 (mS cm�1) EKA (kJ mol�1) lng1 (mPa� s) EgA (kJ mol�1) fWalden f ¼ EKA =E
g
A

EAN 10:01� 0:12 16:89� 0:34 �6:42� 0:19 24:24� 0:43 0:813� 0:036 0:70
EAN + LiNO3 (1 m) 10;20� 0:18 18:23� 0:06 �6:49� 0:23 25:20� 0:56 0:89� 0:03 0:72
EAN + LiNO3 (2 m) 10:78� 0:19 20:08� 0:06 �7:51� 0:37 28:12� 0:91 0:85� 0:03 0:71

EAN + Ca(NO3)2 (0.5 m) 11:17� 0:28 21:32� 0:09 �7:43� 0:18 29:49� 0:45 1;27� 0:20 0:72
EAN + Ca(NO3)2 (1 m) 11:65� 0:30 22:93� 0:10 �8:20� 0:33 31:81� 0:82 1:28� 0:08 0:72

EAN + Mg(NO3)2 (1.5 m) 12:00� 0:37 23:96� 0:12 �7:50� 0:34 30:30� 0:83 1:44� 0:08 0:79
EAN + Mg(NO3)2 (2.5 m) 12:40� 0:21 25:74� 0:07 �10:51� 0:59 39:1� 1:5 1:01� 0:06 0:66
EAN + Al(NO3)3 (1.5 m) 12:57� 0:35 25:90� 0:11 �11:63� 0:27 41:31� 0:66 1:51� 0:24 0:63
EAN + Al(NO3)3 (2.5 m) 13:68� 0:40 29:80� 0:13 �17:3� 2:7 57:7� 6:7 0:95� 0:04 0:52
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reported by Angell and Sare [56]. According to these authors, the
formal charge of the cation exerts a significant influence on the
glass transition temperature of aqueous electrolyte solutions,
together with the viscosity coefficient. However, the same authors
warn that this is not the dominant factor determining the value of
Tg for an arbitrarily selected electrolyte solution, and that the role
of the anion has to be also properly taken into account. The
absence of sharp jumps in conductivity in the supercooled region
for the studied cations suggests that salt addition confers a stron-
ger character to the ionic mixtures relative to that of pure EAN
[57,58].

Fig. 10 presents the Arrhenius plot for the conductivities of the
mixtures analyzed in this paper, and Fig. 11 shows the same plot
for the viscosities. These compounds clearly exhibit a non-
Arrhenius glassy dynamics, since their conductivities increase in
a non-linear way with increasing temperature. This glass transition
in the low temperature region is related to a slowdown of both
relaxation and transport processes [59], which is due to a huge
decrease in the number of accessible microstates (configurational
entropy) as temperature decreases. As a result, the relaxation and
transport mechanisms experience several restrictions that are
described by the Vogel-Fulcher-Tammann (VFT) equation [60,61]

lnr ¼ lnr1 � DT0

T � T0
; ð3Þ

where D is the fragility index or strength index, which is inversely
proportional to the kinetic fragility of the liquid [62], and T0 is
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the vanishing mobility temperature, also known as the Vogel tem-
perature. As it is well-known, these dense ionic systems exhibit,
in general, a thermal activation of the VFT type [63,64], which is
associated to the presence of several relaxation times in the under-
lying dynamics characteristic of disordered systems. On the other
hand, the Vogel temperature included in Eq. 3 can be considered
to essentially agree with the glass transition temperature for infi-
nitely slow processes [65], which is approximately the case in this
work. In those cases in which T 	 T0, the previous equation recov-
ers the Arrhenius relation

lnr ¼ lnr1 � EKA
kBT

; ð4Þ

when the activation energy of the conductivity, EKA , is the same for
all the ionic hopping motions between ion cages, the main charge
transport mechanism in ILs and their mixtures, as has been reported
by Araque et al. [66–68]. The experimental values obtained for the
conductivities included in Fig. 10 were fitted to the VFT Eq. (3) and
the obtained parameters are shown in Table 2. The effective activa-
tion energy, which is related to the Vogel temperature and the fra-
gility index by B ¼ DkBT0 [9], is also included in Table 2.

As can be observed in Table 2, the conductivity at infinite tem-
perature slightly increases upon the addition of an inorganic salt to
the pure IL. Additionally, we found that the Vogel temperature
decreases, but for Ca(NO3)2, as the concentration of the salt
increases, which is the opposite trend obtained, in general, for
the fragility index. Our results reveal a general behaviour in which



Fig. 13. Walden plot of pure EAN and its mixtures with LiNO3 (a), Ca(NO3)2 (b), Mg(NO3)2 (c) and Al(NO3)3 (d) near the solubility limit and at an intermediate concentration.
The lines shown in the plot are guides to the eye. The fitting parameters are included in Table 3.
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the mixtures are more fragile the lower the salt cation charge,
showing energy landscapes with more potential energy minima
and metastable states [57,69,58]. This is also consistent with the
inorganic salt breaking a greater fraction of the H-bond network
formed in pure EAN the greater the valence of the added salt, hence
giving rise to stronger liquids.

Analyzing the fragility plot included in Fig. 12 we can reach the
same conclusion. All the mixtures show a behaviour of the viscos-
ity with marked deviations from an Arrhenius law, these devia-
tions being more important the greater the salt cation charge.
Since the fragility is a measure of the thermal sensitivity of the liq-
uid, it could be stated that the viscosity of those mixtures with
LiNO3 changes in a more gradual way when they are cooled near
the glass transition temperature than those systems doped with
Al(NO3)3. That is, the former mixtures ‘‘remember” the structure
that they had as a glass when they are heated up to the glass tran-
sition temperature more strongly than the latter systems do. This
behaviour is expected to be related to the lower hydrogen bonding
degree of EAN when mixed with inorganic salts with a greater
valence.

