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a b s t r a c t

The properties of [EMIM][BF4] + [EMIM][TFSI] double salt ionic liquid (DSIL) were studied as a function of
mixtures composition and temperature. Experimental physicochemical properties combined with molec-
ular simulation (quantum chemistry and classical molecular dynamics) were considered, thus providing a
micro and macroscopic characterization of fluids’ structuring, intermolecular forces and molecular aggre-
gation. The results were analysed in thermodynamics terms considering deviations of ideality and mixing
properties as well as from the solvation and interaction between the involved ionic liquids by the devel-
oped complex hydrogen bonding networks. Likewise, liquid [EMIM][BF4] + [EMIM][TFSI] interfaces
(x[EMIM][BF4] = x[EMIM][TFSI] = 0.5) were also studied using molecular dynamics methods to examine the dif-
fusion of [BF4]- and [TFSI]- anions in the [EMIM][BF4] + [EMIM][TFSI] liquid interface, and the mechanism
of interface crossing. The results allow a multiscale characterization of the considered ionic liquid mix-
tures thus providing another way of designing IL-type solvents for specific applications, by choosing
not only the ion identity but also the ion ratio.

� 2021 Elsevier B.V. All rights reserved.
1. Introduction

Ionic liquids (ILs) have attracted great attention because of their
properties such us negligible vapor pressure [1], stability [2] or sol-
vency power for different types of molecules [3,4], which com-
bined with the variety of cation–anion combinations available
(1018 possible mixed ILs [5]) show the possibility of considering
ILs as designer solvents for process specific requirements [6]. Most
of the available literature has considered so-called pure ILs, i.e. ILs
formed by one type of cation plus one type of anion. However, a
better-off structural diversity is achieved by mixing ILs, becoming
an alternative ‘’tool’’ to design tailor-made solvents for required
technologies. Through the combination of more than one cation
or anion in the mixture, a new concept of ‘’double salt ILs’’ (DSILs)
or blended ILs is obtained [7,8]. This definition allows a fuller con-
sideration of the interactions generated between the mixture of
ions and the presence of a new material. Combining ions in an IL
may induce a preferential orientation of the ionic species and
non-covalent interaction sites that would be markedly different
from those possible in the single-component ILs [9,10]. The
remarkable advantage of using DSILs depends on a suitable
anion-cation combination in order to accomplish more efficient
electrochemical devices by designing task-specific IL mixtures.
Although DSILs offer significant advantages over classical pure ILs
as separation solvents, relevant studies are still scarce and a sys-
tematic DSIL selection method is thus highly desirable.

In a first systematic approach, IL mixtures may be studied con-
sidering a common cation and then analyse the effect of anion
type. Canongia et al. [11] studied the deviation form ideality of IL
mixtures (i.e. DSILs) containing [C4MIm] as common cation, with
anions such as PF6, BF4 or NTf2, using the measured excess molar
volume. These systems showed small excess molar volumes, i.e.
low deviations from ideality, being almost pressure and tempera-
ture independent. Stoppa et al. [12] considered [C2MIm] as com-
mon cation and mixtures including BF4 and dicyanamide anions,
also reporting almost linear behaviour with mixture composition
for the studied mixtures and several thermophysical properties.
Mixtures considering pyridinium – based cations with Tf2N and
dicyanamide anions were considered by Larriba et al. [13] report-
ing minor deviations from ideality for the reported mixtures.
Pyrrolidium – base cations and their mixtures involving NTf2 and
dicyanamide anions were considered by Annat et al.[14] showing
in all the cases simple mixing behaviour. The behaviour of systems
including a common anion and the effect of cation type was also
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considered in the literature. The IL mixtures with common anions
were considered by Navia et al. [15], considering BF4 anion and
alkylimidazolium cations with variable chain length, and consider-
ing excess enthalpy and excess volume. These authors reported
small deviations from ideality for the considered systems. These
results were also confirmed through experimental measurements
of viscosity, which show minor deviations from linear behaviour
[16]. Mixtures with bis(trifluoromethylsulfonyl)imide as common
anion and imidazolium, pyrrolidinium and piperazinium cations
were studied by Oliveira et al. [17] considering surface tension
and density measurements, thus reporting low deviations from lin-
earity even for the largely different involved cations.

Therefore, the reported results for IL mixtures, both considering
common anion or common cation, showminor deviations from lin-
earity or small non-dideality behaviour with mixture composition.
The IL mixtures studied in the literature have been reviewed [10],
and although in most of the cases the deviations from ideality are
minor, there are also systems containing large deviations [18].
Therefore, there is a need to clarify the molecular – level and nano-
scopic roots on the behaviour of mixed ILs and their relationship
with macroscopic properties. For this purpose, molecular simula-
tion is a suitable approach to obtain the required information.
The available studies on simulations for ILs mixtures were recently
reviewed by Dhakal et al. [19], showing the prevailing role of the
type of developed hydrogen bonds between the considered anions
and cations and its role on the deviations from ideality. Neverthe-
less, the analysis of the local structure around ions is still very
scarce and the information on local composition is still almost
absent as well as the effect of developed intermolecular forces, spe-
cially hydrogen bonding.

