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Aqueous Solutions of Ionic Liquids: Microscopic Assembly
Jose Manuel Vicent-Luna,[a] David Dubbeldam,[b] Paula Gûmez-Ýlvarez,*[a] and Sofia Calero*[a]
lengths and for a variety of anions, namely, [Br]¢ , [NO3]¢ ,
[SCN]¢ , [BF4]¢ , [PF6]¢ , and [Tf2N]¢ . The structure of water and
the water–ionic liquid interactions involved in the formation of
a heterogeneous network are analyzed by using radial distribution functions and hydrogen-bond statistics. To this end, we
employ the geometric criterion of the hydrogen-bond definition and it is shown that the structure of water is sensitive to
the amount of ionic liquid and to the anion type. In particular,
[SCN]¢ and [Tf2N]¢ were found to be the most hydrophilic and
hydrophobic anions, respectively. Conversely, the cation chain
length did not influence the results.

Aqueous solutions of ionic liquids are of special interest, due
to the distinctive properties of ionic liquids, in particular, their
amphiphilic character. A better understanding of the structure–property relationships of such systems is hence desirable.
One of the crucial molecular-level interactions that influences
the macroscopic behavior is hydrogen bonding. In this work,
we conduct molecular dynamics simulations to investigate the
effects of ionic liquids on the hydrogen-bond network of water
in dilute aqueous solutions of ionic liquids with various combinations of cations and anions. Calculations are performed for
imidazolium-based cations with alkyl chains of different

1. Introduction
Room-temperature ionic liquids (RTILs) are molten salts composed of large organic cations and smaller organic or inorganic
anions. Their inherent attractive physical and chemical properties make them potentially useful for a wide range of chemical
and industrial applications.[1–2] Amongst other properties, the
melting point, viscosity, and density can be adjusted by varying the chemical structures of the component ions. This designer character is an advantage, as ILs can be tailored to suit
the requirements of a particular process.[3–4] Miscibility is another important property of ILs that changes with their structure.
In addition to the interactions that exist in conventional organic solvents (hydrogen bonding, dipole–dipole, and van der
Waals interactions), ILs have ionic interactions that make them
very miscible with polar substances. Overall, the anion controls
their water solubility, but the length of the alkyl chains of the
cations is also important, owing to the hydrophobic nature of
these chains. At the same time, the presence of alkyl chains
determines the solubility in less polar fluids.
The behavior of ILs mixed with polar solvents is of great interest from both a fundamental and industrial viewpoint, due
to their amphiphilic character. Especially intriguing are aqueous solutions of ILs, the thermodynamic properties and microscopic assembly of which have been studied considerably.[5–26]

Despite these efforts, a deeper and more quantitative understanding of the molecular-level structure is still needed.
Indeed, there is even controversy with similar simpler systems;
it is generally assumed that ions dissolved in liquid water have
a strong effect on the hydrogen-bond structure,[27–28] however,
Omta et al. reported that they had a negligible effect.[29] In this
context, molecular simulation (MS) techniques represent
a useful alternative to experiments, as MS allows the detailed
exploration of molecular arrangements in fluids. Here, we present a comprehensive computational study of the influence of
low concentrations of ILs on the H-bonding network of water,
and of the water–IL interactions. In particular, we performed
molecular dynamics (MD) simulations for dilute water/IL systems for a variety of anion types and imidazolium-based cations with a range of alkyl-chain lengths; the role of these factors was thus examined. The set of considered IL ion pairs is
depicted in Figure 1. We used previously validated atomistic
descriptions and intermolecular interactions. H-bond formation
in water and the water–IL interactions were analyzed through
radial distribution functions [RDFs; g(r)] and H-bond statistics,
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Figure 1. The IL ion pairs used in this work.
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which were determined by employing the geometric criterion[30] of the H-bond definition.

