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ABSTRACT: The properties and nanostructure of the Double Salt−
Ionic Liquid formed by the combination of [1-ethyl-3-
methylimidazolium][BF4] and [1-ethyl-3-methylimidazolium][EtSO4]
in the whole composition range are studied by a combined experimental
and molecular simulation approach. The measured physicochemical
properties were analyzed in terms of deviations of ideality and its
relationships with intermolecular forces. Quantum chemistry calcu-
lations of model clusters were carried out to infer nanoscopic
aggregations, considering several mechanisms of interactions. Classical
molecular dynamics simulations were carried out as a function of
mixture composition, pressure, and temperature, allowing one to
characterize structural, dynamic, and energetic properties of the
considered mixed ionic liquids. The possible mechanisms of interaction
of the involved molecules with biological targets, proteins, and model cell membranes were also computationally studied to infer
molecular level roots of toxicological effects of mixtures of ionic liquids. This multiapproach−multiscale study provides for the first
time a global characterization of mixtures of ionic liquids.

1. INTRODUCTION
Ionic liquids (ILs) have received special attention in recent
decades, although they have been studied since the last century.
The history of ILs started in 1914 when Walden prepared the
first ionic liquid, ethylammonium nitrate (EAN),1 which
evolved when 40 years later, Hurley and Wier reported the
second generation of ionic liquids by mixing alkylpyridinium
chlorides with AlCl3. Unfortunately, most of those initial ILs
were not stable in the presence of humidity and it was not easy to
regulate their acidity/basicity.2 The evolution of IL research led
to the last two decades, with the number of ILs published papers
exponentially increasing from a few in 1996 to more than 5000
in 2016,3 and the interest being maintained up to now with 6457
research documents containing the term ionic liquid indexed in
the SCOPUS database. This maintained interest in IL
properties, synthesis and technologies rises from all the
proposed advantages ILs offer, in terms of their physicochemical
properties, which indicate to be a future growing and continuing
successful field.4

It should be mentioned that also certain criticism has been
considered on the possible large-scale application of ILs, based
on concerns about unsuitable physicochemical properties (e.g.,
large viscosity), toxicity, or poor biodegradation.5−7 Never-
theless, many of these possible drawbacksmay be avoided via the
proper selection of suitable ions, leading to ILs among the
plethora of possible compounds.
What makes Ionic liquids so particular is their exclusively

composed ions structure, not like usual solvents composed of

neutral molecules, and remaining in liquid state at room
temperature. Combinations of cations and anions of different
characteristics and sizes cause ionic liquids properties to vary in
one direction or another, allowing adapting their properties to
the needs required (tailor-made solvents). Physicochemical
properties may be fine-tuned via regulation of the molecular
structures of the involved ions, e.g. Dong et al. observed that the
viscosity increases with increasing cation alkyl chain length (e.g.,
imidazolium and pyridinium)4 Density is also another property
strongly affected by ion characteristics, for example, it usually
increases with anionmolecular mass.8 Their exceptional range of
tunable properties is one of the key reasons behind the growing
interest in ionic liquids, and the development and understanding
of the structure−property relationship is fundamental to
understanding IL behavior. The capacity to tune their properties
made them a perfect tool, allowing the design of tailor-solvents
for the required technologies and offering a replacement for
traditional volatile organic compounds (VOCs).
There are multiple studies that broadly analyze the potential

applications for ILs, including remarkable catalytic perform-
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ance,9 good behavior as gas adsorbents or extractant agents10−12

and excellent lubricant properties.13−15 In addition, researchers
continue to explore the broad potential of ILs in new and
unexplored fields. Khupse and Kumar studied ionic liquid
utilization in electrochemical devices such as supercapacitors,
lithium-ion batteries, or polymer-electrolyte fuel cells. Twomain
advantages of using ionic liquids include nonvolatility and
prevention of electrolytes.16 The concept of IoNanof luids was
proposed byNieto deCastro and co-workers; it represents a new
class of heat transfer fluids where nanomaterials like particles,
tubes, and rods are dispersed in ionic liquids. IoNanofluids are
one of the most recent applications of complex systems of ionic
liquids and nanomaterials, they could be used for heat transfer to
catalysis, lubricants, or luminescent materials.17 Due to the
unique properties of ILs, their application in the pharmaceutical
field has been extended in numerous processes, from drug
synthesis to the development of new solubilization and dosage
forms of active pharmaceutical ingredients (API-ILs), with
research also being carried out at other stages of drug
development and delivery. Research has shown that the proper
selection of anion/cation combinations has a significant impact
on the solubilization mechanism of poorly water-soluble APIs.18

The combination of more than two types of ions is known to
possibly exhibit unexpected associations that yield nonideal
properties. Double salt ionic liquids (DSILs) are thus defined as
ionic liquids containing more than one cation or anion and
presenting different physicochemical properties than their
component single salts. Many properties of DSILs, such as
solubility, are dependent on chemical associations between the
ions, and altering the ionic ratios can induce different chemical
interactions leading to new properties.19 The combination of
ions can induce preferential orientation of ionic species and
noncovalent interaction. The advantage of using DSILs depends
on a suitable anion−cation combination to accomplish more
efficiently by designing task-specific IL mixtures. Although
DSILs offer significant advantages over classical pure ILs,
relevant studies are still scarce, and a systematic DSIL selection
method is thus highly desirable.20 Therefore, the aim of this
work was to study the physicochemical properties, nano-
structuring, and biological effects of DSILs formed by the
combination of 1-ethyl-3-methylimidazolium cation coupled
with bistriflimide and ethylsulfate ([EMIM][BF4] and [EMIM]
[EtSO4]), leading to IL binary mixtures containing a common
cation (DSILs), as shown in Figure 1. All physicochemical
properties were reported in the full composition range as a
function of temperature. Microstructuring and characterization
of intermolecular forces allow us to infer the mechanism of
molecular interaction between [EMIM][BF4] and [EMIM]
[EtSO4] ILs and their binary constituent mixtures with
[EMIM]+ as a common cation. The selection of these ILs to
be mixed was done considering that the available literature has
shown minor deviations from ideality but the nanoscopic
behavior of these systems has not been extensively studied,
neither the evolution of excess and mixing properties nor in the
changes in intermolecular forces upon mixing and the local
composition effects. Likewise, the possible biological effects of
the considered DSILs were in silico studied through the
consideration of their interaction with target biomolecules as
well as with model cell membranes. The main innovation of this
work consists in the combination of thermophysical studies with
molecular modeling, which can provide the necessary knowl-
edge about the properties of themixture considering amultiscale
approach.20

2. METHODS
2.1. Chemicals. The studied ionic liquids [EMIM][BF4]

and [EMIM][EtSO4] used for the experimental study were
supplied by a commercial provider (Sigma-Aldrich) and were
used without additional purification, Table S1 (Supporting
Information). Pure ILs were degassed by ultrasound and stored
under suitable conditions. All the properties of pure ILs were
measured as a function of temperature in the 283.15−313.15 K
range, in 5 K steps at atmospheric pressure, and compared with
literature (Table S2, Supporting Information), showing minor
differences. The presence of relevant impurities was discarded,
differences can be attributed to water content and different
origins of the samples. The mixture samples (x [EMIM][BF4]+
(1 − x) [EMIM][ EtSO4], where x stands for mole fraction)
were prepared in the full composition range by weighing
(Mettler AE240 balance, ± 0.01 mg) to ±0.00004 estimated
mole fraction uncertainty.
2.2. Apparatus and Procedures. Density (ρ) and

kinematic viscosity (ν) were measured for x [EMIM][BF4] +
(1 − x) [EMIM][EtSO4] liquid mixtures, where x stands for
mole fraction, in the full composition range, at atmospheric
pressure and temperature in the 283.15−313.15 K range in 5 K
steps. ρ was measured with a vibrating tube densimeter (Anton
Paar DMA5000, uncertainty 1 × 10−4 g cm−3), with Peltier
control for the cell temperature (uncertainty 0.01 K). The
thermal expansion coefficient, αp, was calculated according to its
thermodynamic definition:

= =i
k
jjj y

{
zzzT

a1 1
p

p (1)

where a is the slope of the corresponding ρ vs temperature linear
fit.