Therefore, there is a lack of basic knowledge on the properties
and molecular level structuring of DSILs mixtures, which need to
be considered systematically to select the most suitable molecular
combinations regarding the required properties for industrial
applications. The use of DSILs have two notable advantages over
two-ion ILs. Firstly, the number of DSILs resulting from the combi-
nations of two-ion ILs is many orders of magnitude larger, so they
significantly extend the solvent selection space [20]. Secondly,
DSILs offer an easy approach to tune solvent properties. For exam-
ple, Pinto et al. observed that the viscosity of the ‘’mixture’’ of
[C2MIm][NTf2] and [C4EIm][EtSO4] varies from 32.6 to 255.2 mPa�S
with the molar fraction of [C4EIm][EtSO4] increasing from 0 to 1
[21]; Lei et al. found that the solubility of CO2 in the ‘’mixture’’ of
[C8MIm] [NTf2] and [CnMIm][BF4] (n = 2, 4) can be adjusted by dif-
ferent IL compositions [22]. Therefore, DSILs open new horizons for
the identification of suitable solvents for separation processes. For
this, the study DSILs mixtures requires a systematic approach, con-
sidering the large number of possible combinations and the mix-
ture composition effects. The main objectives should be, on the
one hand, to analyse the intermolecular forces (cation–anion
dimers, cation–anion-anion trimer and cation–anion-cation–anion
tetramer) and microscopic behaviour [23] as a function of the
mixed components and composition and, on the other hand, to
infer their effects and relationships with macroscopic physico-
chemical properties [24] to develop predictive models. The micro-
scopic level information on DSILs systems can be inferred from
molecular modelling studies, for which the combined use of den-
sity functional theory (DFT) and classical molecular dynamics sim-
ulations (MD) could be suitable. In the same way, the macroscopic
level vision of DSILs can be inferred from the experimental deter-
mination of selected thermophysical properties, with relevance
for process design purposes [25]. The combination of both experi-
mental and molecular modelling studies leads to the required
micro and macroscopic characterization. The studies as function
of mixtures composition, pressure and temperature, allow to
2

characterize the intermolecular forces, deviations from ideality
and structural changes upon mixing

Our research group has been developing a systematic theoreti-
cal and experimental research for different types of ILs with, for
example, molecular solvents (MSs), where starting from ILs based
on alkylimidazolium cations and different types of anions the mix-
tures with relevant MSs such as water, alcohols, acetone, acetoni-
trile, dimethylformamide, ethylene glycol or dimethylsulfoxide
have been considered [26–30]. However, as previously mentioned,
in the case of DSILs there is still much to study. Therefore, in this
work a study of 1-ethyl-3-methylimidazolium coupled with
tetrafluoroborate and bistriflimide ([EMIM][BF4] and [EMIM]
[TFSI]) ILs and their binary mixtures containing a common cation
(DSILs) has been reported in the full composition range as a func-
tion of temperature. For these systems, microstructuring and char-
acterization of intermolecular forces is not available in the
literature. Therefore, the reported results allow to infer the mech-
anism of molecular interaction between [EMIM][BF4] and [EMIM]
[TFSI] ILs and their binary constituent mixtures with [EMIM]+ as
common cation. Likewise, MD simulations on [EMIM][BF4] +
[EMIM][TFSI] interfaces (x[EMIM][BF4] = x[EMIM][TFSI] = 0.5) were car-
ried out, inferring the diffusion of [BF4]- and [TFSI]- anions across
the interface and the behaviour at [EMIM][BF4] + [EMIM][TFSI] liq-
uid interfaces.The selection of these ILs was done considering that
the available literature have showed minor deviations from ideal-
ity for alkylimidazolium – based cations but the nanoscopic beha-
viour of these systems is not clarified, neither in the evolution of
excess and mixing properties nor in the changes in intermolecular
forces upon mixing and the local composition effects. The main
novelty of this work stands on the combination of highly accurate
thermophysical studies with molecular modelling, as a function of
composition and temperature, which may led to the required
insights into the mixtures properties.

2. Methods

2.1. Materials

The chemicals used for the experimental study, reported in
Table S1 (Supplementary Information), were obtained from com-
mercial suppliers and were used without additional purification.
Pure ILs were degassed by ultrasound, handled under inert atmo-
sphere and water content measured. The properties of pure ILs
were measured as a function of temperature (283.15 to 313.15 K
range) and compared with literature, Table S2 (Supplementary
Information), showing minor differences, which can be attributed
to water content and different origin of the samples [31], but dis-
cards the presence of relevant impurities [32]. The mixture sam-
ples (x [EMIM][BF4]+ (1-x) [EMIM][TFSI], where � stands for
mole fraction) were prepared in the full composition range by
weighing (Mettler AE240 balance, ± 0.01 mg) to ± 0.00004 esti-
mated mole fraction uncertainty.

2.2. Thermophysical properties

Density (q) and kinematic viscosity (m) were measured in the
283.15 to 313.15 K range, in 5 K steps at atmospheric pressure con-
ditions. Kinematic viscosity data were converted to dynamic vis-
cosity (g) data by using experimental density data and used
along the work, eq. (1).

g ¼ t� q ð1Þ
Density was measured with a vibrating tube densitometer

(Anton Paar DMA5000) with cell temperature controlled with Pel-
tier elements and measured to ± 0.01 K. The densimeter was
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calibrated with water (Panreac Hiperpur-plus) and n-heptane
(Fluka > 99.5%) as reference fluids [33,34], thus leading
to ± 0.00002 g cm�3 uncertainty. Kinematic viscosity was mea-
sured using capillary viscometry (Schott-Gerätte AVS350), with
the cell temperature measured with ± 0.01 K uncertainty. Viscome-
ter calibration was carried out with suitable reference oils, thus
leading to 0.4% overall uncertainty.