2. Results and Discussion
The analysis of RDFs aids our understanding of the microscopic
behavior of the water/ILs mixtures by providing information
on the average intermolecular distances and the presence of H
bonds. The atoms selected for the RDF calculations are specified in the Computational Details. Figures 2 and 3 display the

Figure 3. RDFs for cation–anion, anion–water, cation–water, and water–
water pairs for mixtures of 500 water molecules with one IL ion pair (about
0.1 m) comprised of [C10MIM] + cations and a [Tf2N]¢ anions (top), with 16 IL
ion pairs (about 1 m) comprised of [C4MIM] + cations and [Tf2N]¢ anions
(center), and with 16 IL ion pairs (about 1 m) comprised of [C10MIM] + cations and [Tf2N]¢ anions (bottom)to investigate the effect of the IL concentration (in the dilute regime) and of the cation alkyl-chain length. The reference
atoms for these RDFs are described in the Computational Details.

Figure 2. RDFs for a) cation–anion, b) anion–water, c) cation–water, and
d) water–water pairs for mixtures of 16 IL ion pairs mixed with 500 water
molecules (about 1 m) with [C10MIM] + as the cation and a range of different
anion types to investigate the effect of the anion type. The reference atoms
for these RDFs are described in the Computational Details.

ing hydrophobicity of the selected anions: [SCN]¢ < [NO3]¢ <
[BF4]¢ < [PF6]¢ < [Tf2N]¢ . We do not include [Br]¢ in the sequence, as size can be a misleading factor; we will discuss this
issue below. In addition, water ordering has also been observed around the imidazolium rings of the cations (Figure 2 c),
but to a lesser extent. The water–cation interaction is hardly influenced by the type of anion, as the position of the first peak
is similar in all cases. To obtain a deeper understanding of
water–cation interactions, Figure 4 shows the RDFs between
the O atom of water and the H atoms of the cation head for
[Br]¢ . Water interacts strongest with the H atom linked to the
C atom located between the N atoms (H1), with the first RDF
peak located below 2.6 æ. This finding is well-understood, as
the proton on the C atom between the two N atoms is known
to have more positive charge, and is in agreement with the literature.[31] The interactions with the H atoms of the methyl
group and the other H atoms of the imidazolium ring are
rather weaker (first RDF peak is greater than 2.8 æ), but more
significant than with those of the alkyl chain (hydrophobic
nature), which are omitted. The characteristic extrema of
water–water gOO(r) (the subscripts denote the involved atoms)
remain virtually unchanged in relation to those of bulk water,
regardless of the anion type (Figure 2 d). The same is observed

RDFs corresponding to the anion–cation, anion–water, cation–
water, and water–water pairs for different systems. These functions have been smoothened for clarity (see Figure S1 in the
Supporting Information for the raw data). Figure 2 shows the
effect of the anion type on the previously mentioned pairwise
interactions for water/IL mixtures containing 16 IL ion pairs
and 500 water molecules (approximately 1 m aqueous solution)
with [C10MIM] + as the cation (MIM = methylimidazolium). The
position of the peak of the cation–anion RDF (Figure 2 a) is
clearly dependent on the type of anion. In general, it is present
at about 5 æ, but the first peak for [SCN]¢ is located at distances larger than 6 æ, thus indicating a weak cation–anion interaction. As apparent from Figure 2 b, the influence of the anion
type is even more prominent when it interacts with water.
[SCN]¢ is the most hydrophilic anion by far and the corresponding RDF exhibits a narrow peak at distances lower than
3 æ, suggesting strong ordering of water around this anion.
This result is consistent with anion–cation interactions. These
functions show noticeable first peaks followed by one or two
more maxima of diminishing amplitude. According to the first
hydration shells, we can predict the following order of increasChemPhysChem 2016, 17, 380 – 386
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Figure 4. Radial distribution functions between H atoms of the cation head
and water O atoms for a mixture of 500 water molecules with 16 IL ion pairs
(about 1 m) comprised of [C10MIM] + cations and [Br]¢ anions.