ν was measured using various Ubbelohde viscometers
according to the required viscosity range, in an external
circulating bath with a cell temperature measured with ±0.01
K uncertainty (CT-52, Schott Instruments) and an automatic
control unit AVS350 (Schott, ViscoSystem) with ±0.01 s
uncertainty. Dynamic viscosity (η) was calculated as in eq 2.

= (2)

The expanded uncertainties of the experimental properties (0.95
confidence level) are as follows: Uc(T) = ± 0.01 K. Uc(x) = ±

Figure 1. Ions forming ILs considered in this work as well as labeling for
relevant atoms.
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0.00001. Uc(ρ) = ± 0.00001 g cm−3. Uc(ν) = ± 0.01 mm2 s−1;
Uc(η) = ± 0.01 mPa s.
The viscosity versus temperature evolution was described

according to the Vogel−Fulcher−Taman (VFT) model:

=
i
k
jjjjj

y
{
zzzzz

B
T T

exp0
0 (3)

VFT fitting parameters were used for the calculation of Angell’s
strength (fragility measurement) parameter, Df.

=D B
Tf

0 (4)

Experimental density data were considered for the calculation
of excess molar volume, VE:

= =

=
V

x M
x

Mi i i

i
i

i

i

E 1
2

1

2

(5)

where Mi is the molar mass of the component i, ρi and ρ the
densities of the pure compound i and for the corresponding
mixture, respectively. Likewise, the excess thermal expansion
coefficient, αp

E, was calculated as follows:

=
=i

i ip
E

P
1

2

p,
(6)

where αp and αp,i are the thermal expansion coefficients of the
mixture and pure component i, respectively; φi stands for the
volume fraction of component i, φi:

=
*

*
=

x V

x Vi
i i

i i i1
2

(7)

where xi stands for the mole fraction of i component and Vi* for
the molar volume of pure i compound. For the case of viscosity,
as the ideal state reference term cannot be defined and thus
excess property could not be considered, the so-called mixing
viscosity, Δη, was calculated:

=
=

x
i

i i
1

2

(8)

Additionally, excess and mixing properties were fitted to an
isothermal Redlich−Kister type polynomial equation as a
function of mole fraction, x:

=
=

Y x x A x(1 ) (1 2 )
i

n

i
iE

0 (9)

Likewise, the partial molar volume V̅i of each component iwas
calculated:

= + * +
i
k
jjjjj

y
{
zzzzzV V V x V

x
(1 )i i i

i T P
m
E

E

, (10)

whereVi* stands for the molar volume of pure component i, with
the partial derivative of the excess volume calculated from the
corresponding Redlich−Kister coefficients. Excess partial molar
volumes, V̅i

E, were defined as

= *V V Vi i i
E

(11)

The excess partial molar volumes at infinite dilution, V̅i
E,∞

were calculated:

= *V V Vi i i
E,

(12)

where the partial molar volume at infinite dilution, V̅i
∞, is defined

as the corresponding limiting value when xi → 0. All the relevant
thermophysical properties and the corresponding fitting
parameters are reported in Tables S3−S5 (Supporting
Information).
Parameters for the modeling of excess volume according to

the Prigogine−Flory−Patterson (PFP)21 model are reported in
Table S6 (Supporting Information).
2.3. Density Functional Theory Calculations. Intermo-

lecular interactions between involved anions and cations were
analyzed considering different ionic clusters (dimmers and
tetramers), whose structures were optimized through density
functional theory (DFT) calculations carried out with Dmol322

software. The main objective of DFT calculations is to analyze
the nature of intermolecular forces in the considered IL
mixtures, in particular, for the characteristics of hydrogen
bonding. For that purpose, dimmers and higher aggregates were
built, and their geometries were optimized through energy
minimization. All the calculations were carried out at the GGA/
PBE plus Grimme’s D323 dispersion contribution theoretical
level. The optimized geometries for the considered clusters were
used for the calculation of the interaction energy, ΔE, as the
difference between the energy of the corresponding cluster and
the sum of the corresponding monomers. All the ΔE were
corrected for the basis set superposition error (BSSE) using the
counterpoise method.24 Regarding the accuracy of calculated
ΔE, it is estimated to be in the 8−13 kJ mol−1,25 which is well
beyond the large ΔE values for anion−cation interactions in ILs
(roughly 1%).
The topological properties of the clusters were analyzed

considering the quantum theory of atoms in molecule (Bader’s
QTAIM theory)26 as in MultiWFN software,27 considering
electron density (ρe) and Laplacian of the electron density
(∇2ρe), of bond (BCPs, type (3,−1) in QTAIM) and Ring
(RCPs, type (3,−1) in QTAIM) critical points. and electron
localization function (ELF) using core−valence bifurcation
index (CVB28) were also considered as well as Interaction
Region Indicator (IRI) analysis.27

2.4. Classical Molecular Dynamics Simulations. Classi-
cal MD simulations were carried out using the MDynaMix v.5.2
program.29 The force field parametrizations for the three types
of ions considered in this work ([EMIM]+,[BF4]− and [EtSO4]−

(Table S7, Supporting Information) were obtained from
SwissParam database (Merck Molecular Force Field30), except
atomic charges which were computed from DFT calculations of
ions using ChelpG method. Simulation boxes were built as
indicated in Table S8 (Supporting Information) for covering the
whole mixture composition range, as well as for different
pressure and temperature conditions to analyze their effect on
mixture properties. Initial cubic simulation boxes were prepared
with the Packmol program.31 All MD simulations were carried
out according to a two-stage procedure: (i) NVT simulations at
the considered conditions for 10 ns, followed by (ii) NPT
simulations at the considered pressure and temperature
conditions for 200 ns, which were used for the analysis of
mixtures properties.
All MD simulations were performed by considering periodic

boundary conditions along the three space directions. The
equations of motion were solved considering the Tuckerman−
Berne double-time step algorithm32 with 1.0 and 0.1 fs for long
and short-time steps. Electrostatic interactions were treated with
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the Ewald method33 (15 Å for cutoff radius). Lennard−Jones
potential was considered (15 Å cutoff distance) with Lorentz−
Berthelot mixing rules for cross terms. Temperature and
pressure were controlled with the Nose−Hoover method.34
The visualization and analysis of MD trajectories were carried
out with VMD35 and TRAVIS.36

2.5. Coarse-Grained Classical Molecular Dynamics
Simulations of Ionic Liquid−Lipid Bilayer Interactions.
The possible biological negative effects of the considered IL
mixture may be studied using the concept of adverse outcome
pathways (AoPs), i.e. the sequence of events, from molecular to
cellular to organ levels, which leads to a toxic effect of a
substance on a living organism.37 The series of complex
processes leading to final toxicity is proposed to be initiated
from a so-called molecular initiating event (MiE).38 A
particularly well-known MiE is the interaction of chemicals
with plasma (cell) membranes.39 For this purpose, the
mechanism(s) of interaction of the considered IL mixtures
with a model cell membrane, formed by a DPPC lipid bilayer,
and the changes in the membrane properties in the presence of
ILs in an aqueous solution were analyzed using Coarse Grained
Molecular Dynamics (CG-MD) simulations. The reason to
study the IL−lipid bilayers interactions using CG-MD
simulations instead of All Atom simulations (as indicated in
Section 2.4 for liquid phase properties) stands on the size of the
considered systems (water + IL + lipid bilayer with a large
number of atoms) as well as considering the time scale required
to infer lipid bilayer changes; therefore, CG-MD provides a
suitable solution to provide results at a reasonable computa-
tional cost.