Excess and mixing properties derived properties from experi-
mental data were calculated using well-known thermodynamics
equations [35] according to the relationships reported in the Sup-
plementary Information. Density data allowed the calculation of
excess molar volume, VE, as well as the partial molar volumes of
each compound in a mixture, �V i, the corresponding excess value,
�V

E
i , and the value at infinite dilution, �V

E;1
i . Likewise, isobaric

expansivity, ap, was inferred from linear fits of q vs temperature
(R2 � 0.99999) together with the excess property, aE

P . Regarding
viscosity, as it is not possible to define an ideal reference term,
the so-called mixing viscosity, Dg, was calculated.
Fig. 1. Molecular structures for ILS studied in this work.
2.3. Molecular modelling

Density Functional Theory Calculations. Initial structures for
all the considered molecules and molecular clusters were built
with Avogadro program [36] and optimized with ORCA software
[37]. DFT calculations were carried out using B3LYP functional
[38,39], coupled with van der Waals semiempirical contribution
from DFT-D3 method by Grimme [40], and 6–311++G** basis set.
The interaction energy (DE) for all the considered structures was
calculated, considering Basis Set Superposition Error (BSSE) cor-
rected by using counterpoise method [41].

The quantum theory of atoms-in-molecules (Bader’s AIM theory
[42]) was applied for the topological analysis if intermolecular
forces, with particular attention to hydrogen bonding, using the
Multiwfn program [43]. AIM analysis characterize interaction
regions by so-called bond critical points (BCP, (3,-1) type according
to Bader’s terminology) and ring critical points (RCP, (3,+1) type)
and the corresponding values of electron density, q, and Laplacian
of electron density, »2q [44]. The analysis of the inferred critical
points may be related with the strength and nature of the interac-
tions [45,46] which was complemented by the use of the Reduced
Density Gradient analysis (RDG) [47].

Classical Molecular Dynamics Simulations. MD simulations
were carried out with MDynaMix v.5.2 [48] for the forcefield
parameterizations reported in Table S3 (Supplementary Informa-
tion) for the systems and conditions included in Figures S1 and
S2 and Table S4 (Supplementary Information). MD simulations
were carried out for [EMIM][BF4] with [EMIM][TFSI] mixtures in
the full composition range. For the three studied ions, force field
parameters were extracted form SwissParam database [49], which
considers a Merck Molecular Force Field [50], with the exception of
atomic charges which were calculated from DFT (B3LYP-D3/6–311
++G**) results for optimized structures of isolated monomers using
ChelpG approach [51]. The [EMIM][BF4] + [EMIM][TFSI] solutions
studied using MD, Table S4 (Supporting Information), consider i)
the full composition range to infer different solvation conditions
and ii) the diffusion of [BF4]- and [TFSI]- anions at [EMIM][BF4] +
[EMIM][TFSI] liquid interface. Initial simulation boxes for each
solution composition were built with PACKMOL [52] program for
densities 20% lower than those of the corresponding pure ILs, Fig-
ures S1 and S2 (Supplementary Information). A single initial simu-
lation box was prepared for each mixture composition, thus, to
avoid dependence with the considered initial configuration heating
and quenching steps were developed before production runs. Peri-
odic boundary conditions were applied in the three spatial direc-
tions. These pre-equilibration runs were developed as follows: i)
3

heating up to 500 K, ii) NPT simulations at 500 K and 1 bar for
5 ns, iii) quenching to 298 K, iv) NPT simulations at 298 K and
1 bar for 5 ns. This heating and quenching procedure was repeated
three times per mixture composition with the last configuration
used for final MD simulations. The moderate viscosity of the con-
sidered ILs (34.69 and 58.46 mPa s for [EMIM][BF4] and [EMIM]
[TFSI], respectively, Table S2 in the Supplementary Information)
assures negligible dependence of the trajectories with regard to
the initial configuration using this procedure. The final simulations,
starting from the final one from heating – quenching cycles, were
carried out in the NPT ensemble at 298 K and 1 bar considering a
10 ns equilibration step followed by 20 ns production run. For
the simulation of IL mixture at vacuum interface, 40 ns of produc-
tion was launched. The control of pressure and temperature was
done using the Nose–Hoover method. Electrostatic interactions
were treated with the Ewald method [53] (15 Å for cut-off radius).
Lennard-Jones cross terms were calculated using Lorentz-Berthelot
mixing rules. The Tuckerman–Berne double time step algorithm
[54] (1 and 0.1 fs for long and short-time steps) was applied for
the equations of motion. Data analysis and visualization was done
with MDynamix – TRANAL [39], VMD [55] and TRAVIS [56] pro-
grams (See Fig. 1).
3. Results and discussion

3.1. Experimental study

Experimental density and viscosity data for the studied IL mix-
tures are reported in Table S5 (Supplementary Information) as well
as the derived VE and Dg. Likewise, density and viscosity data as a
function of composition were fitted to polynomials, whereas VE