Finally, we have fitted both the high-temperature conductivity
and viscosity data to the Arrhenius equation, and the parameters
are shown in Table 3. As can be observed in this table, the limiting
conductivities follow the same trend as the one found in the VFT
fits. On the other hand, the activation energies increase both with
the amount of salt that is present in the mixture and also with the
salt cation charge. Furthermore, in Table 3 we compare the activa-
tion energies obtained from the fits to Arrhenius equations of the
experimental values of both conductivity and viscosity. We can
see that the conventional Walden rule (Kg ¼ cte) does not apply,
since both activation energies do not have the same value. Hence,
the mechanism of electric conduction by these compounds cannot
be considered completely ionic or electrophoretic. In these dense
ionic systems, the ions are strongly coordinated and their beha-
viour deviates from Walden’s rule, since conductivity is influenced
by inevitable, albeit transient, ion associations and other correla-
tions. In particular, we can observe in Fig. 13 that all the mixtures
studied in this work show a subionic behaviour and are located
quite far from the ideal line typical of highly diluted, totally disso-
ciated, strong electrolyte solutions represented by the 0:01 M KCl
12
solution. As we have seen, the Walden rule seriously breaks down
for this kind of systems and needs to be replaced by the so-called
fractional Walden rule, Kgf ¼ C [70], where C is a constant known
as the Walden product that takes a value between 0 and 1. The
fractional Walden rule implies that the Arrhenius activation energy
for conductivity is lower than that for viscosity, which can be
explained in terms of the different sizes of the ions in ILs. The slope
of the fractional Walden plot, f, is related to the degree of ionic
association and it is expected to be similar to the ratio of the acti-
vation energies of conductivity and viscosity. In our case, the f val-
ues are in good agreement with those obtained by fitting the
experimental conductivity and viscosity to the Arrhenius beha-
viour. Since the Walden plot shows large negative deviations from
the ideal line, the presence of very strong correlations (such as ion
pairing) must be highlighted. In this case, this indicates once again,
in agreement with the evidences shown above, that the doping of
the PIL with an inorganic salt leads to the formation of ionic clus-
ters ([XAn]1�n) composed by the cation of the added salt and the
anions in the first coordination shell that diffuse as recognizable
kinetic entities [22]. To be effective in this respect, these aggre-
gates must be long enough lived so as their lack of contribution
to the conduction process becomes important [71], which has been
previously proved by some of us [29].
4. Conclusions

In the present paper, we report a systematic analysis of the
effect of salt concentration, temperature and cation valence on sev-
eral equilibrium and transport properties of mixtures of a PIL, EAN,
with monovalent (LiNO3), divalent (Mg(NO3)2, Ca(NO3)2) and triva-
lent (Al(NO3)3) inorganic salts with a common anion. We measured
solubility limits of IL-salt mixtures in the presence of residual
water, and characterized the state of the water molecules in these
media, essential to attain measurable salt solubilities, finding that
water molecules are bonded (hydration water) to the highly
charged cations (Mg2+, Al3+). Volumetric properties, refractive
indices, surface tensions, electric conductivities, and viscosities of
the mixtures were then measured. Moreover, fragilities and ionic-
ities of the investigated mixtures have also been a matter of study
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by means of the fragility and Walden plots, respectively. The main
mechanism of salt solvation was shown to be the formation in the
polar nanodomains of the bulk mixture of ionic clusters [XAn]z�n

(mixed [X(H2O)mAn]z�n in case of our presently reported ternary
mixtures) of the salt cation with the anions, more strongly bound
the higher the surface charge density of the salt cation and
arranged into a pseudo-solid pseudolattice. This gives rise to the
charge oscillations previously reported in the polar nanoregions
of the IL [67,68] as one of the essential structural feature of these
densely ionic solvents. Hence, the increase in the salt cation charge
was shown to lead to denser and less compressible systems the
higher the cation charge, which also produces a larger distortion
of the well-known network of H-bonds of the PIL. The refractive
indexes generally increase with salt concentration and charge den-
sity. The surface tension of the studied mixtures was found to be
essentially constant upon salt addition, reflecting a relative indif-
ference of the studied salts to be solvated in the bulk or at the free
interface of the IL. On the other hand, transport properties were
found to be slowed down with the addition of the inorganic salts,
in a more pronounced way for the cations with larger surface
charge density (Mg2+, Al3+). Experimental measurements agreed
well with MD simulations of the MSDs of the salt cations, which
were shown to be trapped in the ionic clusters [XAn]1�n during
longer time intervals the higher their valencies. The effect of the
cation charge on the electrical conductivity was tested and shown
to be larger the higher the surface charge density of the cation. The
cations with the lower surface charge (Li+, Ca2+) were seen to lead
to more mobile systems than the pure solvent in the supercooled
region, i.e. at temperatures below the pure EANmelting point, con-
trarily to its more charged counterparts, indicating that the more
weakly bound ionic clusters of cations with low surface charge
produce more fragile mixtures. Moreover, the salts with cations
of large surface charges give rise to significantly more viscous solu-
tions. The temperature dependence of the conductivity was stud-
ied in the Vogel-Fulcher-Tammann (VFT) framework, and we
reported fragility indexes, effective activation energies, and Vogel
temperatures. All the analyzed mixtures showed to be fragile and
subionic systems in the Walden plots, with mixtures of EAN and
Ca(NO3)2 exhibiting the largest fragility. All the reported observa-
tions are compatible with the formation of long-lived anionic clus-
ters in the polar regions that act as stable kinetic entities and with
a decrease of the hydrogen bonding degree of the PIL when doping
pure EAN with an inorganic salt.
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