CG-MD simulations were carried out considering IL mixtures
in aqueous solutions at different concentrations (Table S9,
Supporting Information). The beading of the ions, water, and
DPPC molecules is explained in Figure S1 (Supporting
Information). CG force field parametrization was done
according to the Martini3 CG force field40 (Figure S1,
Supporting Information). The suitability of the Martini force
field for describing ILs has been recently probed,41 and thus, the
CG-MD approach is a suitable option for describing the
behavior of the considered IL mixtures at model plasma
membranes. Water solutions in contact with DPPC bilayer for
17−20 wt % content of IL mixtures were considered, with these
IL mixtures corresponding to x [EMIM][BF4] + (1 − x)
[EMIM][EtSO4] with 0, 0.25, 0.50, 0.75, and 1.00mole fraction.
CG-MD simulations were carried out with the MESOCITE/

Materials Studio software. Simulations were carried out in a
three stages procedure: (i) energy minimization through
geometry optimization using the conjugated gradient method,
(ii) 1 ns NVT simulations at 318 K with the Velocity Scale
method for temperature control, and (iii) 500 ns NPT
simulations at 318 K (Nose thermostat) and 1 bar (Berendsen
barostat); 1.0 ps was used for coupling constants of the
thermostat and barostat along all the simulations, and a 20 fs
time step was used for all the simulations. Electrostatics (i.e.,
Coulombic interactions) were handled with the Ewald method
and van der Waals with a group (bead) based cutoff method,
15.0 Å cutoffs.
2.6. Interaction of the Ionic Liquid with Model

Biomolecules. Additional studies on the possible negative
biological effects of the considered IL mixtures were in silico

Figure 2. Experimental thermophysical properties for x [EMIM][BF4] + (1 − x) [EMIM][EtSO4], where x stands for mole fraction, as a function of
temperature. (a) Density (ρ), (b) excess molar volume (VE), (c) isobaric thermal expansion coefficient (αp), (d) excess isobaric thermal expansion
coefficient (αP

E), (e) dynamic viscosity (η), and (f) mixing viscosity (Δη). Black arrows indicate an increasing temperature for guiding purposes.
Dashed lines in panels b,d and f show equimolar composition to show position of the maxima in the corresponding excess or mixing property.
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conducted through the analysis of the interaction of the involved
IL molecules with target biomolecules. For this purpose, four
biomolecules were selected: 1BNA (B-DNA dodecamer), 1AO6
(human serum albumin), 1QZR (ATPase region of Saccha-
romyces cerevisiae topoisomerase), and (cyclooxygenase-2
(prostaglandin synthase-2). Docking calculations for IL
molecular clusters corresponding to ten different arrangements
inferred from results in Section 2.3 on the four selected
biomolecules were carried out. The biomolecule structures were
obtained from the Protein Databank and prepared using
Autodock Tools with docking regions containing the whole
biomolecules (i.e., not−guided docking). Docking studies were
carried out using Autodock Vina42 with the obtained docked
structures being ranked through the corresponding affinities
(scores).

3. RESULTS AND DISCUSSION
3.1. Macroscopic and Thermodynamic Character-

ization. Density and kinematic viscosity values for pure ILs
[EMIM][BF4] and [EMIM][EtSO4] and their binary mixtures
in the full composition range have been experimentally
measured in the 283.15−313.15 K range. These properties, as
well as the derived ones, are reported in Figure 2. For the analysis
of density data reported in Figure 2a, it should be initially
remarked that although both pure ILs are largely dense fluids,
[EMIM][BF4] is denser than [EMIM][EtSO4], 3.5% denser on
average in the considered temperature range. The usual trend on
the density for ILs showing a common cation (in this case
[EMIM]) is the increase of density with the molar mass of the
anion,8 but an opposite behavior is inferred for [BF4] and
[EtSO4], in which the lightest anion ([BF4],M= 86.80 gmol−1)
is denser than the heaviest one ([EtSO4],M = 125.12 g mol−1),
and thus, further effects need to be considered. Considering the
relevance of anion−cation interactions on the ILs properties, the
structures of [EMIM][BF4] 1:1 and [EMIM][EtSO4] 1:1
dimer clusters were optimized using DFT and their properties,
analyzed to infer relationships with fluids’ density. The volume
of the optimized dimers, in which cations and anions are
hydrogen-bonded, was calculated and from that, an estimation
of the density was inferred via the ratio of this volume and the
dimer molar mass of the cluster, which, although neglecting
additional effects present in the liquid phase, provide a rough
estimation of fluids density. The inferred densities are 1.12 and
1.08 g cm−3, for [EMIM][BF4] and [EMIM][EtSO4],
respectively, although being roughly 13% lower than the
experimental values reported in Figure 2a, confirm that
[BF4]−containing IL is roughly 3.5% denser than IL containing
[EtSO4], and it shows the pivotal role of the nature of the
developed [EMIM]−anion hydrogen-bonded cluster on the
properties of the bulk fluid. The evolution of density with
mixture composition as reported in Figure 2a is slightly
nonlinear, which leads to positive VE, i.e. expansion upon
mixing, althoughVE are not too large and decrease upon heating,
thus indicating low deviations from ideality. The low values for
excess properties have been previously reported for different
types of ILs.43−45 Chakraborty et al.45 proposed that
[alkylimidazolium]−based IL mixtures with a common cation
usually showed positive VE because of the excess molar volume
for imidazolium-based IL−IL mixtures may be linked to the free
volume created by the alkyl chain, although negative VE has also
been reported for [alkylimidazolium]−containing mixtures.42

The results obtained in this work for [EMIM][BF4]−[EMIM]-
[EtSO4] mixtures may be compared with those from Navia et

al.43 for [1-butyl-3-methylimidazolium][BF4] ([BMIM][BF4])
- [1-butyl-3-methylimidazolium][methylsulfate] ([BMIM]-
[MeSO4]). In the case of [BMIM][BF4]−[BMIM][MeSO4]
with a minima for VE of roughly -0.06 cm3 mol−1 at equimolar
mixture composition and 303 K in contrast with a maxima of
0.065 cm3 mol−1 for [EMIM][BF4]−[EMIM][EtSO4]. This
behavior confirms the role of the size of cation alkyl chains on
the development of free space to fit cations; in the case of
[BMIM] larger free space is produced than for [EMIM], which
allows the proper fitting of the smaller [MeSO4] anions in
comparison with the larger [EtSO4] ones. Nevertheless, in both
cases deviations from ideality are very low (positive or negative),
thus pointing to an effect of free space rearrangement upon
mixing with negligible disruption in the established intermo-
lecular forces.
The calculated αp values are reported in Figure 2c. Pure

[EMIM][BF4] is more compressible than [EMIM][EtSO4], in
agreement with the literature.46,47 The αp evolution withmixture
composition shows a nonlinear behavior, which leads (Figure
2d) to positive αp

E (i.e., more compressible fluids upon mixing)
with maxima at equimolar composition and almost negligible
effect of the temperature. Nevertheless, the reported positive αp