and Dg were fitted to Redlich-Kister polynomials, with all the fit-
ting coefficients being reported in Table S6 (Supplementary Infor-
mation). All the properties are reported in the 283.15 to 313.15 K
range. Results in Fig. 2a show q evolution with mixture composi-
tion with q vs mole fraction showing a largely non-ideal behavior,
with q being larger than the linear evolution in the whole compo-
sition range. This densification effect upon mixing is maintained in
the studied temperature range, thus pointing to strong heteroasso-
ciations upon mixing and confirming that the mixture of these two
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ILs, although containing a common cation leads to complex effects
beyond the simple ion replacement. It should be remarked that
although the mixture [EMIM][BF4] + [EMIM][TFSI] could be consid-
ered as a simple IL with one type of cation ([EMIM]) and two dif-
ferent anions ([BF4] and [TFSI]), i.e. a double salt IL, the presence
of two different types of anions leads to complex intermolecular
forces. This is confirmed by the composition evolution of g,
Fig. 2b, which is largely non-linear with different behavior as a
function of x. The viscosity of neat [EMIM][BF4] is lower than for
[EMIM][TFSI], therefore ongoing from neat [EMIM][TFSI] to neat
[EMIM][BF4], i.e. the replacement of [TFSI] anions per [BF4] ones
is accompanied by a decrease in g, but this evolution is not a sim-
ple composition effect as showed in Fig. 2b. Three well-defined
regions are inferred for the evolution of g vs mole fraction ([BF4]
content): i) x in 0 to 0.2 range, ii) x in 0.2 to 0.6 range and
iii) x in 0.6 to 1.0 range. Regions i and iii are characterized by a
decrease in viscosity with increasing [BF4], thus pointing to an
4

anion replacement interaction mechanism, but region iii surpris-
ingly shows constant viscosity. The behavior of region iii in terms
of viscosity show the development of new intermolecular forces
which are not present in the neat ILs and an interaction mechanism
different to the simple anion replacement around the central
cations. These new intermolecular forces should be strong enough
to maintain the high viscosity instead of the decreasing effect
because of the presence of [BF4] anion. Although previous litera-
ture studies have claimed almost negligible deviations from ideal-
ity for alkylimidazolium based ILs [11,12,15,16,17], results in
Fig. 2c and 2d show that mixtures studied in this work are far from
an ideal system. This non-ideal behavior indicates the presence of
intermolecular effects not present in the neat ILs which determine
the properties of the mixed, DSILs. The VE are remarkably large in
the whole composition and temperature range with maxima at
equimolar mixture compositions. The behavior of Dg is extremely
complex, with negative values below for [TFSI] rich systems and
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positive ones for [BF4] rich mixtures, thus confirming the effect of
intermolecular forces on mixtures behavior.

The volumetric properties allowed the calculation of �V
E
i , Fig. 3a

and 3b, and the values at infinite dilution, �V
E;1
i , Fig. 3c. The beha-

viour of �V
E
i is very symmetric for both components, with similar

positive values in the whole composition range and increasing
with temperature. These values of the excess partial molar vol-
umes confirm the strength of intermolecular forces. Likewise, the

large values of �V
E;1
i show the disrupting effect of one type of anion

on the structuring of the other one, thus leading to new inter-
molecular interactions upon anion replacements. The values of
ap and aE

P reported in Fig. 4 agree with high non-ideality inferred
from the other thermophysical properties. The ap vs mole frac-
tion evolution, Fig. 4a, is largely non-linear, evolving through max-
ima around equimolar composition. Therefore, for [TFSI] – rich
mixtures the addition of [BF4] leads to a more compressible fluid,
i.e. [BF4] disrupting effect, which agrees with the behaviour of vis-
cosity, but after this, the increasing [BF4] content decreases fluids’
compressibility, therefore fluids’ rearrangements are confirmed
again. Nevertheless, aE

P , Fig. 4b, are positive in the whole composi-
tion range, thus confirming the disrupting effect because of the
simultaneous presence of both types of anions.

The information obtained from the reported thermophysical
properties may be extended through the use of suitable models,
which allow to connect the macro with the microscopic informa-
tion. Therefore, the Prigogine-Flory-Patterson (PFP) [57] has been
considered for the prediction of VE. PFP model allows to infer the
Fig. 3. (a,b) Excess partial molar volume, VE
�
, and (c) values at infinite dilution, VE;1

�
, for �

of temperature. Black arrows indicate increasing temperature for guiding purposes. Valu

5

different contributions to VE, thus dividing it as the sum of interac-
tional, free volume and P* contributions. The excellent perfor-
mance of PFP model for describing VE with a single model
parameter is confirmed in Fig. 5a for all the studied temperatures.
The interactional contribution to total VE allows to analyse the
intermolecular interactions effects, being quantified through the
v12 interaction parameter. This interactional contribution,
Fig. 5b, is positive in the whole composition range and remarkably
larger than the other two ones, Fig. 5c and 5d, being the main con-
tribution to the total VE, thus confirming the role of the newly
developed intermolecular forces on the behaviour of VE, being on
the roots of the large non-ideality of the studied mixtures. Like-
wise, the linear evolution of v12 with increasing temperature,
Fig. 6, confirms that the role of intermolecular forces is maintained
in the whole temperature range. The free volume and P* contribu-
tions to the total VE are negative but remarkably smaller, in abso-
lute value, than the interactional contribution. Thus, packing
effects because of the different sizes and shapes of [BF4] and [TFSI]
anions do not have a remarkable effect on VE being mainly pro-
duced because of the newly developed intermolecular forces.

The modelling of viscosity is largely complex considering the
complex composition evolution as reported in Fig. 2b. The temper-
ature evolution of viscosity can not be described with a simple
Arrhenius equation and thus Vogel – Fulcher – Tamman (VFT)
model was considered in the studied temperature range, with
the model parameters reported in Fig. 7. The three VFT parameters
follow a non-linear evolution with mixture composition, in agree-
ment with behaviour reported tin Fig. 2b, with larger differences
[EMIM][BF4] + (1-x) [EMIM][TFSI], x stands for mole fraction, mixtures as a function
es in panels a and show VE

�
for [EMIM][BF4] and [EMIM][TFSI], respectively.