for gOH(r) (see Figure S2 in the Supporting Information). The
positions of the first peaks and following minima are approximately 2.8 and 3.6 æ for gOO(r), and at 1.8 and 2.4 æ for gOH(r).
This is a clear indication of stable H bonding. Finally, RDFs corresponding to cation–cation pairs are included in the Supporting Information (Figure S3) and reveal weak interactions. The
RDFs in Figure 3 allow us to evaluate the effect on the pairwise
interactions of the cation chain length (by comparing the
center and the bottom plots) and of the amount of IL ion pairs
(by comparing the top and the bottom plots) for a fixed anion
type, in particular [Tf2N]¢ . In a large cation the positive charge
is more dispersed, and thus, the cation–anion and cation–
water interactions are expected to be weaker. However, slight
changes were observed when increasing the chain length from
four to ten C atoms. The influence of the concentration is also
almost negligible. Overall, at these IL concentrations water–
water interactions unquestionably predominate.
As the RDFs corresponding to water–water interactions in
the systems under study are almost identical to those of bulk
water, regardless of the type of anion, IL concentration, and
length of the alkyl chain of the cation, we employed the
widely used distance–angle definition[30] for H bonding in bulk
water. A H bond is considered to exist between a pair of molecules if: 1) The respective O atoms are separated by less than
3.6 æ. 2) The O atom of the acceptor molecule and the H atom
of the donor are separated by less than 2.4 æ. 3) The a angle is
less than a threshold value, usually 308, to account for linear H
bonds. Following this criterion, the H-bond statistics of water
in the various solutions were computed. The calculations indicated that virtually all molecules are associated; only about
one percent of molecules are monomers. The degree of association in terms of the average number of H bonds per molecule
(nHB) is characterized in Figure 5. Figure 5 a shows the nHB
values of water in bulk and in mixtures with ILs to evaluate the
behavior of this variable as a function of the IL concentration
(bottom x axis) and of the cation alkyl-chain length (top x axis).
A slight weakening of the H-bonded network of water is obChemPhysChem 2016, 17, 380 – 386
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Figure 5. a) The average number of H bonds per molecule (nHB) of water in
bulk and mixed with ILs as a function of the alkyl-chain length of imidazolium-based cations for one IL ion pair (orange !, top x axis) and of the
number of ion pairs for [C10 MIM] + cation (purple *, bottom x axis) with
[Tf2N]¢ as anion to investigate the effect of the IL concentration (in the
dilute regime) and of the cation alkyl-chain length. b) nHB in the bulk and for
different mixtures with ILs to study the effect of the anion type.

served in the dilute mixtures with ILs in relation to the bulk
(nHB = 3.18). The results are clearly more sensitive to the
amount of IL than to the cation alkyl-chain length, which suggests that interactions with anions break more H bonds than
the steric effects caused by the presence of long cation chains.
The nHB value is almost the same as that of bulk water for the
system with one IL ion pair and about 2.8 for that with 16 IL
ion pairs. The average potential energy between the water
molecules shows identical behavior (see Figure S4 in the Supporting Information), thus supporting these findings. The structure–energy relationship is also in agreement with these results, demonstrating the reliability of the procedure and the results. Figure 5 b allows one to observe the effect of the anion
type in the various mixtures. The lowest nHB values for water
are obtained for solutions with [SCN]¢ , and the highest values
for those with [Tf2N]¢ and [PF6]¢ . This is in agreement with the
previous comments on the degree of hydrophobicity. Notably,
when there are 16 IL ion pairs in the system, the effect of increasing the chain length of the cations is likewise non-negligible. Finally, Figure S5 in the Supporting Information shows the
nHB values as a function of the simulation time; the low fluctuations with respect to the mean values indicate that these are
representative.
To gain an insight into the H-bond network of water, we
computed the H-bond populations fi (percentages of water
molecules involved in i H bonds). The results for various sys382
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Figure 6. Percentage (fi) of water molecules involved in i (1–5) H bonds for
the bulk and for various water/IL mixtures containing [Tf2N]¢ as the anion.