E

values are very low (roughly 0.012 × 10−3 K−1), thus leading to
almost ideal mixtures considering this property and pointing
again to very minor restructuring effects rising from the available
free space as the main effect upon mixing in terms of
compressibility.
The dynamic properties of the considered IL mixtures were

macroscopically analyzed through the dynamic viscosity (Figure
2e). First, it should be remarked that pure [EMIM][EtSO4] is
roughly three times more viscous than [EMIM][BF4]. The
viscosity evolution with temperature for both pure ILs as well as
for the studied mixtures cannot be described according to an
Arrhenius model, and thus VFT fitting was considered for all the
systems. The calculated VFT parameters allowed us to infer the
Df (fragility) parameter. The Df values for pure ILs are 3.19 and
3.04 for [EMIM][EtSO4] and [EMIM][BF4], respectively, and
thus, although [EMIM][EtSO4] is more fragile, both fluids may
be considered fragile ones. In spite of the small differences in the
pure fluids’ fragility, the large differences between the viscosities
of both ILs lead to a nonlinear evolution of viscosity uponmixing
and, thus, to negative non-negligible Δη (Figure 2f). The
negativeΔη are usually assigned to factors such as fewer surfaces
available for friction,48 or mainly to the weakening of
intermolecular forces between molecules.49 The case of negative
non-negligible Δη for [EMIM][BF4]−[EMIM][EtSO4] does
not seem to be produced from large variations of intermolecular
forces, as discarded from the very low excess properties reported
in Figure 2b,d. Although Δη is not an excess property, in the
thermodynamic sense (ideal state is not possible to define), the
decrease in viscosity upon mixing should rely on the rearrange-
ment of molecular clusters upon mixing. It has been reported
that large negative Δη is obtained when mixing ILs with
dissimilar structures,50 which is confirmed for [BF4] and
[EtSO4] anions. This is also inferred from the large differences
between the viscosities of pure ILs ([EtSO4] > [BF4]), which
may be also related to the differences among the intermolecular
forces in each pure IL. This effect is confirmed by literature
results showing the large cation effect,49 for [EMIM][NTf2]−
[EMIM][EtSO4] showed very small Δη (<4 mPa s) in contrast
with [EMIM][NTf2]−[BMIM][EtSO4] (Δη maximum of 60
mPa s). In the case of [EMIM][BF4]−[EMIM][EtSO4] the
anion type effect rises from the type of anion−cation
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intermolecular forces (hydrogen bonding), being C(H)−F (for
[BF4]) in contrast with C(H)−O (for [EtSO4]), and thus,
although the effect of anion on viscosity is less remarkable than
the cation one, it is the main reason for the negative Δη.
Nevertheless, large changes in intermolecular forces are not
produced but the differences in those upon mixing should be
noted.
Further analysis of the mixed IL structuring is carried out by

considering the excess partial molar volumes reported in Figure
3a,b for each IL mixture component. The reported V̅i

E, and the
values at infinite dilution, V̅i

E,∞, Figure 3c, show symmetric
behavior for both mixture components, i.e., minor disruption of
each IL structuring upon mixing, leading to low positive V̅i

E in

agreement with the low VE values (Figure 2b). The low and
positive V̅i

E,∞ values indicate a proper fitting of each type of IL
into the structure of the second one with almost negligible
disruption. These results confirm that the mixing is produced by
the fitting of each IL into the other one structuring with
negligible disruptions of intermolecular forces, thus resulting in
small excess properties.
The behavior of V̅i

E 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 volumes confirm the strength of intermolecular forces.
Likewise, the large values of V̅i

E,∞ show the disrupting effect of

Figure 3. (a, b) Excess partial molar volume of component i, V̅i
E, and (c) values at infinite dilution, V̅i

E,∞, for x [EMIM][BF4] + (1 − x)
[EMIM][EtSO4], where stands for mole fraction, as a function of temperature. Black arrows indicate increasing temperature for guiding purposes.
Panels a and b show the results for [EMIM][BF4] and [EMIM][TFSI], respectively.

Figure 4. Fitting parameters of VFT equation for experimental dynamic viscosity of x [EMIM][BF4] + (1 − x) [EMIM][EtSO4], where stands for
mole fraction, in the 283.15−313.15 K temperature range.

Industrial & Engineering Chemistry Research pubs.acs.org/IECR Article

https://doi.org/10.1021/acs.iecr.4c02839
Ind. Eng. Chem. Res. 2025, 64, 1774−1791

1779

https://pubs.acs.org/doi/10.1021/acs.iecr.4c02839?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.4c02839?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.4c02839?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.4c02839?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.4c02839?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.4c02839?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.4c02839?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.4c02839?fig=fig4&ref=pdf
pubs.acs.org/IECR?ref=pdf
https://doi.org/10.1021/acs.iecr.4c02839?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


one type of anion on the structuring of the other, thus leading to
new intermolecular interactions upon anion replacements.
The small changes in intermolecular forces upon mixing are

confirmed by the mixture composition evolution of the
calculated VFT parameters. The VFT A and B parameters
(Figure 4a,b) follow a linear trend with mixture mole fraction,
and the T0 parameter (Figure 4c), which is related to the glass
transition temperature, evolves through a nonlinear relationship,
remaining constant from neat [EMIM][EtSO4] to almost

equimolar mixtures. Nevertheless, it should be remarked that the
difference between the T0 of both pure ILs is just 7 K. Therefore,
these VFT parameters indicate that the changes in intermo-
lecular forces arise just from the dilution of each type of IL in the
second one upon concentration changes, without large changes
in the nature of each cation−anion interaction.
Further details on the intermolecular forces in the considered

IL mixtures may be inferred from the information obtained from
the PFP21 modeling of VE (Figure 5), which allows to

Figure 5. (a) Comparison of experimental, symbols, and PFP (lines) excess molar volume,VE, with the PFP interaction coefficient, χ12, reported in (b)
x [EMIM][BF4] + (1− x) [EMIM][EtSO4], where stands for mole fraction, as a function of temperature. Results in panels c-e show interactional, free
volume, and P* PFP contributions to the total VE.

Figure 6. DFT optimized structures of [EMIM]−[EtSO4] and [EMIM]−[BF4] 1:1 clusters showing the lowest energy configurations including
binding energy, ΔE, QTAIM properties (electronic density, ρe, and Laplacian of electron density, ∇2ρe), electron localization function (ELF), core
valence bifurcation index (CVB), all these properties reported at the bond critical point (BCP) and region corresponding to the reported hydrogen
bonds (dashed lines). Total cation and anion (ChelpG) charges are also reported, q.
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connection of the macro and microscopic information. Results
in Figure 5A show that the PFPmodel is able to describe VE with
a single fitting parameter, χ12 (Figure 5b). The small values for
χ12, linearly decreasing with temperature, show again the minor
changes in intermolecular forces upon mixing.51,52 The PFP
analysis of VE allows us to infer three contributions: interac-
tional, free volume, and P* contributions. It is remarkable that
free volume contribution is almost negligible, with the
interaction being negative and P* being positive and slightly
larger leading to the minor positive VE. Therefore, the newly
developed intermolecular forces developed upon mixing
(negative χ12, Figure 5b) are produced in minor extension
(small negative interactional contribution, Figure 5c) and are
mostly balanced by the positive P* contributions paired with
almost negligible free volume contribution (Figure 5d). The P*
contribution stands on the differences in internal pressures and
reduced volumes of the components uponmixing,53 this positive
effect reported in Figure 5e confirms that changes upon mixing
rise in the reorganization of molecules with the minor extension
of new interactions (Figure 5b,c).
3.2. On the Nature of Hydrogen Bonding. Experimental