Fig. 4. (a) Isobaric thermal expansion coefficient, and (b) excess isobaric thermal expansion coefficient, for � [EMIM][BF4] + (1-x) [EMIM][TFSI], x stands for mole fraction,
mixtures as a function of temperature.

Fig. 5. Comparison of experimental, exp, and Prigogine-Flory-Patterson, PFP, excess molar volume, VE, x [EMIM][BF4] + (1-x) [EMIM][TFSI], x stand for mole fraction, mixtures
as a function of temperature. Results in panels b to d show interactional, free volume and P* PFP contributions to the total VE.
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Fig. 6. v12 parameter from the fitting of excess molar volume for � [EMIM][BF4] +
(1-x) [EMIM][TFSI], x stand for mole fraction, mixtures as a function of temperature.

Fig. 7. Fitting parameters of VFT equation for dynamic viscosity for � [EMIM][BF4]
+ (1-x) [EMIM][TFSI], x stands for mole fraction, mixtures in the 283.15 to 313.15 K
temperature range.
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for the central composition region around equimolar mixtures. The
T0 parameter, which is close to the glass transition temperature,
shows maxima for equimolar mixtures and minima both in [TFSI]
and [BF4] – rich mixtures, thus confirming large structural changes
upon anion composition evolution because of the modification of
intermolecular forces. Therefore, the reported thermophysical
properties show complex behaviour for the studied IL mixtures
beyond a simple effect of anion replacement, which can be related
to changes in the nature and extension of intermolecular forces.
These effects are analysed at the nanoscopic level using molecular
modelling tools in sections 3.2 and 3.3.

3.2. DFT modelling of [EMIM][BF4], [EMIM][TFSI], [EMIM][BF4] + [TFSI]
and [EMIM][BF4] + [EMIM][TFSI] interactions

In the present study, we analyse the mechanism(s) of [EMIM]
[BF4], [EMIM][TFSI], [EMIM][BF4] + [TFSI] and [EMIM][BF4] +
[EMIM][TFSI] short-range interactions, hydrogen bonding. Differ-
ent interaction sites were considered, and the structures were geo-
metrically optimized, Fig. 8. The strength of interactions between
dimers, trimer and tetramer at different possible interaction sites
was quantified through counterpoise corrected binding energies,
Eint, Table 1. The reported Eint are larger (in absolute value) for tet-
ramer than for trimer and dimer, and larger for TFSI dimer than for
BF4 dimer. The mechanism of dimers, trimer and tetramer interac-
tions is depicted in Fig. 8. The presence of hydrogen bond accepting
sites (F atoms in [BF4]- anion and O/F atoms in [TFSI]- anion) and
donor sites (H atoms in [EMIM]+ cation) in ILs leads to the possibil-
ity of developing anion-cation hydrogen bonding. Nevertheless, it
is well-know that for the considered [EMIM][BF4] anion-cation
hydrogen bonding between the F atoms of the anion and the CH
(2) (carbon atom between both N atoms in imidazolium ring) site
in imidazolium is developed [58]. In the case of [EMIM][TFSI] IL, it
is also well-known that most of the hydrogen bonds are formed
with oxygen atoms as hydrogen acceptors [59] (specifically, the
strongest hydrogen bonds are produced between the O(1) atoms
of the anion and the CH(2) site in imidazolium). Thus, in the case
of the [EMIM][BF4] + [TFSI] trimer, [BF4]-/[TFSI]- anions may com-
pete for this interaction site and also they may develop hydrogen
bonding through the CH(1) (the other two CH sites in imidazolium
7

ring) sites in imidazolium ring. For the [EMIM][BF4] + [EMIM][TFSI]
tetramer, it is observed that the [TFSI]- anion interacts through its
O(1) atoms with the two [EMIM]+ groups, while the [BF4]- anion
only interacts through its F atoms with one of the [EMIM]+ groups.
The interaction between [EMIM][BF4] and [TFSI]/[EMIM][TFSI]
does not lead neither to large charge transfer toward [TFSI]/
[EMIM][TFSI] nor through relevant changes in anion and cation
total charges, Fig. 8, thus interaction being van der Waals and
hydrogen bonding types.

The dimers, trimer and tetramer interactions were also anal-
ysed using the Bader’s Atoms in a Molecule (AIM) theory, using
the optimized geometries in the Multiwfn code. Hydrogen bonding
is topologically analysed in the AIM framework considering the
electron density and the formation of bond critical points (BCPs,
type (3,-1) in AIMs naming) and additional features like ring criti-
cal points (RCPs, type (3,+1)) along the line joining hydrogen donor
and acceptor sites. The properties of these critical points (CPs) are
quantified with the values of electron density, q, and Laplacian of
electron density,»2q. Likewise, the AIM topological characteriza-
tion for hydrogen bonding indicates that q and»2q must be in
the 0.002 to 0.04 a.u. and 0.020 to 0.139 a.u ranges, respectively,
with larger values indicating stronger hydrogen bonds [60].



Fig. 8. Atom in molecule (AIM) analysis of interactions, bond critical points (BCPs) and CHELPG charges for (a) [EMIM][BF4], (b) [EMIM][TFSI], (c) [EMIM][BF4] + [TFSI], (d)
[EMIM][BF4] + [EMIM][TFSI]. Electron density (q) and Laplacian of electron density (»2q) for BCPs are reported separately in Table 2.