tems containing [Tf2N]¢ are displayed in Figure 6. Those for the
remaining studied anions can be found in Table S1 in the Supporting Information. The highest percentages correspond to
water molecules engaged in three H bonds, which represent
about forty percent of the molecules, regardless of the considered mixture; this value is almost the same as that for the
bulk. However, the fraction of molecules with four H bonds
considerably decreases with respect to the bulk in favor of
molecules with 1 and 2 H bonds (f1 and mainly f2). This variation is more prominent with increasing numbers of IL molecules, but is not sensitive to the length of the alkyl chain of
the cation. Thus, even at low concentrations, the presence of
ILs prevents the formation of the tetrahedral H-bond network
of water. Likewise, we evaluated the distribution of the watercluster size in the aqueous solutions of ILs (Figure 7). Small aggregates are the most probable, but the formation of extended H-bond networks composed of almost all water molecules
is apparent from the figures. The complexity of this clustering
is more affected by the amount of ILs than by the chain length
or the anion type.
Next, we focused on water–anion interactions. We calculated
the average minimum distances from the O atoms of the
water molecules to the atoms of the anions that are more susceptible to interactions with the water molecules. The results
are provided in Table 1 for mixtures with the highest studied
IL concentrations and different ion combinations. These results

Figure 7. Water-cluster-size distributions. The influence of the anion type in
mixtures with 16 IL ion pairs and [C10MIM] + as the cation (top), the number
of IL ion pairs in mixtures with [C10 MIM] + as the cation and [Tf2N]¢ as the
anion (center), and the cation alkyl-chain length for mixtures with one IL ion
pair and [Tf2N]¢ as the anion (bottom).

again reveal that [Tf2N]¢ and [SCN]¢ are the most hydrophobic
and hydrophilic, respectively, of the studied anions. It is worth
noting that the distances for the [SCN]¢ anion were particularly
small, especially for the N atom, with values of approximately
2 æ; this suggests H-bond formation with water molecules. In
contrast, distances from the water O atoms to the F atoms in
[BF4]¢ and [PF6]¢ are short, as well as those to O atoms in
[NO3]¢ . The longest distance is observed for [Br]¢ , which
seems to conflict with the reported RDFs (Figure 2), this is consequence of considering the central atoms of the anions for
the RDF calculations. The values in Table 1 correspond to the
atoms of each anion that interact with the most with the
water molecules. The reported minimum distances are hardly
affected by the cation alkyl-chain length, however considerable
changes are seen upon changing the type of anion.
Figure 8 displays the degree of anion hydration as a function
of the distance between the water molecules and the anion,
for mixtures with 16 IL ion pairs with cations with C4 or C10
chains and all the considered anions. More specifically, it
shows the average number of neighboring water molecules
for distances of less than 4, between 4 and 6.5 æ, and greater
than 6.5 æ to the anion. The values for short distances represent the average water coordination of the anions. The lowest
percentages in this range correspond to mixtures containing

Table 1. Average minimum anion–water distances for different aqueous
solutions of ILs concerning anion type and cation chain length (IL concentration of about 1 m: 16 IL ion pairs).
Anion

Atom

[C4MIM] +

[C10MIM] +

[BF4]¢
[Br]¢
[NO3]¢

F
Br
O
N
F
S
N
F
O
N

2.56
3.15
2.57
3.02
2.64
2.05
1.96
2.71
2.66
3.10

2.56
3.14
2.57
3.01
2.64
2.05
1.96
2.73
2.66
3.11

[PF6]¢
[SCN]¢
[Tf2N]¢

ChemPhysChem 2016, 17, 380 – 386
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Figure 8. Degree of anion hydration as a function of water–anion distance
for the solutions with 16 IL ion pairs (about 1 m) and [C4MIM] + (top) and
[C10 MIM] + (bottom), as the cation, combined with all the studied anions.

Figure 9. Representative snapshots from MD simulations at 298.15 K and
1 bar of water/IL mixtures with 16 IL ion pairs (about 1 m) containing
[C10 MIM] + as the cation and a) [BF4]¢ , b) [Br]¢ , c) [NO3]¢ , d) [PF6]¢ ,
e) [Tf2N]¢ , and f) [SCN]¢ anions. Water molecules, anions, and cations are
plotted in blue, green and red, respectively. The yellow clusters in (f) indicate
H-bond formation between water molecules and the [SCN]¢ anions.