thermophysical properties reported in the previous section
allowed us to characterize the macroscopic behavior from the
thermodynamic viewpoint and also infer pivotal features of the
fluids’ nanoscopic properties. Further analysis of the nature of
the mixed fluids was carried out through the consideration of
intermolecular forces (hydrogen bonding) via DFT calculations,
consideringmodel molecular clusters for neat ILs andmixed ILs.
In the first stage, dimers formed by [EMIM]: [EtSO4] and
[EMIM]: [BF4] in 1:1 combinations were considered, with their
main properties reported in Figure 6. Although the dimer model
is a limited representation of ILs, it provides relevant

information on the short-range cation−anion interactions
mainly via neat Coulombic and hydrogen bonding. The ΔE
values reported in Figure 6 indicate strong cation−anion
interactions for both anions, with a very minor effect on the
type of anion. The similar strength of interaction with [EMIM]
both for [EtSO4] and [BF4] would be on the root of the minor
changes in ideality, as reported in the previous section, i.e., the
binary mixed IL in which the concentration of one type of anion
decreases whereas the concentration for the other one increase
does not lead to remarkable changes in the anion−cation
interaction energy, thus, minor changes in energy-related
properties of the fluid as a function of composition. The main
anion-[EMIM] interaction is developed via hydrogen bonding
through the C(1) site in the imidazolium ring (the −CH site
between the two N atoms) but also the anions are able to
interact with the hydrogen atoms in the neighbor alkyl sites, thus
leading to very strong anion−cation interactions through the
four interacting sites, Figure 6. Regarding the Coulombic
interaction, results for [EMIM]−[EtSO4] show lower ionic
charges than for [EMIM]−[BF4], i.e., stronger Coulombic
interactions for the spherical [BF4] anion. This also leads to
slightly shorter hydrogen bonds with the cation for [BF4],
interactions [2] and [3] in Figure 6.
The QTAIM analysis of cation−anion interactions via ρe and

∇2ρe for the type (3,−1) BCPs developed in the hydrogen
bonding paths ([2] and [3] interactions in Figure 6) and for the
interaction with the alkyl groups ([1] and [4] in Figure 6). It
should be remarked that 0.002 au < ρe < 0.04 au and 0.02 au <
∇2ρe < 0.139 au ranges correspond to interactions that can be
classified as shared-based interactions or H-bond established
between the attraction sites, with larger values indicating
stronger interactions.54 The ρe and∇2ρe for H-bond interactions

Figure 7. DFT optimized structures and binding energy, ΔE, for (1) [EMIM] − (1) [EtSO4] + (1) [EMIM] − (1) [BF4] clusters, considering
different molecular orientations. Parenthesized percentage values indicate the difference between the binding energy per cluster and the sum of each
dimer from the results in Figure 6.
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([2] and [3] in Figure 3) indicate the formation of strong
interactions for both anions and the presence of two
simultaneous interactions on the C(1) [EMIM] site contributes
to large anion−cation interactions. Likewise, anion−cation
interactions through the alkyl sites in [EMIM] ([1] and [4])
although weaker than those through C(1) are also strong, thus
contributing to the stabilization of cation−anion pairs. The
strength of anion−cation intermolecular interactions is also
quantified via CVB and ELF, which indicate moderately strong
interactions.

Beyond the minimal anion−cation dimers considered as
initial models of isolated clusters, the effect of mixing in the
considered H-bonding was analyzed via DFT considering
tetramers formed by the association of dimers reported in
Figure 6 considering different mechanisms of interaction, i.e.,
spatial arrangements with particular orientations. These
tetramers, resembling equimolar [EMIM][EtSO4] + [EMIM]-
[BF4] clusters, were considered in ten different orientations, the
optimized structures of which are reported in Figure 7. For all
the cases, large ΔE values are inferred in all the cases, with the
values for the tetramer being larger than the addition of those for

Figure 8.Connection matrix analysis of interactions in x [EMIM][BF4] + (1− x) [EMIM][EtSO4] mixtures, where et is for mole fraction, fromMD
simulations at 303 K and 1 bar. Atom labeling as in Figure 1.

Figure 9. (a, b) Center-of-mass radial distribution function, g(r), and the corresponding solvation number, N, in x [EMIM][BF4] + (1 − x)
[EMIM][EtSO4]mixtures, wherem stands formole fraction, fromMD simulations at 303 K and 1 bar. Arrows indicate increasingmole fraction for the
compositions reported in Table S8 (Supporting Information). (c)N values for the radial distribution function first peak (r < 3.60 Å). In panel c, dashed
lines indicate linear behavior for comparison purposes. Atom labeling as in Figure 1.
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the dimers, i.e. new intermolecular forces are formed upon
tetramer formation leading to increases inΔE values in the range
of 18−26%. Therefore, the formation of larger clusters of the
replacement of a type of anion for another one in the neighbor
cluster does not lead either to a disrupting effect or to a decrease
in the cluster (H-bonding) stability but, on the contrary, to
additional stabilization. Likewise, the ten different orientations
reported in Figure 7 show ΔE with minor differences between
them (∼58 kJ mol−1), thus confirming a large versatility of the
arrangements between neighbor ionic pairs leading to stable
configurations, which would be on the roots of the
thermodynamics macroscopic behavior.
3.3. Nanoscopic Characterization of Mixed Liquid

Phases. The model clusters reported in the previous section
provide information on the nature of H-bonding in the
considered systems, but liquid structuring is also characterized
by additional effects like long-range interactions, molecular
packing, and dynamic evolution, which require considering
larger model systems being studied using MD simulations. The
suitability of the considered force field used for MD simulations
is analyzed via the comparison of (relevant) experimental
properties (density and dynamic viscosity; Figure S1, Support-
ing Information). The MD-predicted density and viscosity data
are lower than the experimental ones, but the deviations for
density (1.2% on average) and viscosity (19.1% on average) are
reasonable considering the purely predictive nature of the MD
approach. Likewise, the evolution of density and viscosity with
mixture composition is in reasonable agreement with exper-
imental behavior, and thus, the consideredMD approachmay be
considered as a suitable representation of the considered mixed
fluid properties and structuring.
The first analysis of the studied IL mixtures was carried out

considering structuring. The possible donor−acceptor sites
were analyzed via Radial Distribution Functions (RDFs), which
were systematically arranged considering the so-called con-

nection matrix (cmat), in which RDFs for relevant interacting
pairs are calculated, the first RDF peak being calculated in terms
of its distance and intensity and assigned a color code, thus
inferring the most relevant intermolecular interactions, Figure 8.
The reported cmat results discard [EMIM]−[EMIM] self-
association and confirm cation−anion interaction. The cation−
anion interaction is mainly developed (red spots in Figure 8)
through the cation C(1) sites, whereas interactions through the
[EMIM] C(2) sites (opposite sites in imidazolium ring) also
being present are produced in lower extension (orange spots in
Figure 8). This pattern of interaction is maintained in the whole
composition range, and when both anions are present in the
mixture they provide the same mechanism of interaction being a
combination of those of neat ILs, thus proving that the model
clusters considered for DFT studies (Figure 7) are representa-
tive of the mechanism of interaction and that the liquid mixture
structure is mainly characterized by a continuous replacement of
one type of anion by the other one, without large disruptions of
the liquid phase structuring and thus leading to minor deviations
of thermodynamic ideality.
Particular details of the cation−anion interactions via the

main interaction site C(1) in the imidazolium ring are reported
in Figure 9 considering RDFs. The RDFs are almost equivalent
for both types of anions (Figure 9a,b) following a first very
intense RDF peak corresponding to H-bonding followed by
weak peaks at larger distances, i.e., cluster models in Figures 6
and 7 represent the mechanism of H-bonding. The maximum of
the first RDF peak appears at the same distance for both anions
and their intensity changes upon changing anion concentration
without changes in the position, i.e., indicating again an anionic
replacement mechanism. The integration of the first peak of
RDFs leads to the number of anions around the [EMIM], Nfirst,
which are plotted as a function of mixture composition in Figure
9c. In the case of [EtSO4], Nfirst evolves in a linear way with
composition, and for the case of [BF4] Nfirst evolves in a