Table 1
Properties for [EMIM+][BF4- ], [EMIM+][TFSI-], [EMIM+][BF4- ] + [TFSI-] and [EMIM+][BF4- ] + [EMIM+][TFSI-] systems that are calculated at a B3LYP-D3/6–311++G** theory level.
Counterpoise corrected interaction energy, (Eint); HOMO (EHOMO) and LUMO (ELUMO) energies; HOMO-LUMO energy gap (DEG).

structure Eint / eV EHOMO / eV ELUMO / eV DEG / eV

[EMIM+][BF4- ] �3.62 �8.31 �1.48 �6.83
[EMIM+][TFSI-] �3.64 �7.52 �1.48 �6.04
[EMIM+][BF4- ] + [TFSI-] �4.87 �4.89 1.74 �6.63
[EMIM+][BF4- ] + [EMIM+] [TFSI-] �8.18 �7.45 �1.27 �6.18
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Although dimers, trimer and tetramer interactions are character-
ized by many CPs, as inferred from the mechanism(s) of interaction
in Fig. 8, the most relevant, i.e. stronger, BCPs are reported in
Table 2. Results in Table 2 summarize the interactions leading to
the stronger BCPs, i.e. CPs with larger q and»2q, and thus possible
hydrogen bond interactions. In all cases, weak hydrogen bonds are
formed between [EMIM][BF4], [EMIM][TFSI], [EMIM][BF4] + [TFSI]
and [EMIM][BF4] + [EMIM][TFSI]. It should be remarkable that in
the case of [EMIM][BF4] + [TFSI] trimer, larger values are inferred
for interaction between the F atom of [BF4]- and the CH(2) carbon
atom between both N atoms in [EMIM]+ (BCP 68), and also for
interaction between the O(1) atom of [TFSI]-and the CH(1) site in
[EMIM]+ (BCP 76). In the case of [EMIM][BF4] + [EMIM][TFSI] tetra-
mer, larger values are inferred for interaction between the F atom
of [BF4]- and the CH(2) carbon atom between both N atoms in
[EMIM]+ (BCP 157), and also for interaction between the O(1) atom
of [TFSI]-and the CH(2) site in [EMIM]+ (BCP 74). The large interac-
tion energy reported in Table 1 seems to be justified not by the
8

development of single very strong hydrogen bonds but because
of the dimers, trimer and tetramer abilities for developing a large
number of interactions, as reported in Fig. 8 and confirmed by
the large number of BCPs.

Additional analysis of quantum chemistry results for dimers,
trimer and tetramer can be done using the Noncovalent interaction
(NCI) analysis [61] according to the Reduced Density Gradient
(RDG) surfaces. The RDG scatter plots are reported in Fig. 9 show-
ing that hydrogen bonding characteristics regions are inferred,
blue spots. In all cases, these regions are narrow and closer to
the lower limit of hydrogen bonding region, thus confirming the
minor extension of hydrogen bonding. Additionally, RDG regions
corresponding to van der Waals-like interactions, green spots, are
inferred, which show that these type of weaker interactions should
have a remarkable contribution to the large interaction energies
reported in Table 1. This mechanism of interaction is confirmed
with the RDG isosurfaces reported in Figure S3 (Supporting Infor-
mation), in which the green spots for all the interaction sites point



Table 2
Atoms-in-a-molecule analysis of the reported [EMIM+][BF4- ], [EMIM+][TFSI-], [EMIM+][BF4- ] + [TFSI-] and [EMIM+][BF4- ] + [EMIM+][TFSI-] systems calculated at the B3LYP-D3/6–311
++G** level. Bond critical points (BCP, (3, �1)) are provided in the table. Electron density (q) and Laplacian of electron density (r2q) at the corresponding BCP are provided as a
guide for AIM and RDG figure analysis. The most remarkable interactions are reported in bold.

structure BCP(s) q / a.u. r2q / a.u. Interaction sites

[EMIM+][BF4- ] 30 0.0174 0.0717 [EMIM+](H2)� � �(F)[BF4- ]
31 0.0313 0.1229 [EMIM+](H2)� � �(F)[BF4- ]

[EMIM+][TFSI-] 54 0.0063 0.0212 [EMIM+](Hc)� � �(O1)[TFSI-]
55 0.0042 0.0180 [EMIM+](Hc)� � �(Ft)[TFSI-]
75 0.0221 0.0809 [EMIM+](H2)� � �(O1)[TFSI-]
78 0.0125 0.0442 [EMIM+](Hc)� � �(O1)[TFSI-]

[EMIM+][BF4- ] + [TFSI-] 44 0.0079 0.0262 [EMIM+](Hc)� � �(F)[BF4- ]
54 0.0070 0.0262 [EMIM+](Hc)� � �(O1)[TFSI-]
68 0.0155 0.0604 [EMIM+](H2)� � �(F)[BF4- ]
76 0.0109 0.0406 [EMIM+](H1)� � �(O1)[TFSI-]
83 0.0093 0.0339 [EMIM+](Hc)� � �(F)[BF4- ]
97 0.0044 0.0179 [EMIM+](H1)� � �(Ft)[TFSI-]
99 0.0093 0.0325 [EMIM+](Hc)� � �(F)[BF4- ]

[EMIM+][BF4- ] + [EMIM+] [TFSI-] 74 0.0242 0.0881 [EMIM+](H2)� � �(O1)[TFSI-]
90 0.0077 0.0270 [EMIM+](Hc)� � �(O1)[TFSI-]
98 0.0083 0.0248 [EMIM+](Hc)� � �(O1)[TFSI-]
106 0.0086 0.0308 [EMIM+](Hc)� � �(O1)[TFSI-]
108 0.0083 0.0251 [EMIM+](Hc)� � �(O1)[TFSI-]
109 0.0191 0.0786 [EMIM+](H1)� � �(O1)[TFSI-]
140 0.0088 0.0366 [EMIM+](Hc)� � �(F)[BF4- ]
157 0.0142 0.0550 [EMIM+](H2)� � �(F)[BF4- ]
158 0.0108 0.0397 [EMIM+](Hc)� � �(F)[BF4- ]