[Br]¢ as anion, and the highest to mixtures with either [SCN]¢
or [Tf2N]¢ . These results show the importance of the interacting forces and also of the size of the anions for anion hydration. Most water molecules are located in the intermediate distance range for the different systems except for the most hydrophilic [SCN]¢ and hydrophobic [Tf2N]¢ anions, for which the
outstanding percentages of water molecules correspond to
the shortest and furthest distances, respectively, from the
anion.
Molecular graphics rendered using Materials Studio software
are included to illustrate and further understand the above
findings. Figure 9 shows representative snapshots from the
simulations of the water/IL mixtures with 16 IL ion pairs with
cations with C10 alkyl chains and different anions. [Tf2N]¢
anions move towards the cations, whereas [SCN]¢ is not only
embedded in the aqueous solution, but also forms H bonds
with water molecules, as previously mentioned. A snapshot of
the formation of this cross molecule H bonding is depicted in
Figure S6 in the Supporting Information. The opposite occurs
in the mixture with [Tf2N]¢ anion. Clear IL clustering and IL/
water phase separation is observed, which supports the results
of Figure 8. This is confirmed through calculations of the density profile (Figure S7 in the Supporting Information). This behavior is in agreement with previously reported works,[18] and
thus allows separation of mixtures involving water.[24] [Br]¢
anions are completely dissolved in water, despite not strongly
interacting with water molecules (Table 1). This makes ILs containing this type of anion useful for colloidal applications.[25–26]
The remaining considered ILs exhibit similar behaviors, which
is consistent with the reported quantitative results.
ChemPhysChem 2016, 17, 380 – 386

www.chemphyschem.org

3. Conclusions
A detailed study of the structure of water containing low concentrations of ILs, for ILs with a variety of anion types and with
cations having a range of alkyl-chain lengths, by using molecular dynamics simulations with validated atomistic descriptions
and intermolecular interactions was presented. Overall, water
molecules remain highly H bonded, but a loss of the tetrahedral ordering that is typical in bulk water is observed. In particular, the fraction of molecules with four H bonds considerably
decreases with respect to the bulk in favor of molecules with
1 and 2 H bonds. While the H-bond network of water weakens
with increasing number of IL molecules, the influence of the
cation alkyl-chain length is negligible. This suggests that
anion–water interactions destroy H bonding in water more
than the steric effects caused by the long alkyl chains of the
cations. All or a portion of the anions are observed to be embedded in water, depending on their degree of hydrophobicity. Among the studied anions, [SCN]¢ and [Tf2N]¢ were the
most hydrophilic and hydrophobic, respectively. The former
strongly interacts with water even leading to H-bond formation, whereas ion clustering and IL/water phase separation is
observed for the solutions with [Tf2N]¢ as the anion.
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For computation of the RDFs, we used the following criterion regarding the atom selection: We considered the O atom for water,
the central atom of each anion, and the N atom of the imidazolium
ring linked to the alkyl chain for the cation. The central atom coincides with the center of mass (and with the centroid of charge)
due to symmetry for all the anions except for [SCN]¢ , the center of
mass of which is slightly shifted towards the S atom. We assumed
the central C atom for these calculations as a good approximation.
The definition of H-bond formation between water molecules involves the application of rigorous criteria. Here, the H-bond network of water in each system has been analyzed in terms of the
relative configuration of two water molecules, that is, using the
geometric criterion of H-bond formation. Specifically, the interaction between two water molecules is defined as a H bond for
which the interatomic separations rOO and rOH are lower than certain cut-off values, which are given by the respective average distances of the first minimum location in the gOO(r) and gOH(r) RDFs,
and limitation of the angle a between intermolecular O···O and covalent O¢H vectors, where H forms the H bond, is fulfilled.
ChemPhysChem 2016, 17, 380 – 386
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