Figure 10. Spatial Distribution Functions around central [EMIM] cation for the reported molecules: [EtSO4] (O2−4 atoms), [BF4] (F1−4 atoms)
and [EMIM] (C1 atoms) in x [EMIM][BF4] + (1− x) [EMIM][EtSO4]mixtures, where stands for mole fraction, fromMD simulations at 303 K and
1 bar.
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nonlinear way with a lower number of [BF4] anions than
expected from composition; this deviation is not too large and
confirms the replacement of one type of anion by the other one
around the cation upon mixing in a ratio corresponding to the
mixture composition.
The distribution of anions around the [EMIM] cation is

analyzed via spatial distribution functions (SDFs), Figure 10.
SDFs indicate that both anions are mainly placed around the
C(1) site of [EMIM] and non-negligible distributions are also
produced around the C(2) sites, corresponding to the
interaction between neighbor anion−cation clusters. It is
remarkable that both anions show an analogous distribution
around the cation, which is maintained throughout the whole
composition range. Likewise, the interaction between neighbor
[EMIM] cations is characterized by a distribution on top of the
imidazolium ring, in this way allowing anion−cation effective
interactions as well as ring−ring interactions between neighbor
[EMIM] cations leading to additional stabilization factors in
terms of van der Waals interactions as well as to more effective
molecular packing, and thus densification.
The geometrical nature of the developed H-bonds is analyzed

via the combined distribution functions (CDFs) considering
interatomic separation and angle between relevant sites (around
C(1) in [EMIM]), Figure 11. It is remarkable that the hydrogen

bonding is confirmed considering a geometrical criterion (red
spot in Figure 11) and exactly the same pattern for CDFs is
inferred for the considering anions and the whole concentration
range, i.e. almost negligible effect of mixture composition is
inferred in the hydrogen bonding and interionic orientation.
Beyond the anion−cation intermolecular forces, analysis of

the liquid phase properties is carried out considering long-range
molecular distribution and clustering on the considered
mixtures through the domain analysis reported in Figure 12.
Although negligible changes upon mixing are inferred from the
analysis of intermolecular forces previously discussed, results for
domains reported in Figure 12 show subtle changes. In the case
of [EMIM] domains, the domain count shows a single domain
along the whole fluid, indicating a large interconnection between
cations in agreement with the spatial distribution reported in
Figure 10i−m, which showed cation to cation (top on top)
orientation. The size of this [EMIM] domain increases with
[BF4] content, which corresponds to an increase in density on
going from [EtSO4] to [BF4] (Table S1, Supporting
Information). Regarding anion domains, results for [EtSO4]
show a lower number of domains than for [BF4] in the
[EtSO4]−rich region (low x) and vice versa for the [BF4] rich
region. Nevertheless, the size of [EtSO4] domains is mostly
lower than those for [BF4], mainly because of the large anion

Figure 11. Combined Distribution Functions for the distance and angles between relevant sites in x [EMIM][BF4] + (1 − x) [EMIM][EtSO4]
mixtures, where the asterisk stands for mole fraction, from MD simulations at 303 K and 1 bar.

Figure 12.Domain analysis in x [EMIM][BF4] + (1− x) [EMIM][EtSO4]mixtures, where “Mole fraction” stands for, fromMD simulations at 303 K
and 1 bar. Number of domains, D, average domain area, D-surf, volume, D-vol, and isoperimetric index, Q, are reported. Atom labeling as in Figure 1.
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size. The evolution of anion domains follows a nonlinear trend
increasing up to a value, i.e., declustering, and then decreasing

reclustering. These effects point to a mechanism of anionic
replacement which forces the connection of anion domains of

Figure 13. Neighbor probability matrix from Voronoi analysis in x [EMIM][BF4] + (1 − x) [EMIM][EtSO4] mixtures, where the letter “Et” stands
for mole fraction, from MD simulations at 303 K and 1 bar. Atom labeling as in Figure 1.

Figure 14. Average particle density of the reported molecules around a central [EMIM] molecule in x [EMIM][BF4] + (1 − x) [EMIM][EtSO4]
mixtures, where the “mean atomic mass” stands for mole fraction, fromMD simulations at 303 K and 1 bar. Average orientation of the reported vectors
is also indicated.

Figure 15. Cluster analysis for cation - anion aggregation in x [EMIM][BF4] + (1 − x) [EMIM][EtSO4] mixtures, where stands for mole fraction,
fromMD simulations at 303 K and 1 bar. (a) Results show occurrence of possible clusters as a function of distance, R. (b) Percentage distribution of the
cluster composed of n molecules (n-mers).
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the same type when the other anion prevails, i.e., anion
microdomains leading to certain nanoscopic heterogeneity.
Likewise, a relevant structural feature appears from the cationic
interconnection, which determines the fluids’ structure in which
anions are distributed in the available sites around the C(1)
imidazolium sites. The anionic domains show a certain degree of
sphericity, especially changing the shape for those involving
[BF4] anion, Figure 12c. Further analysis of the possible
clustering is carried out through the neighbor probability matrix
reported in Figure 13. These matrices show a similar interatomic
distribution function in the whole considered composition
range, and they may be considered as a fingerprint of the atom-
to-atom distribution in the liquid phases, i.e. confirming
analogous site-to-site distribution independently of the type of
anion, thus pointing again to the anion per anion replacement
mechanism for describing mixture properties.
The orientation of anions in the solvation shells around the

[EMIM] cation is analyzed in Figure 14. Both types of anions
show similar orientation around the cation C−H imidazolium
sites (red spots). Likewise, anion vectors are highly oriented
around the H-bonding imidazolium sites, especially for the
[EtSO4] anion, in which the sulfate group is totally oriented
toward the ring whereas the spherical shape of [BF4] provides a
larger flexibility around the cation. This effect would be on the
root of the lower density for [EtSO4] than for [BF4].
The anion−cation clustering is analyzed in Figure 15. Results

in Figure 15a report cluster size distribution as a function of
mixture composition, showing almost the same distribution in
the whole composition range, i.e. changing the type of anion
does not remarkably change the size of clusters, and only one
type of anion is replaced by the other one. The twomain peaks in
Figure 15a correspond to clusters with 3.1 and 4.4 Å radii, being
an anion−cation dimer (n = 1) or tetramer (n = 2). The first
peak corresponding to n = 1 shows almost negligible changes
upon mixing, whereas the second (weaker) one slightly
decreases with increasing [BF4], but the most relevant features
of cluster size are maintained in the whole composition range.
Further analysis was carried out considering the percentage
distribution of each type of cluster starting from n = 1 (1:1
anion−cation pair), as the simplest and smallest association, and
increasing the number of ions in the cluster, Figure 15b. The first
relevant conclusion stands on the large percentage of clusters
with n > 10, which agreed with the domain distribution reported
in Figure 14a, considering the interconnection between the
cations. Therefore, liquid structuring is characterized by large
clusters connected anion to cation via hydrogen bonding and