Fig. 9. Reduced density gradient (RDG) scatter plots (function 1 value is sign(k2)q and function 2 value is RDG functions). Blue shaded area represents hydrogen bonding;
green shaded area represents van der Waals interactions and red shaded area represent intra-molecular steric effects.
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to van der Waals interactions instead to stronger hydrogen bond-
ing. This mechanism is maintained for the considered dimers, tri-
mer and tetramer.
Fig. 10. The HOMO–LUMO graphs for each structure (showing positive (bl

10
The associated molecular orbitals for HOMO and LUMO are
reported in Fig. 10 as well as the corresponding energy gap in
Table 1. The values of energy gaps close to the spectral visible
region for all the considered systems are a proof of the stability
ue) and negative (green) isosurfaces) are embedded in the figures a-h.



Fig. 11. Intermolecular interaction energy, Einter (sum of Lennard-Jones and
coulombic contributions), for the reported interacting pairs in � [EMIM][BF4] +
(1-x) [EMIM][TFSI] mixtures at 298 K and 1 bar.

2.2 Å

4.0 Å

6.0 Å

Fig. 12. Site-site radial distribution functions, g(r), for the reported sites in � [EM
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of the considered dimers, trimer and tetramer interactions in
agreement with the large interaction energies reported in Table 1.
The HOMO-LUMO energy gaps are practically the same for all the
systems, thus showing similar mechanisms of interaction. Like-
wise, there is not a rule for the molecular location of the HOMO
and LUMO orbitals, which can be located both in [EMIM]+ cation
or in the corresponding [BF4]- or [TFSI]- anion, depending on the
site of interaction.
3.3. MD study of [EMIM][BF4] + [EMIM][TFSI] liquid structuring

Although DFT results allow a quantification of intermolecular
interactions characteristics, only short range effects are considered.
Interactions in liquid phases are characterized by longer effects
which are theoretically analysed by using MD simulations. The
considered force field as reported in Table S3 (Supplementary
Information) was validated by the comparison of MD predicted
density values and experimental data, Figure S4 (Supplementary
Information). The experimental and theoretical values obtained
are in suitable agreement), with largely non-ideal behaviour of
mixture density predicted by MD. Therefore, we use this approach
for inferring molecular level information on the intermolecular
interactions and additional nanoscopic effects upon [EMIM]
[BF4] + [EMIM][TFSI] mixing.

Anion-cation interactions at the microscopic level are firstly
analysed by using intermolecular interaction energies, Fig. 11. Einter
provide a quantification of the strength of the different intermolec-
ular interactions in the studied mixtures. Larger values for [EMIM]-
[BF4] interactions are obtained, corresponding to strong electro-
static interactions. The composition evolution of cation–anion
interactions energy, increasing (in absolute value) with increasing
[EMIM]-[BF4] content, follows a non-linear pattern, with larger
(absolute) values than the corresponding linear evolution with
composition.

The structural properties of cation–anion interactions were also
analysed using site-site radial distribution functions, RDFs, Fig. 12.
It is well-known that prevailing interactions between [EMIM] and
[BF4]/ [TFSI] occur through the imidazolium CH(2) site (placed
between the two N atoms in imidazolium ring) acting as donor
[62,63] and the ability of [BF4]/ [TFSI] molecules for acting as
acceptors (in the case of [BF4], through the F site, and in the case
of [TFSI], through the O site). [EMIM]-[BF4] interactions (hydrogen
bonding) for the CH-F site show up to three interaction peaks,
which are maintained in the whole composition range. The same
2.3 Å

4.6 Å 6.0 Å

IM][BF4] + (1-x) [EMIM][TFSI], x stands for mole fraction, at 298 K and 1 bar.



Fig. 13. Solvation numbers, N, obtained from the integration of radial distribution
functions reported in Fig. 6, corresponding to the first solvation sphere, defined as
the first minimum in the corresponding radial distribution function in � [EMIM]
[BF4] + (1-x) [EMIM][TFSI], x stands for mole fraction, at 298 K and 1 bar.

Fig. 14. Spatial distribution functions of the corresponding centers-of-mass arou
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behaviour is observed for [EMIM]-[TFSI] interactions, confirming
that hydrogen bonding is developed through the CH-O site. How-
ever, the [EMIM]-[TFSI] interactions lead to less intense peaks than
[EMIM]-[BF4] interactions, which is in accordance with the values
of Einter in Fig. 11 (weaker interactions with the [TFSI] anion, stron-
ger interactions with the [BF4] anion). The integration of RDFs to
obtain solvation numbers, N, is reported in Fig. 13, i.e. the number
of counterions in the first solvation sphere. In the case of H-F inter-
action (Fig. 13a), the composition evolution of N follows a non-
linear evolution, with values larger than pure dilution effect (i.e.
linear evolution), thus confirming the large aggregation trend of
[BF4] anion. In the case of H-O interaction (Fig. 13b), the results
show that for [TFSI] rich solutions, many [TFSI] anions are hydro-
gen bonded to [EMIM], but when [EMIM]-[BF4] content increases
this hydrogen bonding decreases, because of the competing effect
of [EMIM]-[BF4] interactions, Fig. 13a, and thus for [EMIM]-[BF4]
rich mixtures, [TFSI] are less hydrogen bonded to the [EMIM]
cation. These competing effects between anions are confirmed by
the spatial distribution functions (SDFs) around [EMIM] cation
reported in Fig. 14. For all the mixtures and compositions, high
density spots of anions around the imidazolium ring are inferred
(stronger around the CH site), thus confirming the development
of hydrogen bonding through these sites in the whole composition
range and both for [BF4] and [TFSI] anions. Furthermore, [TFSI]
anions are placed in closer regions to the CH imidazolium ring
(and in minor extension around the other CH groups in the ring),
and although showing less localized distributions, these molecules
compete for the hydrogen bond donor sites in the [EMIM] cation.