through additional interactions among neighbor pairs (Figure
7). The cluster distribution shows subtle changes with mixture
composition, but the most relevant features are analogous in the
whole composition range, i.e., the mechanism of ionic
aggregation and distribution remaining almost constant when
one type of anion is gradually replaced by the other one.
The dynamic properties of the mixed ILs were first analyzed

considering the self-diffusion coefficients, D, as calculated from
the mean square displacement (MSD) and Einstein’s equation,
Figure 16a. The first remarkable result stands for the equal D
values for the cation and anions at each fixed composition. This
pairing of ionic movement comes from the development of
anion−cation interactions, clustering, and through the replace-
ment of a type of anion by the other one, leading to paired
[EtSO4] and [BF4] diffusion. The composition evolution ofD is
largely nonlinear, in agreement with the experimental behavior
of viscosity, Figure 2e,f. TheD values for pure [EMIM][EtSO4]
are lower than those for pure [EMIM][BF4], corresponding to
larger viscosities for [EtSO4] containing fluids. These lower
diffusion could be explained considering that [EtSO4]
participates in larger domains than [BF4], Figure 12, and
although anion−cation interactions have almost the same
strength for both types of anions, Figures 6 and 7, the larger
domains hinder ionic diffusion, thus leading to larger viscosity.
The nonlinear evolution of D with mixture composition evolves
through a minimum at [BF4] rich composition and then a sharp
increase up to neat [EMIM][BF4]. The initial decrease of D for
the [EtSO4] rich region with [BF4] increasing concentration
may rise by the dispersion of [BF4] anions in the large [EtSO4]
domains, Figure 12a. This increasing concentration of isolated
[BF4] domains will decrease ionicmobility for all the considered
ions. As the [BF4] rich region is reached, larger [BF4] prevailing
domains are formed, which move faster, i.e. increasing global
ionic motion. Therefore, ionic mobility and domains and
clustering evolution with composition evolution are largely
correlated.
Additionally, the dynamic properties of H-bonding are

analyzed considering reactive flux analysis,55 which leads to
the hydrogen bonding lifetime (so-called forward process, τf),
Figure 16b. This analysis shows very stable H-bonds with longer
lifetimes for [BF4]−rich mixtures. Likewise, for each fixed
composition, the lifetimes of each type of hydrogen bond are the
same, which again points to the replacement mechanism as the
feature controlling the nanoscopic structuring. Almost negligible
changes in lifetimes are produced up to equimolar compositions,
i.e., [EtSO4]−rich mixtures, and then a further increase in

Figure 16. (a) Center-of-mass self-diffusion coefficient, D, and (b) living times of ion pairs, τf, for the considered ions in x [EMIM][BF4] + (1 − x)
[EMIM][EtSO4] mixtures, where the word “mole fraction” stands for mole fraction, from MD simulations at 303 K and 1 bar.
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lifetimes with [BF4] enrichment. This effect can be justified
considering the domain distribution reported in Figure 12a; for
the [EtSO4]-rich region, almost a continuous domain is
produced connecting cations and anions (domain count close
to unity), and this facilitates H-bonding breaking and reforming.
Upon the increase of the [BF4] content, the number of anion
domains increases, thus hindering H-bonding reforming.
Nevertheless, these dynamic features agree with experimental
behavior and show how structuring and dynamic properties are
intimately connected, and thus not only is the mechanism of
interionic interaction relevant but also the long-range ionic
distribution pivotal for determining ionic mobility, although
intermolecular forces remain almost constant upon mixing.
3.4. Interaction with Biomolecules and Cell Mem-

branes. The possible biological effects (i.e., toxicity) of the
considered ILs and IL mixtures are first analyzed considering
their interaction with a model lipid bilayer formed by DPPC
lipids to mimic the interaction of the considered ILs with cell
walls. Literature studies on the interaction of ILs with lipid
bilayers are scarce, Yoo et al.56 probed via MD simulations
imidazolium cationic insertion into model POPC bilayers
leading to surface roughening as the precursor of bilayer
disruption, and additional perturbation effects have been
reporting being indicative of toxic effect of mainly imidazo-
lium−based ILs.57,58 Nevertheless, these studies considered neat
ILs not mixed ILs, and, in most of the cases, low IL
concentration. Results in Figure 17 show DPPC bilayer
structuring in the presence of the considered IL mixtures.
Both for pure ILs as well as for the considered mixtures, large
bilayer roughness is induced, which confirms the roughness
previously reported54 being exacerbated by the larger concen-
tration considered in this work. Although the bilayer integrity is
maintained upon interaction with ILs, the roughening is induced
by the adsorption of ions on the outer polar region of the lipids.
Likewise, there is a clearly different preferential adsorption
arrangement with [BF4] anions placed in outer regions close to
the head choline groups, whereas [EtSO4] and mainly [EMIM]
cations penetrate inside the bilayer remaining closer to the
phosphate and glycerol groups, respectively. All of the
considered ions remain in the top polar region of the bilayer
surface without staying in the apolar central region. Surface
roughening is maintained and shows similar characteristics for
all the considered composition effects, with the anion exchange
scheme pointing to a larger amount of ions on the outer layer for
[BF4]-richmixtures, whereas for [EtSO4]-richmixtures, a larger
ionic concentration is inferred in inner regions of the polar
heads. In all the cases, the presence of [EMIM] inside the polar
region leads to a largely disruptive effect on the surface
roughness. This increase in the surface curvature is produced by
the large affinity of the considered ions for the polar head groups
of the lipids, which through increasing roughness leads to an
improvement of ion−lipid interactions both in terms of
extension and strength. The perturbation of bilayer properties
is quantified considering bilayer width and Area Per Lipid (APL)
taking as reference the calculated bilayer properties in the
absence of ILs; Figure 18a. In most of the cases, the presence of
the ILs leads to a bilayer expansion (with the exception of neat
[EMIM][BF4] in the three space directions (increase of width
and APL), which is produced for the accommodation of strongly
interacting ions. There is not a clear effect on the content of
anions, although the presence of [BF4] seems to decrease the
perturbative effects because the spherical symmetry and size of
these anions allow better surface accommodation with lower

bilayer disruption. The strong ion−(polar head) lipid
interactions decrease lipid mobility, as probed by the decrease
in lateral diffusion reported in Figure 18c, i.e., ions adsorption on
the surface modifies both the structural and dynamic properties
(fluidity) of the bilayer, which indicate a large disrupting effect.
Nevertheless, considering that ion interaction is produced in the
polar head regions of the bilayer, perturbations on the apolar
regions are almost negligible as probed by the minor changes in
lipid extension and internal angle reported in Figure 19. The
mechanism of ion-polar head interactions is quantified through
the corresponding RDFs reported in Figure 20, where it is clearly
proved that the [EMIM] cation interacts mainly with internal
phosphate and glycerol, [BF4] with external choline, and

Figure 17. Results of Coarse Grained MD simulations of x
[EMIM][BF4] + (1 − x) [EMIM][EtSO4] mixtures in aqueous
solution (Table S9, Supporting Information) in contact with the DPPC
lipid bilayer at 313 K. Snapshots at the end of the simulations are
reported. Lipid alkyl chains as well as water molecules are omitted for
the sake of visibility.

Industrial & Engineering Chemistry Research pubs.acs.org/IECR Article

https://doi.org/10.1021/acs.iecr.4c02839
Ind. Eng. Chem. Res. 2025, 64, 1774−1791

1787

https://pubs.acs.org/doi/10.1021/acs.iecr.4c02839?fig=fig17&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.4c02839?fig=fig17&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.4c02839?fig=fig17&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.iecr.4c02839/suppl_file/ie4c02839_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.4c02839?fig=fig17&ref=pdf
pubs.acs.org/IECR?ref=pdf
https://doi.org/10.1021/acs.iecr.4c02839?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


[EtSO4] remaining in a central region being able to interact with
all the groups. These results indicate that for a mixed IL
containing [BF4] and [EtSO4] anions, both types of anions do
not compete for the adsorption regions on the lipid polar
surfaces, whereas they adsorbed in different regions, being also
different from those of [EMIM] cation, and thus, the anionic
effect on lipid bilayer disruption would be additive and
synergistic, leading to larger toxic effects.
Additional possible toxic effects of the considered ILs were

analyzed by doing docking studies on four model proteins for
ion clusters reported in Figure 7, as models of mixed ILs
interacting with different biological targets. The results in Figure
21 provide the biomolecule−cluster interaction energies.
Docking interaction energies are in the −6 to −21 kcal mol−1,
which indicates favorable ionic cluster−biomolecule interaction,
i.e. non-negligible biological effects that may be related, at least
qualitatively with possible toxic effects. For a fixed cluster
configuration, there is not a remarkable effect on the type of
biomolecule, indicating that ion pairs are able to reach the most
stable configuration independently of the biomolecule. Never-
theless, results indicate that there is a large effect on the type of
considered clusters leading to very different interactions with the
biomolecule both in terms of mechanism(s) and strength.
Therefore, these results combined with those for the interaction
with lipid bilayers point to aremarkable interaction of the
considered mixed ILs with biosystems, pointing to non-
negligible toxic effects, exacerbated through synergistic effects

by the presence of different types of anions, which should be
taken into account for the large-scale application of complex
multicomponent IL mixtures.

4. CONCLUSIONS
In this research, our primary focus was the comprehensive
examination of [EMIM][BF4] and [EMIM][EtSO4] ionic
liquids and their binary mixtures from macroscopic to
nanoscopic scales as well as their potential biological
implications. Beginning with macroscopic investigations,
density and viscosity measurements unveiled a remarkable
trend attributed to the presence of hydrogen-bonded cluster
structures. Analysis of excess properties provided valuable
insights into the mixing behavior of these ILs, revealing minor
deviations from ideality primarily driven by the rearrangement
of molecular clusters within the available free space. Moreover,
the study of excess partial molar volumes demonstrated
symmetric behavior, affirming the minimal disruption of the
IL structuring upon mixing. Our research also delved into the
behavior of intermolecular forces, demonstrating that changes in
these forces were predominantly a result of dilution effects, with
little alteration in cation−anion interactions. Collectively, these
findings significantly contribute to our understanding of IL
behavior, offering valuable insights into its potential applications
in the fields of chemistry and materials science.
Moving to the nanoscopic realm, molecular dynamics (MD)

simulations enabled the exploration of mixed liquid phases. The

Figure 18. Results of Coarse Grained MD simulations of x [EMIM][BF4] + (1 − x) [EMIM][EtSO4] mixtures in aqueous solution (Table S9,
Supporting Information) in contact with DPPC lipid bilayer at 313 K. (a) Lipid bilayer width, h, defined as the distance between NC groups (choline
group) in top and bottom layers and APL standing as Area per Lipid; (b) lateral self-diffusion coefficients, D, for DPPC lipids. Dashed lines in each
panel show the values for the DPPC bilayer in contact with the water layer in the absence of ILs.

Figure 19. Results of Coarse Grained MD simulations of x [EMIM][BF4] + (1 − x) [EMIM][EtSO4] mixtures in aqueous solution (Table S9,
Supporting Information) in contact with the DPPC lipid bilayer at 313 K. Results indicate probability distributions of geometrical properties of DPPC
lipid in the bilayers.
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analysis uncovered robust cation−anion interactions at the C(1)
and C(2) sites of [EMIM], with anion−cation replacement
being the predominant structural mechanism. Spatial Distribu-
tion Functions illustrated consistent anion−cation interactions,
substantiating structural stabilization and densification within
these mixed liquid phases. Combined Distribution Functions
further verified uniform hydrogen bonding geometry across
anions and compositions, while domain analysis unveiled subtle
nanoscale heterogeneity in anion domains. The study of cation−
anion clustering revealed the enduring presence of large,

hydrogen-bonded clusters, which remained consistent through
various compositional variations. Additionally, dynamic proper-
ties, including self-diffusion coefficients and hydrogen bonding
lifetimes, exhibited correlations with the observed viscosity
behavior, demonstrating the interconnected nature of inter-
molecular forces, structural dynamics, and ionic mobility within
these mixed liquid phases. These nanoscopic insights deepen
our understanding of these systems, providing valuable
knowledge for potential applications.
Expanding our scope to examine the potential biological

effects, interactions with a model lipid bilayer, and docking
studies on model proteins were conducted. Simulations
uncovered the disruptive influence of both pure ILs and mixed
ILs on the lipid bilayer, which induces significant roughening.
Preferential adsorption of [BF4] anions near the choline groups
and deeper penetration of [EtSO4] and [EMIM] cations into
the bilayer were observed, underscoring the distinct behaviors of
different ion types. Docking studies with model proteins
indicated favorable interactions between ionic clusters and
biomolecules, hinting at the potential biological effects.
Importantly, the configuration of ion clusters played a crucial
role in determining the nature and strength of these interactions,
pointing to non-negligible toxic effects, possibly exacerbated by
synergistic effects arising from the presence of various anion
types.
This research not only advances our understanding of the

fundamental behavior of ILs but also underscores the
importance of considering the toxicological implications of
complex multicomponent IL mixtures, particularly when they
are employed on a large scale in diverse applications. The
interactions observed with lipid bilayers and biomolecules
emphasize the necessity for a comprehensive assessment of the
biological effects of ILs in real-world scenarios, bridging the gap
between fundamental research and practical applications.
From the viewpoint of industrial and technological relevance,

this comprehensive study of [EMIM][BF4] and [EMIM]-
[EtSO4] ionic liquids and their mixtures has significant
implications. The insights gained into their macroscopic and
nanoscopic properties can guide the development of tailored ILs
for specific applications in chemistry and materials science. For
instance, an understanding of viscosity trends and mixing
behavior can inform the design of IL-based lubricants,
electrolytes, and heat transfer fluids. The nanoscopic analysis
of ion interactions and clustering behavior is crucial for
optimizing ILs for use in catalysis, gas capture, and electro-
chemical devices. Furthermore, the revealed biological inter-
actions are vital for assessing the environmental impact and
safety of ILs in large-scale industrial processes. This knowledge
can drive the development of safer, more efficient IL
formulations for applications in pharmaceuticals, biomass
processing, and green chemistry. Overall, this research provides
a solid foundation for advancing IL technology across various
sectors, balancing performance with safety considerations.

■ ASSOCIATED CONTENT
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Figure 20. Results of Coarse Grained MD simulations of x
[EMIM][BF4] + (1 − x) [EMIM][EtSO4] (x = 0.5) mixture in
aqueous solution (Table S9, Supporting Information) in contact with
the DPPC lipid bilayer at 313 K. Results indicate radial distribution
functions between the indicated ions and polar head groups in DPPC
lipid in the bilayer.

Figure 21. Results for the docking of IL clusters (Figure 7) into the
reported biomolecules indicating IL−biomolecule affinity quantified as
docking (interaction) energy, Edock. Edock values for the strongest
interaction pose are reported in each case.
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