The characteristics of cation–anion hydrogen bonding was also
analysed in detail by the so-called combined distribution functions
(CDFs, calculated using TRAVIS software[42]) including the corre-
sponding distance and angles for the donor–acceptor sites. CDFs
for cation–anion interaction through the CH-F and CH-O sites are
reported in Fig. 15, two spots are clearly inferred corresponding
to the two peak maxima in RDFs as reported in Fig. 12 (one spot
for [EMIM]-[BF4] interaction, first row, and one spot for [EMIM]-
[TFSI] interaction, second row). For [EMIM]-[BF4] interaction, we
observe more intense spots corresponding to an interaction angle
of roughly 160�, while for [EMIM]-[TFSI] interaction we observe
weaker spots with an interaction angle of roughly 135�. These val-
ues, which are maintained in the whole composition range, con-
firm the hydrogen bonding nature of cation–anion interactions.

The dynamics of hydrogen bonding is analysed by the so-called
residence times, t, Fig. 16. Larger t values were obtained for [TFSI]
than for [BF4], despite the stronger [EMIM]-[BF4] than [EMIM]-
[TFSI] interactions (Fig. 11). Therefore, [TFSI] anion has greater
molecular mobility around [EMIM] cation than [BF4] anion. Like-
nd a central [EMIM][BF4] ion for the reported mixtures at 298 K and 1 bar.



Fig. 15. Combined distribution functions of radial distribution functions (x-axis) and angular distribution functions (y-axis) for the reported distances, r, and angles, u, (first
row, [EMIM]-[BF4] interactions; second row, [EMIM]-[TFSI] interactions) for � [EMIM][BF4] + (1-x) [EMIM][TFSI] mixtures at 298 K and 1 bar.

Fig. 16. Residence times, t, for selected atom pairs in� [EMIM][BF4] + (1-x) [EMIM][TFSI] mixtures fromMD simulations at 298 K and 1 bar. Residence times are calculated for
first solvation layer defined according to the first minima in the corresponding g(r).
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Fig. 17. (a) Snapshot and (b) number density profiles for � [EMIM][BF4] + (1-x)
[EMIM][TFSI] interface, x = 0.5. Values obtained from MD simulations at 298 K and
1 bar.
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wise, in the case of [BF4], the stronger [EMIM]-[BF4] intermolecular
interactions seem to control the dynamics of [EMIM] around [BF4].

The main properties of [EMIM][BF4] + [EMIM][TFSI] in liquid
phase have been discussed in the previous paragraphs, but the
properties of this double salt ionic liquid regarding to [EMIM]
[BF4]-[EMIM][TFSI] interface (modelled as in Figure S2, Supple-
mentary Information) were also analysed to infer the structural
properties of [BF4]- and [TFSI]- ions at the interface. The [EMIM]
[BF4]-[EMIM][TFSI] interface is characterized by a strong adsorp-
tion of [BF4]- ions leading to a higher dense layer above [TFSI]- ions,
Fig. 17a. Regarding the structure of ions at the interface, results in
Fig. 17b show that [BF4]- ions penetrate in [EMIM][TFSI] ionic liq-
uid (i.e. starting diffusion toward bulk liquid phase for absorption),
which is showed by the widening of the density peaks.
4. Conclusions

The properties of [EMIM][BF4] + [EMIM][TFSI] mixed ionic liq-
uids were studied using a combined experimental and theoretical
approach as a function of composition and temperature. The mix-
tures are characterized by a largely non-ideal behaviour which is
related with the development of new intermolecular forces with
changing anionic composition. The reported thermophysical prop-
14
erties, especially excess and mixing functions, confirm non-ideality
fort the studied systems. This non-ideality would require complex
predictive models for the properties of mixed ionic liquids well
beyond the linear mixing rules commonly proposed in the
literature. This is even more remarkable for dynamic properties
such as viscosity, for which a extremely complex behaviour with
mixture composition is reported int his work. The reported molec-
ular modelling studies allowed to quantify the nature, extension
and strength of intermolecular forces, confirming the prevailing
roles of hydrogen bonding, which determine the cation–anion
interactions. These hydrogen bonds being different for the two
considered anions are on the basis of the properties of the studied
mixtures. Therefore, the considered mixed ILs, containing a com-
mon imidazolium cation and two different anion with variable
concentration, are complex systems, whose properties cannot be
explained with a simple anion replacement mechanism, which is
on the roots of the largely non-ideal behaviour from the thermody-
namic viewpoint. Thus, ILs containing several types of ions, anions
in this work, can be considered for tuning ILs properties, increasing
and changing the nature of these fluids, and thus the suitability for
different applications. Nevertheless, the large non-ideality of these
mixtures should be taken into account for predicting and designing
their properties.
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